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INTRODUCTION 

1.  T l ~ c  Unitcd Nations Scientific Committcc on thc 
E f c c t s  of Atomic Radi;~tion (UNSCEAR)' prcscnts to 
t l ~ c  Gcncral ~ s s c l n b l ~ , ~  and tllrrcby to thc scicntific 
and wlorld con~rnunily, its I;tlcst cvaluations of thc 
sourccs of ionizing radiatio~i ;tnd thc cffccts of 
cxposurcs. This is thc clcvcnth in a scrics of rcports 
issucd by thc Cornrnittcc sincc i t  bcgan its work in 
1955. T h c  major aims of thc Committcc's work are lo 
asscss thc conscqucnccs to human health of a wide 
rangc of doses of ionizing radiation and to cstimalc 
thc dosc to pcoplc all over tlic world from natural and 
man-niadc radiation sourccs. 

2. Thc  prcscnt rcport and its scicntific annexes were 
prcparcd bctwccn thc thirty-cighth and the forty- 
sccond scssions of thc Committcc. The  matcrial of the 
rcport was  dcvelopcd at annual sessions of the 
Committce, bascd on working papcrs prcpared by  the 

sccrctariat that wcrc niodificd and amcndcd fro111 o ~ i c  
scssion to l l ~ c  11cxt to rcflcct tllc C o n ~ ~ ~ ~ i l l c c ' s  victvs. 
Thc  Rcport is bascd mainly 011 data protpidcd by thc 
Mcrnbcr States until thc cnd of 1989. Morc rcccnt 
infonnation has bccn uscd in ~ h c  intcrprctation of 
thcsc data. 

3. The following nicmbcrs of thc Conimittcc scrvcd 
as Chairman, Vicc-chairman and Rapportcur, rcspcct- 
ivcly, at thc scssions: thirty-eighth and thirty-ninth 
scssions: K. Lokan (Australia), I. Maisin (Bclgium) 
and E. Utourncau  (Canada); forticth and forty-first 
scssions: J. Maisin (Bclgium), E. Utourncau (Canada) 
and L. Pinillos Ashton (Peru); forty-second scssion: 
E. Utourncau (Canada), L. Pinillos Ashton (Pcru) and 
G. Bengtsson (Swedcn). T h e  nanies of experts w h o  
attended the thirty-eighth to  the forty-second scssions 
of the Commincc a s  menibcrs of  national delcgations 
are listcd in Appendix I. 

" The Uni~ed Nations Scientific Committee on the Effects of 4. In approving the prescnt Rcport, and assuming 
Atomic Radiation was cs~ablishcd by the Gcncral Assmbly at i l s  therefore full rcsDonsibilitv for its content. the Coma 
tenth session. in 1955. IIS terms of rclcrcncc are set out  in resolution 
913 ( X )  o l  3 Dcccnlbcr 1955. The Cornrni~tce was originally 

mittee wishes to acknowlcdgc the help and advice of  

composed of the lollowing Mcmbcr States: Argentina, Auslralia, a group of 
Bel~ium, Brazil. Canada. Czechoslovakia. Egypt, France, India, by the Secretary-General, hclpcd in lhe preparation of  - -. . 
Japan. Mexico. Swedcn. Union of Soviet Socialist Republics, United the tcxt and scientific anncxcs. Thcir natncs arc riven u 

~ ' n ~ d o m  of Grra~ Britain and Northern Ireland bnd the United in ~ ~ ~ ~ ~ d i ~  11, ~h~~ rcsponsiblc for the prclimi- 
Stales of America. The membership was subsequcntly enlarged by 
the General Assembly in i~s r a o l u t i o n  3154 C (XXVIII) of 14 

nary reviews and evaluation of the technical infonna- 

Dcccmber 1973 to  include the Republic of G ~ ~ ~ ~ ~ ,  tion rcccived by the Committcc or available in the 
Indonesia, Pcru, Poland and the Sudan. By resolution 41/62 B of 3 open scicntific literature, on which rest Ihc final 
December 1956. the Gcncral Assembly increased the mcrnbcrship 
of the Committcc to a maximum of21  mcmbcrs and invited China 
to bccomc a member. 

' For thc prcvious substanlive Reports o l  UNSCEAR to the 
General Asscmbly, x e  Ofic ia l  Records of the Gmcra l  Asscmbly, 
Thirtcenlh Scssion, Supplcmcnt No. 17 (A13838): ibid., Snv l t c e tdh  
Session, Supplcmcd No. 16 (N5216); ibid., Ninerenth Session, 
5 u p p l ~ ~ 1 t  No. 14 (A.6814); ibid., T~vnty- f i rs t  Scssion, Supplemml 
No. 1.1 (N6314 and Con.1); ibid., Twenty-frmrth Session, 
S~rpplcmmt h'o. 13 (An613 and Con.1); ibid., T w m l y - s o e d h  
Session, Supplcmcn~ h'o. 25 (Ng125 and Con.1): ibid., Thiry-  
second Scrsion, Supplemetd No. 40 (M2140); ibid., Thir@-so.cnfh 
Session, Supplonent No. 45 (N37145): ibid., Fortyfirst  Session. 
Supplunm! No. 16 (AI41116); and ibid.. Forty-third Session, 
.Tuppluncnt No. 45 (Al43145). Thcsc documents arc refnred to as 
the 1958. 1962. 1963, 1966. 1969. 1972. 1977. 1982. 1986 and 
1988 Repons. rcspcctivcly. The 1972 Rcporl with scicnlific annexes 
was published as 1oni:ing Radiation: L o v l r  and E f i c ~ ,  t'olumc 1: 
LmcLr and VnlumcII: Effects (Uni~cd Nations puhlica~ion. Sales No. 
H.72.IX.17 and 18). Thc 1977 Report with scienlific annexes was 
puhlishcd as Solrrces and Effec l~  of 1oni:ing Radiation (United 
Nations publication. Sales No. E.77.IX.l). The 1982 Rcport with 
scientific a n n c x a  was puhlishcd as lorlizing Radiation: S w r c c ~  and 
DiologicalE//cc~r(Unitcd N;ltions publication. Salcs No. E.82.1X.8). 
Ihc 1986 Rcport w i ~ h  scientific anncxcs was puhlishcd as Gmctic  
and Somatic E ~ ~ C C I S  of lonizirrg Radiation (Un i~cd  Na~ions 
publication. Sales No. E.86.IX.9). The 1988 Report with a n n c x a  
was puhlishcd as Sources, Effects and R i s k  of 1oni:ing Radiation 
(United Na~ions  publication, Sales No. E.88.IX.7). 

dclibcrations of  the Committce. 

5. The sessions of  the Committee held during h e  
period under rcvicw were attcnded by representatives 
of thc United Nations Environment Programme 
(UNEP), thc World Health Organization (WHO), the 
International Atomic Energy Agency (IAEA), the 
Intcrnational Commission on Radiological Protection 
(ICRP) and thc Intcrnational Commission on Radiation 
Units and Mcasurcmcnts (ICRU). The Committcc 
wishes to acknowledge thcir contributions to thc dis- 
cussions. 

6 .  In thc prcscnt Rcport, thc Committce summarizes 
thc main conclusior~s of the scicntific anncxcs. Thcsc 
rcsulk build on prcvious UNSCEAR Rcports and lake 
account of the scicntific infonnation that has sincc 
bccomc available. A major historical rcvicw of thc 
Committcc's work including tlrc evolution of conccpts 
and cvaluations, was includcd in the UNSCEAR 1988 
Rcport. Tbc prcscnt Rcport includcs a gcncral intro- 
duction to thc biological effccts of ioni7.ing radiation, 
bascd on prcscnt undcrstandirig (Chaptcr I). In order 
to quantify Ihc biological cffccts of radiation and to 
dcfine thc exposures that causc thcm, i t  is ncccssary to 
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understand thc radiation quantities and units. Thcsc arc 
discusscd in Cl~aptcr 11, Scctio~i A of thc Repon. 

7. Thc conscqucnccs of cxposurcs to radiation arc 
asscsscd (Chaptcr 11, Scction B) by making combincd 
usc of thc rcsult.5 of radiobiological rcscarch and thc 
rcsulLs of cpidcmiological studics of cxposcd human 
populations. Thc various sourccs of human radiation 
cxposurcs arc summarized and cvaluatcd in Chaptcr 
111. Thc doscs arc cstimatcd from information in thc 
publishcd litcraturc, supplcnicntcd by data provided by 
many of t l~c  Mcrnbcr Statcs of thc United Nations. 
Thosc who makc usc of Lhc Rcports of the Committee 
oftcn havc to takc account of thc way in which pcoplc 
pcrccivc thc risks associated with ionizing radiation. 
Thcsc pcrccptior~s dcpcnd on various pcrsonal and 
socictal factors and interactions. Thc principal features 
of radiation risk pcrccption arc discussed in Chapter 
IV. A bricf sumnlary and some indication of perspec- 
tives arc givcn in Chapter V. 

8. Thc Committcc is awarc of the wide readership 
of thc Rcport to Lhc Gcncral Assembly and its scicn- 
tific anncxcs. lridividuals and mcmbcrs of Govcrn- 
mcnts in countries throughout thc world are conccmed 
about the possiblc hazards of radiation. Scientists and 

medical specialists arc intcrcstcd in thc data compila- 
tions in the Rcports of thc Co~nniittcc and in the 
nicthodologics prcscntcd for radiation asscssmcnts. In 
carrying out i t s  work, thc Comalittcc applics its scicn- 
tific judgc~ncnt lo tllc matcrial that i t  rcvicws arid 
takcs carc to rctain an indcpcndcnt and ncutral posi- 
tion in rcaching iLs conclusions. Thc rcsults of its work 
arc prcsc~~tcd for thc gcncral rcadcr in the main tcxt of 
~ h c  Rcport to thc Gcncral Asscmbly. Thc supporting 
scicntific anncxcs arc wrimcn in a format and a 
language that arc csscntially aimcd at thc specialist. 

9. Following cstablishcd practice, only thc main 
tcxt of the Rcport is submitted to the General 
Assembly. Thc full Rcport, including thc scientific 
annexes, will be issued as a United Nations sales 
publication. This practice is intcndcd to achicve a 
wider distribution of thc findings for the benefit of the 
international scicntific community. The Committce 
wishes to draw the attention of the Gcncral Assembly 
to the fact that thc main text of the Report is presented 
scparatcly from its scicntific anncxcs simply for the 
sake of convcnicnce. It should bc understood that the 
scientific data contained in thc annexes are important 
because they form the basis for the conclusions of the 
Rcport 

I. BIOLOGICAL EFFECTS OF IONIZING RADIATION 

10. The proccss of ionization changes atoms and 
moleculcs. In cclls, somc of thc initial changes may 
havc both short- and long-tcrnl conscquenccs. If cellu- 
lar damagc docs occur, and is not adequately repaired, 
it may prcvcnt thc ccll from surviving or reproducing, 
or it may result in a viable, but modificd, cell. The 
two outconlcs havc profoundly diffcrcnt implications 
for thc organism as a whole. 

11. The function of most organs and tissues of the 
body is uriaffcctcd by thc loss of small numbers of 
cclls, or somctimcs cvcn of substantial numbers. How- 
cvcr, if the numbcr of cclls lost in a tissue is large 
cnough and thc cclls arc iniportant enough, there will 
bc obscrvablc harm, rcflrctcd in a loss of tissuc 
function. The probability of causing such harm is zero 
at srnall doses of radiation, but above somc lcvcl of 
dose ( h e  threshold) i t  incrcascs steeply to unity 
(100%). Abovc thc thrcsl~old, the sevcrity of thc harm 
also incrcascs with dosc. This typc of' cffcct is callcd 
dctcrministic, bccausc it is sure to occur if the dose is 
largc cnough. If thc loss of cclls can bc compcnsatcd 
by rcpopulation, thc cffcct will be relatively short- 
livcd. If thc doscs arc caused by an identified cvent, it 
will usually be possible to idcntify the affcctcd 

individuals. Sonlc dctcrministic cffccts have 
characteristics that distinguish them from similar 
cffects due to othcr causcs, which may hclp to idcntify 
the affected individuals. The occurrence of an 
initiating event has somctir~ics been detected by the 
unexpected appearance of dctcrministic effects. 

12 The outcome is very different if the irradiated 
cell is modificd rather than killcd. It may then be able 
to produce a clone of modificd daughter cclls. Within 
the body thcrc arc several highly effective defence 
mechanisms, but it is not realistic to cxpcct these to be 
totally cffcctivc at all times. Thus the clone of cells 
produced by a modified but viable somatic cell may 
cause, after a prolonged and variable dclay called the 
latcricy pcriod, a malignant condition, a cancer. The 
probability, but not the scvcrity, of the cancer in- 
creases with dosc. This kind of effect is called stocha- 
stic, which mcans "of a random or statistical nature". 
If the damagc occurs in a ccll whosc function is to 
transmit genetic information to latcr generations, the 
cffccts, which may be of many different kinds and 
severity, will be exprcsscd in thc progeny of the 
cxposcd pcrson. This type of stochastic effect is called 
a hereditary effccL Even if the doses are known, the 
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cxccss cascs of canccr or Iicrcditary disordcrs can be 
dctcctcd only in a st;itistical way: thc affcctcd indi- 
viduals cannot bc idcntificd. More dctails arc givcn in 
later paragraphs. 

13. Exposi~rcs to radiation are of conccrn to tlic 
Comn~ittce mainly in so far as thcy produce changes 
in thc spcctrum of risks to which mankind is subject. 
It thcreforc coiitiliucs to bc ii major part of the Com- 
mittcc's work to rcvicw arid iritcrprct data that provide 
an improved undcrstanding of thc quantitativc rclation- 
ships bctwccn radiation cxposurc and cl'fccts on health. 
Exccpt as a rcsult of serious accidents and the un- 
wanted but incvitablc irradiation of healthy tissues in 
radiothcrapy, thc doscs incuncd by man arc not so 
largc as to produce dctcrministic cffccts. Although the 
Committec continucs to take an intcrest in dctcr- 
ministic cffccts (one of the anncxcs to the present 
Report is conccmed with dctcrministic cffccts in 
children), most of its biological work in rccent years 
has been concemcd with stochastic cffccts in human 
beings. 

14. Thc most rclevant sourccs of information on the 
biological effccts of radiation are those obtained 
dircctly from studies of hurnan population groups 
cxposcd to known and diffcrcnt amounts of radiation. 
The comparative study of the liealtli of such groups is 
known as cpidcmiology. Tbis is a scientific discipline 
requiring both medical and rtiathcnlatical skills. It is 
discussed furthcr in Scctiori I.B. In addition, a great 
dcal of information about thc mcchanisms of damage 
and thc relationships bctwccri dose and the probability 
of deleterious cffccts in man can be inferrcd from 
biological rescarch on isolated cclls grown in vifro and 
on animals. Studies of this kind allow links to be 
established bctwccn the damage done to cells and the 
evcntual effects in tissucs or in the whole organism. It 
is difficult to makc quantitativc predictions of the risks 
to humans from non-human data, but when human 
data arc lacking, animal data may havc to be uscd 
directly. 

15. The main practical intcrcst in the risks of 
radiation lics in Lhc rcgion of lowcr doses and dosc 
rates that are cxpcricnccd in radiation work or in otbcr 
situations of cvcryday lifc. As i t  happcns, however, thc 
strongest cpidcmiological information comes from 
situations involving higher doscs and dose rates. Somc 
studics at doscs of niorc dircct intcrcst, c.g. on 
radiation urorkcrs in thc nuclear industry arid pcoplc 
cxposcd to radon in houscs, arc now under way. 

16. I t  is important to realize that cpidemiological 
studies do not havc to he based on an undcrstanding 
of the biological mcchanisms of cancer. However, 
thcir intcrprctation is grcatly improved if they are 
supported by biological information lcading to con- 

vincing biological modcls. Thcse can provide a con- 
ccplual basis for intcrprcting thc results of cpidcmio- 
logy, cssciitially hy suggcstirig dosc-responsc rclation- 
ships, tlic parariictcrs of which can bc fittcd to the 
obscrvcd cpidcmiological rcsults. Thc infonnation 
providcd by expcrirncntal biology is also supplcmcntcd 
by biophysical knowledge of tlic initial dcposition of 
cncrgy from radiation in tlic cxposcd tissucs. Thc 
thcorctical arid cxperimcntal rcsults arc thus combincd 
to obtain a quantitative relationship behvccn dosc and 
the probability of occurrcnce of Lhe rclevant canccr. 

A. RADIOBIOLOGY 

1. The target fo r  rudintion action 

17. Dcoxyribonucleic acid (DNA), the gcnctic 
material of the cclls, is thc most important target for 
radiation action. There is compelling evidence from in 
riwo cellular rcscarch that the dclctcrious effects of 
radiation derive mainly from Ihc damage i t  causes in 
cellular DNA. 

18. DNA is prescrit in the chromosomes, which are 
basic components of thc cell nucleus. Before every 
somatic cell division, chroniosomcs arc duplicated so 
that cach daughtcr ccll receives an identical set of 
chromosorncs. Each manini;tlian spccics is character- 
ized by a particular and colistant chrornosornc numbcr, 
size arid niorphology. 

19. To explain the mechanisms by which ionizing 
radiation damages cells it  is ncccssary to provide a 
simplified description of the function of the DNA 
molcculc. Although thc maintenance of the overall 
chromosome siructure is crucial for several processes 
involving DNA, i t  is the DNA polymcr itself that is 
the source of thc information that passes from a cell 
to its descendants. The infonnation is cncodcd in a 
Iincar scquencc of alternating nlolccular slructurcs 
called base-pairs. Thcsc pairs form links bctwccn the 
strands of the double-strandcd backbone of the DNA 
polymer. 

20. The basc-pair code in DNA is arrarigcd in 
groups, cach providing thc basic unit of ccllular 
information and hcrcdity, the gcne. In a mammalian 
ccll, i t  is likely that thcrc arc approximately 100,000 
genes, each of which dcpcnds for its correct function 
on maintaining :I constant base-pair scquencc in the 
DNA. Changcs in thcsc sequcnccs, by base-pair substi- 
tution, loss or addition, can change the gene function. 
Such changcs are tcrmcd gcnctic mutations. 

21. The DNA is known to be damagcd by radiation. 
Two mcchanisms arc involved: (a) direct effccls of 
ionization in the DNA structure and (b) indirect effects 



duc to the productio~i of activc chcmical radicals in 
Ihc vicinity of tllc DNA and the diffusion of thcsc 
radic;ils to dlc DNA, whcrc thcy irlducc chcmical 
changcs. Both dircct and indircct cffccls arc of a 
probabilistic ~~a tu rc ,  wit11 tlcir probabilitics of occur- 
rcncc incrcasirig wit11 tllc radiation dosc and tlic 
volunic of the lilrgct. Thcrc arc many oll~cr causcs of 
damagc to DNA, including errors in replication whcn 
cclls dividc. 

22. Damagc to the DNA, including radiation 
daniagc, is subjcct to vcry efficient rcpair mcchanisms 
nicdiatcd by cnzymc actions. If thc damagc to thc 
DNA within a gcnc is confincd to one straed, the 
rcpair mechanisms can niakc use of the information 
provided by thc complcmcntary bascs in thc othcr 
strand. Rcpair is then highly probnblc, but as in any 
coniplcx systcm, it is not always crror-frce. Some- 
times, howcvcr, both strands may bc damagcd at the 
same location in the gcnc. Rcpair is then morc 
difficult, and gcnctic codc changcs or losses arc more 
likcly. 

23. A track of radiation consists of a scrics of 
scparatc evcnts, cach involving a localized deposition 
of energy. I f  this deposition is in thc inimcdiate 
vicinity of DNA and is large cnough, molecular 
damage may occur in thc DNA bascs or in the 
backbonc strands. Thc nature and likclihood of the 
biological daniagc caused by this DNA damage 
dcpcnds on thc density of thc encrgy deposition along 
the tracks that intcrscct the DNA and also on the 
complex intcrplay between the damagc and the rcpair 
cnzymcs of thc ccll. For sparsely ionizing radiations, 
such as x rays, thc nct effect of thcsc proccsscs is 
such that thc dosc-cffect relationship for most 
stochastic cffccts is curvilincar. Denscly ionizing 
radiations, such as alpha particlcs and the protons 
produced by neutrons, arc morc cffcc~ivc in producing 
stochastic effects and the dosc-effect relationships are 
morc likely to be lincar. 

24. In addition to thcsc cffccts at a single point in 
I 

I the DNA, thc prcscncc of a nunibcr of ion pairs 

I 
scattcrcd through the nucleus may cause ccllular 
changcs that complicate the simplc rcsponsc pattern 

I 
dcscribcd above. 

I 25. lrrcspcctive of the detail of the biological 
mcchanism, Ihc probability that radiation will induce 

I 

spccific changes in thc gcnctic codc of cclls by single 
tracks and the additional interaction of multiple tracks, 
may be expressed as the sum of two tcrms, one 
proportional to dosc and the other proportional to the 
square of dosc. At low doses with any dose rate and 
at high doscs with low dosc ratc, only the term 
proportional to dose is effcctive. At high doses with 
high dose ratc, both terms are relevant. With densely 

ionizi~~g radiation, c.g. alpha particles, thcrc arc fcwcr, 
but dcnscr, tracks pcr unit dosc, and cach track is 
niorc likcly 10 producc damage that is not s~rcccssfully 
rcpaircd, s o  t l~c  rclatiollsliip is rliorc likcly to bc 
proportio~ial to dosc at a11 doscs and dosc ratcs. 

26. Whcn human tissucs arc cxposcd to radiation, 
various changcs in tilt cell gcnctic code (mutations) 
arc induccd randomly, with probabilitics dcpcnding on 
dosc as already discussed. For any given changc, the 
cxpectcd numbcr of changcd cclls is t.bc product of  thc 
probability and thc nunibcr of cclls at risk. Thcsc cells 
at risk arc considcrcd to bc the stcm cells of tissucs, 
nnmcly thc cclls that maintain thc tissucs by division, 
compcnsating for cells that mature, diffcrcntiatc and 
eventually die, in what is called the cell reproduction 
cyclc. 

2. Effects of induced changes 
in the cell genetic code 

27. Somc changcs in the gcnetic codc arc 
incompatible with the sustained reproduction of the 
ccll, resulting in the dcath of thc ccll progeny. Unlcss 
many cclls are killed, this is usually of no conse- 
quence for the tissucs and organs bccause of thc large 
numbcr of cclls in thc tissue and the vcry substantial 
redundancy thcy providc in thc functional capability of 
the tissuc. 

28. Ccll killing by radiation can bc quantitatively 
studicd in cell cultures in viao to gain information on 
thc shapc of the dose-rcsponsc relationship. Radiation 
accidcnts and cxpcrimcnts in vivo with animals show 
that high doscs can dcplctc the tissues sufficiently to 
causc functional failurc. In turn, dctcrministic cffccts 
in  somc tissucs, such as thc vascular arid conncctivc 
tissucs, causc sccondary damagc in othcr tissucs. 

29. Othcr typcs of changc in thc gcnctic codc rcsult 
in viablc, but modified, cclls. Somc of thcsc cclls may 
bclong to gonadal ccll lincs (ova or spcrm) and would 
cxprcss thc changc as hcrcditary cffccts. Othcrs would 
rcniain in the cxposcd tissucs, bcing potcntial causcs 
of somatic effccts. I n  both cases, thc effects arc 
stochastic, govcrncd by thc probabilistic nature of the 
induction of changes in thc ccll gcnctic codc. 

(a) 1)eterministic effects 

30. While individual ccll killing is a stochastic 
cffcct, organ and tissuc failures require the killing of 
large numbers of cells and thcrcforc have thresholds 
of dosc. Cell dcplction is a dynamic process operating 
in competition with the proliferation of unalfectcd 
cclls. Tissue failures are therefore dcpcndcnt on both 
dose and dose ratc. Although the changes in individual 
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cclls arc stochastic, the changes in a large number of 
cclls rcsult in  a dctcnninistic outconic. These effects 
arc ff~ercforc callcd dctcnninistic. 

31. Bccausc thc prop or ti or^ ofcclls killcd dcpclids or1 
dosc, thc scvcrity of thc dctcrrni~~istic cffcct also 
dcpcnds on dosc. If pcoplc of varying susceptibility 
arc cxposcd to radiation, t l ~ c  threshold in a givcn 
tissuc for dctcrniinistic cffccts of sufficicnt scvcrity to 
be obscrvablc will bc rcachcd at smaller doses in the 
morc sensitive individuals. As the dose increases, 
more individuals will incur thc observable effect, up 
to a dosc above which thc whole group shows the 
effect. 

3 2  Exaniplcs of deterministic effects are the induc- 
tion of temporary and permanent sterility in the testes 
and ovarics; dcprcssion of ff~c cffcctivcncss of the 
blood forming systcm, leading to a dccrcasc in the 
numbcr of blood cells; skin reddening, dcsquamation 
and blistering, possibly lcading to a loss of skin 
surface; induction of opacitics in the lens and visual 
impairmcnt (cataract); and inflammation processes that 
may occur in any organ. Some cITccts are indirect in 
that thcy arc the result of dctcnninistic cffccts on other 
tissues. For example, radiation that leads to the 
inflammation and eventual fibrosis of blood vessels 
may result in daniagc to the tissues served by those 
blood vesscls. 

33. A special case of dctcrministic effcct is the 
radiation syndromc resulting froni acute, whole-body 
irradiation. If the dosc is high enough, death may 
result from scvcrc ccll depletion and inflammation in 
onc or more vihl organs in thc body (blood-forming 
organs, the gastro-intestinal tract and the central 
ncrvous systcm, in decreasing ordcr of sensitivity). 

34. During organ dcvclopment in urero, deterministic 
radiation effects arc most pronounccd at the time when 
the relevant tissue is bcing formed. The killing of even 
a fcw, but essential, cclls may rcsult in malformations 
because those cclls will not have progeny. One 
important cffcct of exposure to radiation in ufero is a 
dosc-related increase in mental impairmcnt, up to and 
including scvcrc mental rctardation. 

35. The induction of mental rctardation is thought to 
bc the result of the impaircd proliferation, diffcrcn- 
liation, migration and conncction of neural cells at the 
time whcn thc rclcva~it tissuc (brain cortex) is being 
s~ructurcd, namcly the 8-15 wcck pcriod after concep- 
tion in humans. The numbcr of neural cclls that are 
misconriected dcpcnds on dosc. If, as a first approxi- 
mation, the magnitude of the mcntal impairment is 
taken to be proportional to this numbcr, it would be 
expected that standard indices of the cognitive 
functions, e.g. the intelligence quotient (IQ), would 
reflect this dose dependency. 

36. In population groups, the 1Q has an approxi- 
matcly nonnal (Gaussian) distribulion, conventionally 
taken to have a ccntral valuc of 100. Since thc average 
IQ score dccreascs as radiation dosc incrc;lscs, appa- 
rently without an incrcasc in d ~ e  aniplitudc of thc 
sprcad (standard deviation), the decrease in thc values 
of IQ can be described as a uniform shift of the IQ 
curvc lo thc left (to lower values). If a pathological 
condition is defined as a condition in which Lhc IQ of 
an individual is bclow a stipulated value, such a shift 
would increase the number of individuals with the 
pathological condition. This fact is important for thc 
interpretation of the epidemiologically observed mental 
retardation induced by radiation, discussed in Section 
II.B.l. 

(b) Cancer induction 

37. There is con~pelling evidence that most, if not 
all, canccrs originate from damage to single cells. 
Cancer initiation involves a loss of regulation of 
growth, rcproduction and dcvelopmcnt in somatic stem 
cells, i.e. the loss of control over the ccll rcproduction 
cycle and differentiation proccsscs. Point mutations 
and chromosomai damage play roles in the initiation 
of ncoplasia. Initiation can result from the inactivation 
of tumour suppressor genes, some of which play a 
central rolc in the coritrol of the ccll cycle. Although 
cells may have undergone initiating changes, thcy will 
not exprcss their propcrties until they are stimulated 
("promotedn) to reproduce by chemicals, hormones 
etc. in their environment. The promoting agents may 
be independent of the initiation agent. 

38. Single changes in thc cell genetic code are 
usually insufficient to result in a fully lransformcd cell 
capable of leading to a canccr; a series of several 
mutations (perhaps two to seven) is required. In 
spontaneous cancers, these mutations will have 
occurred randomly during life. Thus, even after initial 
cell transformation and promotion, further mutations 
are needed, and may well be available, to complete the 
clonal transition from pre-ncoplasia to overt cancer. 
The whole process is called multi-stage carcino- 
genesis. 

39. I t  is possiblc that radiation acts at scvcral stagcs 
in multi-stagc carcinogencsis, but its principal role 
seems to be in the initial cor~vcrsion of normal stcnl 
cells to an initiated, pre-neoplastic state. The action of 
radiation is only one of many proccsscs influencing 
lbe devc lop~nc~~l  of canccr, so the age at which a 
radiation-induced cancer is expressed is not likely to 
be very different from that of canccrs arising 
spontaneously. In some circurnstanccs, however, later 
stages may be affected by radiation, thus changing the 
times at which cancers appear. 



40. Canccr initiation provides the targct cclls with 
somc dcgrcc of prolifcrativc or sclcctivc advantage, 
which is cxprcsscd aftcr adcquatc prolnotion. Thc 
advantagc may be a shorter rcproduction tinlc than 
that of normal cclls or a blocking of nonnal ccll 
diffcrcntiation. On the othcr hand, the vcry fcw trans- 
formed cclls arc inimcrscd in a vcry much largcr 
numbcr of normal cclls, and thcir prc-neoplastic 
propcrtics can bc constraincd by thcir ncighbours. An 
cscapc from thcsc constraints is a crucial fcaturc of thc 
neoplastic proccss. 

41. Evcn with thcir prolifcrativc advantage, 
transformcd cclls and their progeny can bc eliminated 
by the random proccss comprising rcproduction, tcmli- 
nal diffcrcntiation and dcath that is at a steady statc in 
mature tissucs. Thc probability of elimination depends 
on thc numbcr of transformcd cclls and the dcgrcc to 
which thcy havc bccomc autonomous. At least one ccll 
must lead to a clonc of modificd cclls for a cancer to 
devclop. The probability of this occurring is related to 
dosc by the same type of dosc rclationship (lincar or 
linear-quadratic) as discusscd for heritable mutations 
in thc ccll. This broadly supports the contention that 
randornly induced ccllular cvcnts are rcsponsiblc for 
canccr induction. 

42. Many animal expcrinlcnts confirm the predicted 
shape of the dose-response relationship. It should be 
mcntioncd that, at higher doscs, ccll killing is 
substantial, con~peting with ccll transformation and 
causing the dose-response curvc to bcnd downwards. 
In particular, thc following points should be stressed: 

(a) unless the single ccll origin of most canccrs is 
thought to be unlikcly, no low-dose threshold is 
to bc cxpcctcd; 

(b) if radiation acts primarily as an initiating cvcnl, 
providing onc among several required mutations, 
multiplicalive modcls of risk projection in time 
can be expected to be morc rcalislic than addi- 
tivc models. (Scc also Scction lI.B.2). 

43. Therc are problcms in assessing the risks of 
cancer for cxposurcs at low doses and low dosc rates, 
since most human data are available only at high 
doses and high dose ratcs. Thc approach commonly 
used in risk assessment is to fit a linear dose-response 
rclationship to thc data, a proccdurc that is usually 
considcrcd to give an upper limit to the risk at low 
doses. This is because the quadratic tcrm will incrcasc 
the rcsponsc at high doses with high dose ratcs, 
forcing an increase in the slope of thc fittcd straight 
line. From radiobiological considcrations, it is Lhcn 
possible to assess the value of thc factor by which the 
slope of the fittcd curve should be reduced lo givc an 
estimate of the linear component of thc lincar- 
quadratic relationship. Direct information on humans 
exposed at low doses is beginning to emerge and will 

increasingly provide a cheek on cstimatcs dcrivcd 
from data at Iligll doscs. 

4.1. Novcl systrms to study ccll transformation in 
tirro n~rd ccllular iind molccular studics w i u ~  dlesc 
systcnis and wit11 animal neoplasms appcar to be 
potentially vcry productive sourccs of information 
about the nicchnnisms of canccr induction. Modcrn 
cellular ;rnd molccular studics niay niakc it possible to 
diffcrcnlintc bctxvccn radiation-induced canccr and 
othcr canccrs. If samplcs of tumours from radiation- 
cxposcd human groups wcrc to hc systcmaticaliy 
stored, thcy would thcn bc a vcry important rcsourcc 
for futurc studics on oncogcnic mcchanisrns and for 
the csl~blishmcnt of causality bctwccn canccr in thc 
population and physical or chcmical carcinogcns in the 
cnvironmcnt. 

(c) Hereditary effects 

45. If the change in the genetic code occurs in the 
gcrm cclls, i.e. the egg or sperm or the cells that pro- 
duct thcm, the cffcct is transmittcd and may become 
manifest as hereditary disorders in the descendants of 
the exposed individuals. Experimental studics on 
plants and animals show that such changcs may range 
from trivial to severe, causing gross loss of function, 
anatomical disorders and prcmaturc death. 

46. Any non-lethal damagc to DNA in gcmm cclls 
can, in principle, be transrnittcd to subscqucnt gene- 
rations. Hereditary disorders in humans vary widely in 
thcir scvcrity. Dominant mutations, i.e. changes in the 
genetic codc that produce a clinical effect when in- 
herited from only one parent, can lead to genetic 
disorders in thc first gencration progeny. Some of 
thcsc disorders are very harmful to thc affectcd indi- 
vidual and affect Icnglh of life and the likelihood of 
having ofkpring. Some dominant mutations can be 
passcd silently through scvcral gcncrations and thcn 
suddcnly cause thcir effects. This can occur if the 
gcne is moderated by othcr genes or is imprinted, i.c. 
il the exprcssiori of thc gcne is depcndcnt on thc scx 
of thc parcnt from whom it was inhcritcd. 

47. Rcccssive mutations arc changcs in the gcnctic 
code that produce a clinical cffcct only when two 
copics of thc dcfcctive gene havc been inhcritcd, nor- 
mally onc from cach parent. They produce little effect 
in the first fcw gencrations, as most offspring will 
inhcrit the defective gene from only one parcnt, and 
carriers are usually not affectcd. Howcver, rcccssive 
mutations may accumulate in the gcne pool of thc 
population, as cach carrier passes the mutation on LO 

many ol'fspring. As the probability that bolh parents 
cany the mutation incrcascs, so too docs h e  risk that 
a child will inhcrit two copies of the delcctive gcnc 
and will suffer dclctcrious effects of the mutation. 
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48. Two points about rcccssive mutations arc 
important. A rccc~sivc ~nutntion often has some cffcct, 
alhcit sligllt, cvcn whcn olily ;I siliglc copy has bccn 
ilrl~critcd, so i t  may rcsult i ~ i  solric rcproductivc dis- 
advar~tagc. Also, rccrssivc n~ulatiolls introduced into 
thc gcnctic pool arc subject to proccsscs that tend to 
climinatc them: randolii clirnination, called drift, and 
sclcctiori bascd on rcproductivc disadvantage. For this 
rcason, newly induced rcccssivc mutations in thc gcnc- 
tic pool causc a finite total damagc over the gcncra- 
tions of dcsccndants. 

49. A third, and frcqucnt, typc of deleterious change 
is duc to thc interaction of scvcral gcnctic and cn- 
vironmcntal factors; these arc known as multifactorial 
disordcrs. A general incrcasc in mutations would be 
cxpcctcd to incrcasc thc iricidcricc of multifactorial 
disorders. Thc magnitudc of such an incrcasc is at 
prcscnt unclcar but is likcly to be small. 

50. Epidemiological studics, whcn interpreted with 
the aid of biological knowlcdgc, providc the basis for 
assessing the consequcnccs of radiation exposures. 
Thcre arc also many qualitative studies that confirm 
that radiation at high enough doses can inducc cancer 
in nlost of the tissucs and organs of the body. Thcre 
arc, however, scvcral significant exceptions. At 
prcscnt, the lhrcc principal sources of quantitative 
information on stochastic effects of radiation in man 
arc thc cpidcrniological studics on the survivors of the 
nuclear wcapon explosions at Hiroshima arid Nagasaki, 
on patients cxposcd to radiation for diagnostic and 
therapeutic proccdurcs and on some groups of workers 
cxposcd to radiation or radioactivc substances at work. 
As this Scction will show, thcre is little hope that 
diffcrences in exposures to natural sources (excluding 
radon) will bc able to providc quantitative information 
on stochastic effects, but some occurrences of high 
radon levcls or substantial environmcntal conlamina- 
tion horn accidents may wcll allow further relevant 
study groups to bc idcntificd. 

51. Epidcrniology is conccrncd with establishing 
patterns in the occuncnce of diseases, associating 
these pattcrns wich likcly causcs and thcn quantifying 
the associations. Thc process is one of obscrvation and 
infcrcncc. Epidcmiological studics are inhcrcntly 
obscrvational in nature: thcy arc ananged by circuni- 
stances rather than as a rcsult of cxpcrimcntal design. 
Choices can be madc of tllc groups to be studied and 
of the mcthods of analyzing the data, but there is 
seldom an opportunity to modify the coriditions of the 
study population or the distribution of the causes 
under investigation. In this way, cpidcniiology differs 
sharply from expcrimcntal scicnce. 

52 Thrcc diffcrcnt types of cpidcmiological study 
have hccn rcvicwed by Ihc Comn~ittcc: cohofl studies, 
casc-control studies arid geographical corrclatiori 
studics. In  cohort studics, a group of individuals, the 
cohort, is sclcctcd on tlic basis of their cxposurc to the 
agcnt of interest, without prior rcferencc to lhc discasc 
under study, c.g. canccr. Thc group is thcn Sollowcd 
forward in timc to record thc inortality from or thc 
incidcnce of rclcvant discascs. The cxposurc of thc 
members of tlic cohort to the suspcctcd causativc 
agcrit is estimated cithcr from contemporary 
mcasurcmcnts, as in occupational exposurc, or by 
rctrospcctivc studics. It is then possible, by standard 
epidemiological techniques, to compare thc incidencc 
of disease or mortality rates following diffcrcnt levcls 
of exposure. 

53. If all the members of the cohort have been 
cxposed and thcre is not a wide enough range of 
cxposures to provide several groups with different 
lcvcls of exposurc, it is ncccssary to compare the 
experience of the cohort with that of a control cohort 
of individuals with substantially lower exposures. 
Idcally, the two cohorts should be vcry siniilar in 
characteristics that might influence the incidcncc of or 
mortality from thc discasc undcr study. Othcnvisc, 
these charactcristics may act as confounding factors, 
distorting thc obscrvcd relationship bctwcen discasc 
and cxposurc. Even within a cohort, therc may bc 
potentially confounding factors bctwccn the groups 
with different lcvcls of exposurc. Wbcli information is 
available on the valucs of dlcsc factors for thc 
individuals in thc cohorts, i t  may be possible to allow 
for them. The two obvious factors in the casc of 
cancer, age and sex, always have to be allowed for. 
More subUc factors, such as dict, social status and 
hereditary predisposition, may remain and may be 
difficult to quantify or cvcn to identify. 

54. One important cohort study is the Life Span 
Study of the survivors of the atomic bombings of 
Hiroshima and Nagasaki. This is bascd on a large 
cohort of all ages and both sexes with a vcry wide 
range of exposures. About 60% of the original cohort 
are still alive, so the present conclusiorls arc still based 
on inconipletc data, especially for those cxposcd in 
youth, but it rcn~ains the most substantial cohort study 
uscd by thc Committee. 

55. I n  the sccond typc of study, the case-conlrol 
study, the aim is to asccrtai~i all the cascs of the 
discasc in a dcfincd population, c.g. those living in a 
specified arca during a spccificd period, and thcn to 
select for each casc onc or more control iridividuals 
without Ihc discasc but drawn from the same 
population as the case. Thc cascs and controls can 
then be compared to sce if there arc significant 
differences in the exposures. As with cohort studics, 



carc has to bc takcri to avoid ltlc cffcct.~ of confound- 
ing factors. This can bc donc cithcr by matching thc 
controls to thc cascs for factors such as agc and scx or 
by using statistical tccliriiqucs in tllc ;inalysis. 

56. Bccnusc only thc cascs arid thc tnatchcd controls 
have to bc invcstigatcd, casc-control studics can givc 
significant rcsults with smallcr study groups than arc 
~iccdcd for cohort studics. Casc-control studics arc 
thcrcforc uscful whcrc thc collection of data on thc 
individual cxposurcs rcquircs dctailcd and cxtcnsivc 
fieldwork, making cohort studics impossible or pro- 
hibitivcly cxpcnsivc. Casc-control studics arc particu- 
larly uscful in cxamining thc cffccts of cxposurc to 
radon in dwcllings on the risk of lung cancer. In this 
work, i t  is imporbnt to allow for smoking habits. for 
which historical data arc usually cithcr lacking or 
unrcliablc in cohort studics. Thc ncccssary data can be 
sought in casc-control studics. 

57. Thc third type of study is UIC gcogaphical 
corrclation study. Thcse studics arc usually thc easiest 
to conduct but arc thc most difficult to intcrprct and 
thc most prone to error. In a gcographical correlation 
study, two or more groups of pcoplc in different 
locations are sclectcd on thc basis of a difference in 
long-tcmi cxposure to radiation, usu;~lly radiation from 
natural sources. Hcalth statistics for the groups arc 
thcn compared to identify any rclcvant diffcrcnccs. 
This tcchniquc takes account of thc diffcrcnce in thc 
avcrage cxposurc bctwccn thc groups but ignores the 
distribution of exposures within thc groups, about 
which information is rarcly available. If any important 
confounding factors, such as age, dict or cxposurc to 
pollution, arc no1 randomly distributed bctwccn the 
groups, falsc conclusions arc likcly to bc reached. 
Geographical corrclation studics havc not yct bccn of 
much value to the Committcc, largcly hccausc it is 
difficult to find groups with a largc and accuratcly 
known differcncc in cxposurc hut a small diffcrcncc in 
confounding factors. 

58. To provide meaningful rcsults, all types of 
cpidcmiological study nccd careful design, execution 
and intcrprctation. Moreover, studics that cxpcct a 
small absolute increase in Lhe incidence of discascs 
that already exist naturally, such as canccr, must bc 
largc if they arc to providc statistically significant 
information. There are two main limitations in 
cpidcmiological studies: onc, statistical, givcs risc to 
random errors: thc othcr, demogr;~phic. gives risc to 
systcrnatic errors. 

59. In many countries, thc lifctimc probability of 
dying of canccr is about 20%. If two populations are 
hcing compared to dctcct with confidcncc the effect of 
a higher radiation dose in one of thcm, i t  is necessary 
to obtain a difference hctwccn thcm that is statisti- 

cally sig~lificarit. To  dctcct an incrcasc in mortality 
froni, say, 20% to 22% cach of thc populations would 
havc to numhcr at lcast 5,000. If thc groups wcrc 
followcd to cxtinction, about 1,000 caliccr dcaths 
would hc obscrvcd in tlic uncxposcd group and ahout 
1,100 i l l  thc cxposcd group. The 90% conlidc~icc 
liniiLs on the diffcrcr~cc would bc about 0-2OO, just 
signiricnnt. With currcnt cstiniatcs of risk, such an 
incrcasc would rcsult fro111 a lifctimc wholc-body dose 
of about 0.4 Sv. This corresponds to an incrcasc by a 
factor of 5 in thc typical lifctinic dosc from natural 
sourccs othcr than radon (0.001 SV pcr ycar) for thc 
wholc 70-ycar life of thc cxposcd group (0.001 Sv pcr 
ycar x 70 ycars x 5). 

60. Thc sccond limitation rcsults froni thc nccd to 
match thc study and control groups for any con- 
foundiilg factors that influence the incidcncc of canccr. 
U~ilcss thc study and control groups arc drawn from a 
singlc liornogcncous population, i t  is rarcly possiblc to 
match thc groups, or to make allowance for thc diffcr- 
cnccs, with sufficient accuracy to dctcct with 
confidcncc a small incrcasc in canccr mortality. Any 
inadequacy in thc matching of thc control and study 
groups nlay givc a bias that cannot bc rcduccd nicrcly 
by cxpanding the size of the groups. 

61. I t  is this likelihood of bias that imposes scvcre 
limitations on thc powcr of geographical corrclation 
studics of mortality in gcogaphically scparatcd groups 
such as hosc  used in studics of thc cffccts of cxpo- 
surcs to diffcrcnt lcvels of natural background 
radiation. It cniphasizcs the importance of cohort 
studics, in which a single population can bc sub- 
divided into groups with different lcvcls of exposurc. 
Thcrc may still be confounding factors that diffcr from 
group to group, but they are likcly to bc fcwcr in 
nurnbcr than bctwccn geographically scparatcd groups. 
Populations that can be subdivided according to 
cxposurc includc Lhc Life Span Study group in Hiro- 
shima and Nagasaki, groups of paticnts undergoing 
radiotherapy arid some occupational groups. Bccausc 
of thcsc limitations it is important to asscss the 
fcasibility of any epidemiological study before 
comniittirig resources. 

6 2  Much of the quantitative information available 
from the studics on these populations is limitcd to 
fairly high doscs and dosc ratcs. Estimates of thc risks 
at smallcr doscs can be obtained only by cxtrapolation 
downwards from thc rcsults at high doscs. Thc rangc 
of this cxtrapolation is not largc, bccausc thc small 
doscs of intcrcst arc supcrimposcd on thc incscapablc 
doscs duc to natural radiation sources. 

63. In the UNSCEAR 1988 Report, the Commince 
rcvicwcd in detail the high-dose information from 
epidcniiological studics, with an emphasis on h e  data 



12 UNSCMR 1993 REPORT 

from Hiroshima and Nagasaki. I t  is too soon to rcpcal 
a coniprchcnsivc rcvicw of t l~c  Japancsc data, but i t  
has bccn possiblc to takc account of thc additional 
data liow availablc and to rcasscss the prcvious con- 
clusions. A subst;cntial study of diffcrcnt nicthods of 
intcrprcting thc dilta has bccr~ undcrtakcn. In parti- 
cular, an cxi~mini~tion has bccn madc of available 
modcls for projccting risk to givc cstimatcs of the 
lifcrimc probability of dcath causcd by exposure to 
radiation. The Conimittcc has also madc use of olhcr 
studics, particulary somc rcccntly published data on 
thc cffccts of occupational cxposurc at modcratc to 
low doscs. Thcsc data supplcnicnt the rcsults from the 
Lifc Span Study but do not yct have the statistical 
powcr to add much to thc quantitative cstimatcs of 
risk. Thc cpidcmiological studics do not provide 
significant data for radiation risks in thc low-dosc 
rangc. Thc extrapolation to thc low-dose rangc has to 
bc validatcd by cxpcrimcntal biological studics. There- 

fore Ihc Conimittcc has linkcd Ulc cpidcniiological 
studics with a coniprchcr~sivc rcvicw of Ihc mccha- 
nisms of hurrian carci~iogcncsis and thc cffccts of dose 
and dosc ratc or1 r;ldiation rcsponscs. Thc ovcrall 
rcsult is to confirm thc risk cstimatcs of Ihc 
UNSCEAR 1988 Rcport. 

64. A grcat dcal of work has bccn donc worldwide 
on cpidcn~iologicai studics, but thc accumulation of 
quantitativc information is ncccssarily slow. For 
cxamplc, morc than half the study group in Hiroshima 
and Nagasaki is still alivc, and thc obscrvcd cxccss of 
cancer dcaths, about 350 to date, is rising slowly. The 
Committcc has conccntratcd its timc and resources on 
extensive scientific discussions on the implications of 
h e  availablc studics and has not prepared an Annex 
on epidcniiology for publication at this timc. The 
Comrnittcc's conclusions are summarized in Scc- 
tion II.B.2 of this Rcport. 

11. QUANTITATIVE ESTIMATES OF RADIATION EFFECTS 

A. QUAN'I'ITIES AND UNITS 

65. A spccific set of quantitics is nccdcd to describe 
and quantify radiation and its biological effects. 
Dctails of radiation qua~ltitics and units and an 
explanation ofthc dcrivations and variations in the use 
of thcsc conccpts wcrc prcscntcd in the UNSCEAR 
1988 Rcport. Tbc Committcc's usc of quantities and 
units corresponds to acccptcd intcrnational practice. 

1. Dosinietric quantities 

66. Radionuclidcs arc characterized by unstable 
configurations of the nucleus of the atom. They dccay 
in spontancous nuclear transitions and in so doing emit 
radiation. Thc characteristic rate of dccay of each 
radionuclidc is dcscrihcd by its half-life, thc timc in 
which spontaneous transitions will havc occurrcd in 
onc half of the atoms. Thc ratc at which transitions 
occur in a quantity of a radionuclidc is [crmcd the 
activity, thc unit for which is UIC bccquercl (Bq). If a 
quantity of a radionuclide has an activity of 1 Bq, thc 
transitions arc occurril~g at a ratc of one pcr second. 

67. Onc of thc basic quantitics uscd to quantify thc 
interaction of radiation with rriaterial is the absorbed 
dose. This is thc cricrgy impartcd to a small elcmcnt 
of material divided by the niass of that clcmcnt. The 
unit of absorbcd dose is thc joule per kilogram, callcd 
for this purpose the gray (Gy). For most purposes, the 

Commitlee uses thc avcragc absorbcd dosc in a tissuc 
or whole organism ratl~cr lhan the absorbcd dose at a 
point. Most radiation exposures causc diffcrcnt ab- 
sorbed doscs in diffcrcnt parts of thc human body. 
Absorbed doscs from diffcrcnt typcs of radiation havc 
different biological cffeclivcncss, and the organs and 
tissues in thc body havc diffcrcnt sensitivities. 

68. For Lhc same absorbcd dose, dcnscly ionizing 
radiations such as alpha particles are more clfectivc in 
causing biological effects, especially stochastic cffccb, 
than arc sparsely ionizing radiations such as gamma 
rays, x rays or electrons @cta particlcs). 11 is useful to 
combine the absorbcd doses from diffcrcnt typcs of 
radiation to provide a furthcr quantity called the cqui- 
valent dose. The equivalcnt dose in a human tissue or 
organ is the absorbcd dosc wcightcd by a radiation 
wcighting factor that rangcs from unity for sparscly 
ionizing radiation to 20 for alpha particles. 

69. The various organs and tissucs in d ~ e  body diffcr 
in their rcsponrc to cxposurc to radiation. To allow for 
this, a further quantity, thc cffcctivc dosc, is uscd. Thc 
equivalcnt dose in  cach tissuc or organ is multiplied 
by a tissuc weighting factor, atld the sun1 of thcsc 
products over the w11olc body is the callcd thc cffcc- 
live dosc. The cffcctivc dosc is an indicator of thc 
total detriment due to stochastic cffccb in tllc cxposcd 
individual and his or hcr desccndanb. Sincc both the 
radiation wcigbtirlg factor and thc tissue wcighting 
factor are dimensiorllcss quantities, the dimensions of 



thc cquivalcnt dosc and thc cffcctivc dosc arc tlic 
samc as Ihc dimensions of thc absorbcd dosc, and tlic 
unit is thc sanic, thc joulc pcr kilogram. Howcvcr, to 
cnsure a clear distinctiorl hctwccn thc absorhcd dosc 
and its wcightcd analogues, it has bccri agrccd that tllc 
unit of cquivalcnt dosc and of cffcctive dosc should 
havc the special name sicvcrt (Sv). 

70. Changcs in thc radiation and tissuc wcighting 
factors in 1990 complicate thc con~parisons bctwccn 
ncw and carlicr estimates of dosc. In general, thc 
Comrnittcc has not attcmpted to rccvaluatc old data in 
tenns of thc new quantities, bccausc the changcs arc 
usually small. Whcrc rccvaluatiorls havc bcen niadc, 
this is indicatcd in the tcxt. 

71. Absorbed dosc, cquivalcnt dosc and cffcctivc 
dosc all apply to individuals or to avcragc individuals. 
Thc Committcc also uscs the collective effective dose, 
which is the average dose to an exposed population or 
group multiplicd by the numbcr of people in the 
group. This quantity is dcfincd for a spccificd source 
or for a specified unit of a practice. It may rcfcr to the 
total of the future doscs committed by that source or 
unit of practice, as for instance, thc collective effcctive 
dosc cornmittcd by atmosphcric nuclear explosions or 
by one ycar of medical cxposurcs. If thc probability of 
latc cffccts is proportional to cffcctivc dose at low 
doscs, which is probably the casc, the collective 
cffcctivc dosc is an indicator of thc total attributable 
harm to be expected in that group arid its descendants. 
If thc individual doscs making up a collective dose 
covcr a wide range of values and cxtcnd ovcr vcry 
long periods of timc, it is morc informative to 
subdivide the collcctive dose into blocks covering 
more restricted ranges of individual dosc a~id  time. 
The unit of collcctive effectivc dosc is the man sievert 
(man Sv). 

72. Some cvcnts, cspccially those involving a release 
of radioactivc materials to thc environment, may givc 
rise to exposurcs extending in time, sometimes for 
many generations. In these situations, the collective 
dosc is still a useful quantity, providcd i t  is n~adc clcar 
that thc collective dosc is that committed by thc rclc- 
vant source or unit of practice. To give an indication 
of the dosc committed to a typical, but hypothetical, 
individual now and in thc futurc, thc Committcc uscs 
the quantity dose commitmcnt. This is the intcgal 
over infinitc timc (or for a spccificd pcriod) of thc 
avcragc, pcr caput, dosc rate to a spccificd population, 
often the world population, resulting from the cvcnt. 
Thc dose rcfencd to is almost always the effective 
dose. The dose commitmcnt has bccn particularly usc- 
ful in assessing the long-tctm consequences of evenLq 
occurring within a limited time, such as a scrics of 
atmospheric nuclcar explosions. Thc unit of cffcctivc 
dosc commitmcnt is thc sicvcrt. 

2. Risk und detriment 

73. Thc Committcc Itas also nccdcd to adopt a con- 
sistcttt method of describing quantitalivcly thc proba- 
bility and scvcrity of stocl~astic cffccts of an cxposurc 
to radiation. Tltc tcmm risk has bccn widcly uscd in 
this contcxt, but without adcquatc consistency. I t  is 
somctimcs uscd to mcan Ihc probability of an undcsir- 
ablc outconlc, but at othcr lirnes to mcan a combina- 
tion o r  thc probability and the scvcrity of the outcomc. 
For this rcason, the Committee has tried to avoid the 
use of thc lcrm risk, cxccpt in well-established formu- 
lations such as "cxccss rclative risk" and 'multiplica- 
tivc risk projcction modcl". 

74. Onc inlportant conccpt for the Committee is the 
probability of fatal canccr rcsulting from an irlmcmcnt 
of cxposure to radiation. The annual probability varies 
with timc after exposure, and the most useful sum- 
marizing cxprcssion is the probability ovcr the whole 
of lifc of dying prcmaturcly as thc rcsult of the extra 
exposure. This is not a simple conccpt because thc 
total lifctimc probability of dcath is always unity. Any 
additional cxposurc to a hazard causing an increase in 
the probability of dcath from onc cause reduces life 
cxpcctancy and the probability of dcath duc to all thc 
othcr causes. 

75. For the Committee's purposes, the most appro- 
priatc quantity for expressing thc lifctime risk of death 
due to cxposurc to radiation is the risk of exposure- 
induced death, sometimes callcd the lifetime probabi- 
lity of attributable canccr. This quantity takes account 
of the fact that othcr causes of death may intervene 
before thc risk of dcath due to an exposurc to radia- 
tion can bc cxpresscd. 

76. Since the effcct of the additional exposure is to 
dccrcasc life cxpcctancy rather than to incrcase the 
probability of dcath, thc attributable probability is not 
an adcquatc indicator of the effcct of an exposure. 
Whcn summarizing the detriment pcr unit exposure, 
thc Comrnittcc has therefore also uscd the average 
pcriod of lifc lost should an attributable cancer dcath 
occur. Thc combination of this pcriod and the attribut- 
able lifctime probability is a measure of thc average 
loss of lifc cxpcctancy. All these quantities can be 
uscd to asscss thc consequences of a single or con- 
tinucd cxposure resulting in a known dosc. If thc 
exposurcs are limited to a range in which the dose-res- 
ponsc rclationship is approximately lincar. thc quanti- 
ties can also be cxprcsscd per unit dose. Whcn thc 
rclationship is clcarly non-linear, thc quantities can bc 
spccificd at a statcd dosc, usually at an cffcctive dosc 
of 1 Sv. 

77. A more complex approach to detriment has been 
uscd for protection purposes by the International 
Commission on Radiological Protection (ICRP). This 
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approach takcs account of dlc attrihulablc probability 
of fatal caitccr il l  diffcrcst organs, of the additional 
dctrinicnt from non-fatal canccr and hcrcditary dis- 
orders and of thc diffcrcr~t latclicy pcriods for cancers 
of diffcrcnt kinds. All these features arc included in 
the selection of the wcigl~ting factors for converting 
cquivalcnt dosc inlo cffcctivc dosc. 

78. The coefficient lil~kir~g the probability of fatal 
cancer 10 t l~c  cffectivc dosc is thus a function of the 
agc and scx distribution of thc exposcd population and 
of any ethnic variations. Ncvcrthclcss, the Committee 
has found it  adequatc to use thc nominal values adop- 
ted by ICRP for most of its own purposes, rccognizing 
that thcsc are ncccssarily approximate, cspccially in 
thc casc of the mcdical cxposurc of patients. 

B. EFFECTS IN MAN 

79. The cffccts of radiation, outlincd in Chaptcr I, 
Scction A, can be classified as dctcrministic or 
stochastic on the one hand and somatic or hereditary 
on thc othcr. All dcterministic cffccts are somatic, that 
is, thcy occur in chc exposcd individual, while 
stochastic cffccts can be eithcr somatic (for example, 
radiation-induccd canccr) or hercditary. 

80. Deterministic cffccts wcrc quite frequent in the 
cariy days of radiation usc. In the pcriod between thc 
discovery of x rays and the early 1930s, when protec- 
tive measures began to be used, morc than a hundred 
radiologists died of dctcrministic effccts. In addition, 
thcrc wcre many cascs of anacmia and skin damage. 
Aftcr protective mcasures wcrc institutcd, dctcrministic 
cffccts became progressively less Gcqucnt, and thcy 
arc now scen only in the case of accidents or as a sidc 
clfcct of mcdical radiation therapy. 

81. Cancer induction has bcen dctected and 
quantified by epidemiology in scvcral cxposed groups 
of pcople. It appears to be the only stochastic somatic 
effcct of radiation. Hereditary effccts of radiation have 
not yct bcen cpidcmiologically identified in humans, 
but thcrc can bc no doubt about their existcnce. Thcy 
can be rccognizcd in all the forms of anirnal and plant 
life in which they have bcen sought, other than man. 
Thc lack of epidemiological cvidcncc is due 10 the 
long time bctween generations and h c  large number 
of pcoplc rcquircd for statistical detection. 

82. Tissucs vary in thcir dctcrministic rcsponse to 
radiation. Among the most sensitive tissues arc the 
ovary, the tcstis, the lens of the eye and the bone 
marrow. The threshold for tcrnporary sterility in thc 

male for a single short cxpos~~re  is about 0.15 Gy, 
wl~ilc for proiorlgcd cxposures the threshold dosc ratc 
is about 0.4 Gy per ycar. The corresponding values for 
pcrniallcnt sterility arc in the range 3.5-6 Gy (acutc 
cxposurcs) and 2 Gy per ycar (chronic exposures). In 
womcn, the thrcshold dose rate for permanent sterility 
is in thc rangc 2.5-6 Gy for an acute exposure, with 
womcn approaching the menopause bcing marc 
sensilivc. For cxposures continuing over marly years, 
the threshold dosc ratc is about 0.2 Gy pcr year. These 
Lhrcsholds, iikc all thresholds for deterministic cffccts, 
apply to persons in a nornial state of health. For 
individuals who are already close to exhibiting the 
effcct from other causcs, the threshold will be lower. 
Evcn in thc cxtrenie case where the effect is already 
present, thcrc will still be a thrcshold represenring the 
radiation dose needed to producc an observable change 
in the individual's condition. 

83. The threshold for lens opacities sufficient to 
result, after some delay, in vision impairment is 
2-10 Gy for sparsely ionizing radiation (and about 
1-2 Gy for densely ionizing radiation) in acute 
cxposures. The threshold dose rate is not well known 
for long-tcmi chronic exposures, but it is likely to 
exceed 0.15 Gy per year for sparsely ionizing 
radiation. 

84. For acute exposures of whole bone marrow, the 
threshold dose for clinically significant depression of 
blood formation is about 0.5 Gy. The corresponding 
threshold dose rate for long-term cxposure is some- 
what above 0.4 Gy per year. Bonc-marrow failure is 
an important component of the radiation syndrome that 
follows whole-body cxposures. An acute whole-body 
dosc of between 3 and 5 Gy causes death in 50% of 
the exposcd population group in the absence of speci- 
fic niediciil trcatmcnt. 

85. In Ulc casc of skin exposures, the thrcshold for 
erythema and dry dcsquamation is in the range 3-5 
Gy, with symptoms appcaring about three wccks after 
exposure. Moist desquamation occurs aftcr about 
20 Gy, with blistering appcaring about one month aftcr 
the cxposure. Tissuc necrosis, appcaring aftcr three 
wceks, occurs after more than 50  Gy. 

(a) Effects on the developing hrain 

86. Only two cor~spicuous cfccls on brain growth 
and development have emerged from the studies at 
Hiroshima and Nagasaki. There are some cascs of 
severe mental retardation and some of small hcad size 
without apparent mental retardation. Additionally, 
some groups among Ihosc exposed in lrlero have 
shown lower than averagc intelligence scores and poor 
pcrlormance in school. 



87. An cxccss of scvcrc mcntal rctardation was 
obscrvcd irr somc ctrildrcn cxposcd to radiation 01 
rrrcro at Hiroshima arid Nagasaki. Wl~ilc 110 riicntal 
rctard;~tion was obscrvcd ill cascs whcrc cxposurc 
occurrcd bcforc 8 wccks aftcr conccption, a scllsitivc 
pcriod was idcntificd, 8-15 wccks, followcd by a 
substantially lcss scnsitivc pcriod of 16-25 wccks frorn 
conccption. 

88. As discussed in Chaptcr I ,  Scctisn A.2(a), t l~c  
mcchanisni of mcntal rctardation induction is thought 
to bc the production of a dosc-dcpcndcnt lack of func- 
tional corincctio~rs of neurons in thc brain cortcx. This 
lack of conncctions causcs a downward shift (shift to 
thc Icft) of the IQ distribution, thc valuc of which is 
cstilnatcd to bc about 30 IQ points pcr sicvcrt, for 
cxposurcs in thc pcriod bctwccn 8 and 15 wccks. 

89. Normal IQ distributions havc a stipulated avcr- 
agc valuc of 100 IQ points and a standard deviation of 
about 15 IQ points. The rcgion to thc left of two 
standard deviations from thc avcragc, i.e. values less 
h a n  70 IQ points, corrcsponds to thc clinical designa- 
tion of severe mcntal rctardation. The radiation- 
induccd shift, for a dose of 1 Sv, would rcsult in 
scvcrc mcntal retardation i n  about 40% of the cxposcd 
individuals. 

90. Howcvcr, bearing in mind the shapc of thc 
Gaussian distribution. thc fraction of extra cascs 
causcd by the shif~ induccd by a small dose would bc 
substantially less than that calculatcd directly from a 
lincar relationship of 40% pcr sicvcrt (about onc order 
of magnitude Icss). Thc dose required to causc an IQ 
shift large cnough to make an othcnvisc normal indi- 

92. Many factors coniplicatc lllc study of tilt dosc- 
cffcct relationship. These ilrcludc thc underlying 
discasc. and tlic niadality of thc trcatmcnt, which oftcn 
includcs surgery and clrcmotlrcrapy in addition to thc 
radiotlrcrapy. For thcsc rcasons, thc cstirnatcs of thrcs- 
hold doscs in hcalthy childrcn arc still qualified by 
substantial unccrtairitics. Orily general indications of 
lcvcls can be providcd. Unlcss othcnvisc statcd, the 
doscs arc frorn fractionatcd cxposurcs. 

93. The cffccts of radiation on the tcstis and thc 
ovary arc dcpcndcnt on both agc and dosc. Tcsticular 
function can bc compromised at doses of 0.5 Gy. At 
doses of 10 Gy, gonadal failure occurs in most ina- 
diatcd boys. In girls, a small proportion show amcnor- 
rhea following doscs of 0.5 Gy, thc proportion incrcas- 
ing to about 70% at doscs of 3 Gy. Infertility occurs 
in about 30% of cascs following doscs of 4 Gy. A 
dose of 20 Gy results in permanent infcrtility in all 
cases. 

94. Many othcr organs are damaged by doscs in the 
rangc 10-20 Gy. In contrast, thyroid damage may 
occur at doscs as low as about 1 Gy. Several cffccts 
havc bccn shown in the brain, i~rcluding atrophy of the 
cortcx, aftcr a singlc dose of 10 Gy or an accumulated 
dose of 18 Gy delivered in about 10 fractions. The 
cndocrinc systcm is affccted by radiation, showing 
clcarly impaired secretion of growth hormones at 
fractionated doscs totalling 18 Gy. Thyroid doses in 
the rcgion of 1 Gy, protracted ovcr two weeks, resul- 
tcd in hypothyroidism in patients treatcd by cranial 
radiotherapy. Cataracts and impairment of breast deve- 
lopmcnt havc bccn scen at 2 Gy. 

vidual  s c v c r c l ~  m c n l a l l ~  rctardcd would high (in 95. Dctcmlinistic in several organs have 
the rcgion of 1 Sv or morc), while thc dosc required bccn idcntificd and quantified. Rcduccd total lung 
to bring an individual who wilhout radiation exposure capacity has sllown at  Gy and resaict- 
would have a low IQ into thc s c v c r e l ~  ivc lung  at doses of 11 G ~ .  ~i~~ exposures 
rctardcd, by crossing thc bordcrlinc, might bc a fcw pcr wcck ovcr six weeks require a total dose of more 
tcnths of a sicvcrt. than 12 Gy to producc liver damagc, and protracted 

(b) EfTects in children 

91. During childhood, whcn tissucs arc aclivcly 
growing, radiation-induced dctcrministic cffccts will 
oftcn have a morc scvcrc impact than tlicy would 
during adulthood. Examplcs of dctcnninistic damagc 
resulting from radiation cxposurc in childhood iricludc 
cffccccts on growth and dcvclopmcnt, organ dysfunction, 
hormonal dcficicncies and tticir scquclac and cffccls 
on cognitive functions. Most of thc information conics 
from patients who havc rcccivcd radiothcrapy and is 
dcrivcd by ncw analytical nicthods and by coritinucd 
carcful monitoring. Thc Cornmittcc has rcvicwcd this 
information to identify thc nature of thc cffccts in 
various tissucs and the magnitude of thc doscs causing 
thcsc effects. 

doscs of about 12 Gy are sufficient to produce kidney 
damagc. Radiation nephritis has bccn rcportcd a t  14  
Gy. A dose exceeding 20 Gy is required to stop bonc 
formation, with partial effects following doscs in the 
range 10-20 Gy and no cffccts bclow 10 Gy. Damage 
to the hcart musclc leading to clinical failure is secn 
aftcr a dosc of about 40 Gy. 

2. Radiation-induced cancer 

96. Mcchanistic modcls for the induction of canccr 
by radiation can hc formulated from radiobiological 
information: thcsc modcls suggest thc choicc of the 
dose-rcsponsc function. Human epidemiology providcs 
the data to be intcrprctcd using such modcls, which 
are particularly important in the extrapolation of the 



data to thc low dosc rcgion, wherc cpidcmiological 
data arc lacking or cxlrcmcly imprccisc. 

97. Si~icc thc pcriod of observation of an cxposed 
population saniplc rarcly cxtcnds to a full lifctimc, i t  
is usui~lly licccssary to projcct tlic frcqucncy of canccr 
i~iduclion notcd during thc pcriod of obscnlation to thc 
lifctimc of thc cxposcd population, i n  ordcr to obtain 
thc full lifctimc risk. Two principal modcls havc h c n  
uscd for this purpose, one thc absolutc, or additivc, 
projcction niodcl and thc othcr thc rclativc, or multi- 
plicativc, modcl. 

98. Thc simplc absolute (additive) modcl assumes a 
constant (dosc-related) cxccss of induccd canccr 
throughout lifc, unrelated to the agc-dcpcndcnt sponta- 
ncous ratc of canccr. The sin~plc rclativc (multiplica- 
tivc) niodcl, assurncs that thc rate of induccd canccrs 
will iricrcasc with age as a constant multiplc (dose- 
rclatcd) of thc spontaneous canccr ratc. Both modcls 
may bc cxtcndcd to replace the constant values by 
functions of age at exposurc and of time since 
exposure. 

99. The simple additive model is no longer seen to 
bc consistcnt with most cpidcmiological observations, 
and radiobiological information secms to favour the 
niultiplicativc modcl. It should bc notcd, howevcr, that 
ricithcr of thc simplc modcls fits all thc information; 
for cxamplc, thc multiplicative modcl has difficulties 
with UIC case of exposure of young childrcn, and 
ncithcr of thc simplc projection modcls is consistent 
with the data for lcukacmia or bone canccr. 

100. Thrcc projcction modcls for solid csnccrs havc 
bccn cxarnincd by the Committec. The first is the 
simplc modcl with a constant cxccss risk factor. The 
sccond and third usc a decreasing factor for times 
rnorc than 45 yean after cxposurc. Although Lhc Icu- 
kacniia risk is not yct fully cxprcsscd in the Japancsc 
survivors, the residual risk is now suflicicntly small to 
makc thc use of diffcrcnt projcction modcls 
unncccssary. 

101. The two modcls with dccrcasing rclalivc risk 
factors rcducc the estimates of lifctimc risk following 
a single cxposurc by a factor of about 2 for cxposurc 
in thc first dccadc of lifc and by a factor of 1.5 in thc 
sccond dccadc, with only a small cffcct for oldcr agcs 
at cxposurc. Bccausc the rcduction in probability 
occurs at oldrr agcs, these niodcls show slightly largcr 
loss of lirc pcr attribubblc canccr than docs thc sirnplc 
niodcl. 

102. An important clcmcnt in thc assessmcnt of the 
radiation risks of cancer at low doscs is the reduction 
factor uscd to modify the direct lincar (non-threshold) 
fit to the high-dose and high-dose-rate epidemiological 

data in ordcr to cstimatc the slopc of thc lincar com- 
poncnt of tlic linear-quadratic function. From basic 
radiobiological information, animal studics, and data 
rclcvant to canccr induction in man, this factor is now 
estimated, with substiintial uncertainty, to bc about 2 
for tlic dosc range providing most of the cpidc~iiiologi- 
cal data. Thc cpidcniiology rcsults do not cxcludc this 
value, but cxccpt for Icukaemia, thcy do no1 support it. 

103. In the UNSCEAR 1988 Report, the Committee 
dcrived risk coefficients (risk pcr unit dose) for high- 
dose and high-dose-rate situations for various tissues. 
For the purpose of this Report, it is sufficient to deal 
with the total risk of cancer mortality whcn thc whole 
body is cxposcd. 

104. In  rcccnt years, cpidcmiological studics havc 
bccn rcportcd on occupationally cxposcd persons, on 
population groups living in areas having different 
levcls of background radiation and on people exposed 
by the rclcasc of radioactive materials to their cnviron- 
mcnt. For such studies to provide useful quantitativc 
information on the consequences of exposure to radia- 
tion, they must be of a substantial sizc and must be 
extended over long periods. Historically, only the 
studies of radon-rclatcd lung cancer in miners have 
been ablc to providc quantitative relationships, and 
these arc spccific to radon. At present, the most pro- 
mising studics of general application arc those of 
workers cxposcd to scvcral kinds of radiation in the 
course of thcir work. These studies are now beginning 
to show positivc rcsults. 

105. The statistical power of these studics is still low, 
but it will incrcasc with time as thc data accumulate. 
The rcsults arc consistcnt with those from studies at 
high doses and high dosc rates and providc no indica- 
tion that thc cuncrlt assessments undcrcstimate thc 
risks. 

106. Thc data now indicate with reasonable certainty 
that the carlccr risks associated with high doses of 
sparscly ioniz i~~g radiation are about three times 
grcatcr than Uicy wcrc cstimatcd to be a dccadc ago. 
The 1988 cstiniatc of probability of lifetime fatal can- 
ccrs using thc prcfcncd multiplicative risk projcction 
modcl was 11 pcr Sv for the exposed populations 
at Hiroshima and Nagasaki, of whom more than half 
in the cpidcmiological study are still alive. Thc 
Committee's cstirnatcs rclate only to the Japancsc 
population rcprcscr~tcd by thc Lifc Span Study cohort. 
These studics itrc cor~titiuirig, but here is as yct iwuf- 
ficicnt information to suggest a change in thc risk 
cstirnatcs. 

107. The Conimittcc discussed the factor by which 
risk estimates dcrivcd Gom studies at high doses 
should be reduccd whcn uscd to derive estimates for 
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low doscs. No singlc figurc can be quotcd, but is clcar 
that thc factor is small. Thc data from the Japancsc 
s~udics suggcsl a valuc n(1t cxcccdilig 2. If a factor of 
2 is uscd, a valuc of 5 1 0 . ~  pcr Sv is obtaincd for the 
lifctimc probabili~y of radiation-induccd fatal canccrs 
in  a nominal population of all agcs. A smallcr avcragc 
valuc of about 4 pcr Sv would bc obtaincd for a 
working population (agcd bctwccn 18 and 64 ycars) 
cxposcd during thcir working livcs. Thc Committee 
suggcsts that a reduction factor should be applicd for 
all doses below 0.2 Gy and for highcr doscs whcn the 

Onc is the doubling dosc (or indirect) mcthod. This 
assessrilcnt excludcd Ihc multifactorial disordcrs. For 
a rcproductivc population, a risk valuc of 1.2 
per Sv was givcn for all gcncrations aftcr cxposurc or, 
cxprcssirlg thc samc risk in a dificrcnt way, a risk of 
1.2 pcr gcncration for a continucd cxposurc of 
1 Sv per gc~~cration. The corresponding risk in the 
first two gcncrations after cxposurc was estinlatcd to 
bc 0.3 lo'* pcr Sv in the rcproductivc scgmcnt of the 
population. 

I dose ratc is less than 6 mGy pcr hour avcragcd over 
110. nit Committee's othcr mcthod of assessing 

a few hours. 
gcnctic risk is thc so-callcd dircct mcthod. It applies 

3. Hereditary effects 

108. Epidemiology has not dctcctcd hcrcditary cffccts 
of radiation in humans with a statistically significant 
dcgrce of confidencc. The risk estimate bascd on ani- 
mals is so small that it would have been surprising to 
find a statistically significant effcct in the end-poinb 
studied in Hiroshima and Nagasaki. Nevcflhclcss, 
there can be no doubt of thc cxistcncc of hereditary 
cffccts in man. Risk estimation thcrcfore rests on 
gcnctic cxpcrin~cntation with a widc range of orga- 
nisms and on ccllular studics, with limited support 
from the ncgativc human findings. 

109. Two considerably diffcrcnt methods of csti- 
maling gcnctic risk have bccn uscd by thc Committee. 

to clinically important disordcrs expressed in first- 
generation offspring of exposed parents. The estimate 
of risk was 0.2-0.4 1 o - ~  per Sv in the reproductive part 
ofthc population. It is reassuring that the two different 
mctbods of genctic risk assessment give reasonably 
similar cstimatcs. 

111. Thcre arc many diseases and disorders of 
complcx, multifactorial aetiology, In addition, thcre are 
a numbcr of newly recognized, non-traditional, mecha- 
nisms of transmitting hereditary disease. Tbe effcct of 
radiation upon ttic incidcncc of these multifactorial 
and non-traditionally transmitted diseases is highly 
speculative, but may be slight. More research is 
needed to make it possible to dcrive risk estimates for 
all of thc mechanisms that could cause diseases in the 
offspring of exposed individuals. 

111. SOURCES OF RADIATION EXPOSURE 

A. BASIS FOR COhiPARISONS 113. Man-made sources of radiation includc x-ray 
cquipnicnt, particlc accclcrators and nuclear reactors 

112. The radiation to which the humarl population is used i n  the gcncration of nuclear energy, in research 
C X ~ O S C ~  Comes from VCry diverse SOUrCeS. Some of and in hc production of radionuclides h a t  are then 
thcsc sourccs arc natural fcaturcs of the cnvironmcnt. used i n  mc-jicinc, and industrial operations. 
Others arc the result of human activitics. Thc radiation past in the atmosphere of nuclear devices 
from natural sourccs includcs cosmic radiation, cxtcr- conhbutcs to worldwide exposures. ~ ~ ~ ~ ~ ~ t i ~ ~ ~ l  
nal radiation from radionuclides in dlc eaflb's crust c,posurc, i.c. cxposurc of workcrs, is widcsprcad 
and intcmal radiation froni radionuclidcs inhalcd or but involves groups of linlitcd 
ingested and retained in thc body. The magnitude of 
thcse natural exposures dcpcnds on gcographical loca- 114. Somc sourccs of exposure, c.g. natural sources, 
tion and on some human activities. Hcight abovc sca can bc vicwcd as continuing at a constant level. 
lcvcl affcc~s thc dosc ratc from cosmic radiation; Othcrs, c.g. medical examinations and treatments and 
radiation frorn thc ground dcpcnds on the local gco- thc gcncration of nuclear power. continue ovcr long 
logy: and the dosc from radon, which seeps froni the periods, not necessarily at a conttant Icvcl. Still olhcrs, 
ground into houses, dcpcnds on local geology and on c.g. test cxplosions in the abnosphcre and accidents, 
thc construction and ventilation of bouscs. The expo- are discrctc cvenLs or discrcte series of cvents. Sources 
surcs due to cosmic rays, tcncstrial gamma rays and that rclcasc radioactive materials to thc cnvironmcnt 
ingestion vary only slightly with time, so they can be dclivcr Ihcir doscs ovcr proloqed pcriods, so that the 
rcgardcd as the basic background exposure to natural resulting annual doses do not providc a satisfactory 
sourccs. mcasurc of their total impact. 
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115. Givcn thew complexities, thcrc is no satisfactory radiation from the various sourccs. Thc dctailcd infor- 
sirlglc way of prcscnting thc resultant dosc to man. mation is to hc found in the Annexes to tilis Report. 
Hou~cvcr, thcrc is somc advantage in attempting a 
co~nproniisc prcscnlation Illat allows all thc sourcm to 
bc sccrl on a conimon basis, whilc prcscrving a morc - 
sclcctivc presentation for thc dctails of thc cxposurc 
from cach typc of sourcc. Onc ~ncthod is to prcscnt 1. Exposures f r o n ~  nutural sources 

tllc avcragc an11ual doscs from various sources up to 
thc prcscnt tinic. This typc of prcscnlation dcmon- 
stratcs thc historical significance of thc sources to dale 
but gives no indication of any futurc dosc alrcady 
coniniittcd. Thc Committec has partially avoided this 
difficulty by using thc dosc commibncnt, which takes 
account of futurc doscs committcd by the source. 
Howcvcr, ncithcr thc dosc commibncnt to datc nor thc 
collcctivc dosc committcd to datc provides an ade- 
quatc rcprcscntation of thc doscs from practices that 
arc likcly to bc continued into the futurc. For this, 
somc systcm of forccasting is nccdcd. 

116. The approach to be used in this Rcport to 
compare radiation exposurcs from various sources 
consists of presenting the collective dosc to thc world 
population received or committed (a) from the end of 
1945 to the end of 1992 (47 years) for discrete events 
and @) for a pcriod of 50 ycars at the current rate of 
practice or exposure for all other sourccs, including 
natural sources. This approach assumes that the cur- 
rcrlt ratc of practice is reasonably typical of a period 
of 5 0  ycars, 25 ycars bcfore and after thc prcsent It is 
likcly that this assumption overestimates the futurc 
doscs from practiccs that arc not rapidly cxpanding, 
because iniprovcd tcchniqucs and standards of protcc- 
tion will rcducc thc doses per unit of practice. No 
assumption is nccdcd for discrctc evcnts. 

117. This Chaptcr summarizes the Committee's 
cvaluation of cxposurcs of the public and workers to 

118. Thc worldwide avcragc annual effcctivc dosc 
from natural sourccs is cstimatcd to bc 2.4 niSv, of 
which about 1.1 mSv is duc to thc basic background 
radiation and 1.3 mSv is due to cxposurc to radon. 
The cosmic ray dosc ratc dcpcnds on hcight abovc sea 
levcl and on latitudc: annual doscs in arcas of high 
cxposurc (localions at the highcr clevalionr) arc about 
five times thc avcrage. Thc tcrrcstrial gamma-ray dosc 
ratc dcpcnds on local geology, with a high lcvcl typi- 
cally bcing about 10 tirncs the avcragc. Thc dosc to a 
few cornlr~unitics living ricar some types of mineral 
sand niay bc up to about 100 times the avcragc. The 
dosc from radon dccay products dcpends on local geo- 
logy and housing construction and use, with the dose 
in sonie regions bcing about 10 timcs tile avcragc. 
Local gcology and the type and vcntilation of somc 
houses may combine to give dose rates from radon 
dccay products of scvcral hundred times the avcragc. 

119. Tablc 1 shows typical average annual cffcctive 
doses in adults from the principal natural sourccs. 
With the accumulation of further data and minor charr- 
gcs in the mcthods of assessment, the estimate of the 
annual total has bccn almost constant: 2.0 mSv in the 
UNSCEAR 1982 Rcport, 2.4 mSv in the UNSCEAR 
1988 Report arld 2.4 mSv in Table 1. 

120. Thc typical annual cffcctive dose of 2.4 mSv 
from natural sourccs results in an annual collective 
dose to the world population of 5.3 billion pcoplc of 
about 13 million man Sv. 

- 

Tuhlc 1 
Annun1 clTcctive dares to adults rrom nutural sourccs 

l'dal (rounded) I 2.4 

a The elcva~cd values arc rrprebmtallvc of largc rcgimr. Evcn high- velum occur locally. 

G n m ~ c  n y r  
Tcnotrial gamma rays 
Rad~muclidcs in the hody (ercepl radon) 
Hadcm and 11s decay prcducts 

0.3s 
0.46 
0 . 3  
1.3 

20 
4.3 
0.6 
10 
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2. hlediri~l exposures 

121. Widc usc is madc of radiation ill diagnostic cxa- 
niinations and in trcatmcnts. Of thcsc, diagnosis is by 
far thc morc common. Most pcoplc arc faniiliar with 
x-ray cxarnir~atio~~s of tllc cl~cst, back, cxtrcn~itics and 
gastro-intcstinal tract and dcntal x rays, as U~csc arc 
UIC cxatninations niost frcqucntly pcrfornicd. Thc pro- 
vision of ~ncdical radiation scrviccs is, howcvcr, vcry 
uncvcn in thc world, with niost of thc proccdurcs 
bcing carried out in industrializcd countrics, which 
c o n ~ i n  only onc quartcr of thc world's population. 

122. Based on a conclation bctwccn the nunibcrs of 
medical x-ray cquipmcnt and cxaminations and tbc 
numbcr of physicians in countrics, the Comniittcc has 
cvaluatcd rncdical radiatio~l cxposurcs for four lcvcls 
of hcalth care in the world, from lcvcl I in industria- 
lized countrics to levcl IV in the Icast dcvclopcd 
countries. This broad classification is useful, but it 
sometimes conceals substantial variations within 
countrics. 

123. As hcalth care improves, countrics movc bctwccn 
health-care Icvcls. Thus, the numbcr of pcopic living 
in tbc diffcrcnt categories of countrics changcs with 
time. Bctwccn 1977 and 1990, the grcatcst change was 
an inacase of population in level I1 countrics from 
about 1.5 billion to about 2.6 billion. The estimates for 
1990 show lcvcl I at 1.35 billion, lcvcl 11 at 2.63 
billion, lcvcl 111 at 0.85 billion, and lcvcl lV at 
0.46 billion. 

124. Rcprcscntative cstimatcs of cxamination frcqucn- 
cics and doscs per examination havc bccn obtaincd 
from a worldwide survcy conductcd by the Coniniittcc. 
For countrics of health-carc lcvcl I ,  the annual fre- 
qucncy of mcdical (i.e. non-dcntal) x-ray examinations 
was 890 pcr 1,000 population. For levcls 11, 111 and 
IV, the frcqucncics per 1,000 wcrc 120,70 and 9. The 
numbcr of cxaminations is closely proportional to the 
numbcr of physicians. In cach levcl, thcrc arc dif- 
fcrcnccs witbin and bctwecn countrics, with most 
countrics lying within a factor of about 3 from the 
mean of tbc hcalth-care lcvcl. The sprcad is widcr in 
countrics at thc lowcr hcalth-carc Icvcls. 

125. Thc doscs per examination arc gcncrally low, but 
therc is a wide rangc both within and bctwccn 
countrics. The data from lc\fcl 11, a ~ ~ d  morc 
particularly from levels I l l  and IV, arc vcry liniitcd 
but show no obvious diffcrcriccs from lcvcl 1 data. 
Dcspitc the low doscs pcr cxarnination, thc niagnilude 
of the practice makes the diagnostic usc of x rays thc 
dominant source of mcdical radiation cxposurcs. 
Ncverthclcss, doses from the use of radiopharmaccuti- 
cals and from therapeutic trcatmcnts have also been 
cvaluatcd. 

126. Paticnt doscs arc cxprcsscd in tcrms of cffcctivc 
dosc. This pcrniits conlparisons bctwccn time pcriods, 
countries, hcalth-care Icvcls, medical proccdurcs, and 
sourccs of cxposurc. Howcvcr, palicrits diffcr from thc 
population at largc in  agc- and scx-distribution and in 
lifc cxpcclancy, so thc nominal fatality cocfllcicr~ts 
discussed in Cllaptcr 11, Scclion A, arc only vcry 
approximatc. 

127. When considering the implications of thc dose to 
patients, it is important not to losc sight of tbc asso- 
ciatcd benefits. Rcducing an individual dose in dia- 
gnosis will dccrcasc thc detriment to the patient, but 
it may also decrease the amount or quality of the dia- 
gnostic information. In  thcrapy, too small a dosc may 
coniplctcly climinatc thc bcncfit of thc trcalmcnt. In 
snccning studics, thc bcncfit of carly detection of a 
condition must takc account of thc consequent oppor- 
tunity for improvcd managcmcnt of the individual 
case, because dctcction alone is not necessarily bcne- 
ficial. Collective dosc can be a niislcading basis on 
which to make judgcments. In many countries, an in- 
crcasc in collcctivc dose would signal an increase in 
thc availability of hcalth carc and a nct increase in 
bcncfit. 

128. Information on the mean annual effcctive dosc 
pcr patient from x-ray diagnosis is available from 26 
counties, of which 21 wcre in levcl I, 4 in lcvcl 11, 
and 1 in level 111. In countries of lcvcl I, tbcre has 
been a widespread downwards trend in the dose per 
paticnt for most types of examination. The notable 
cxccption is in computcd tomography, where tbe doscs 
havc tended to increase. In the countrics for which 
data arc available, UIC values of the annual effective 
dosc pcr paticnt arc mainly within the range 0.5-2.0 
mSv. For individual cxaminations, valucs may fall out- 
side this range, bcing lowcr for cxaminations of the 
cxtrcmitics and skull and highcr for examinations of 
the gastro-intcslinal tract. 

129. The annual cffcctivc dose per caput is available 
from 21 countrics in level I, 5 in lcvcl 11, and 2 in 
lcvcl 111. Thc valucs in levcl I show a rangc of 0.3- 
2.2 mSv. It is not casy to niakc rcliablc estimates for 
countrics in thc lowcr levcls of hcalth carc. Howcvcr, 
for Icvcls I1 and 111, the rangc sccms to bc about 
0.02-0.2 mSv. Thc population-wcightcd avcragc for 
lcvcl I is 1.0 mSv, the same as rcportcd in 1988. Thc 
avcragc for the world is 0.3 mSv. One cause of uncer- 
lainty in thcsc values is the usc of fluoroscopy. This 
proccdurc results in much highcr doscs than thosc 
from radiography, and its prcvalcncc is both unccriain 
and changing with timc. 

130. The diagnostic use of radiopharmaceuticals bas 
stabilized in countrics of levcl l but is probably 
increasing in countrics of lcvcls II-IV. Thcrc have 



1993 REPORT 

bccn significant changcs of tcchniquc in this ficld. Thc 
usc of long-livcd nuclidcs in dcvcloying countrics 
rcsults in a higl~cr dosc pcr examination than in 
countrics whcrc sl~ort-livcd i~ltcniativcs arc available. 
In particular, thc usc of iodinc-131 has dccrcascd 
sharply, allhough i t  still contn'hutcs substantially to thc 
collcctivc dosc i n  iridustrializcd countrics. The annual 
cffcctivc dose pcr caput is still only about 10% of that 
attribulablc to t l~c diagnostic usc of x rays. For 
countrics of lcvcl I ,  the annual cffcctive dose per 
caput is about 0.09 mSv. For countrics of lowcr 
hcalth-care Icvcls, it is an ordcr of magnitude less. 
Worldwide, thc annual cffcctivc dosc per caput from 
diagnostic nuclear mcdicinc is 0.03 mSv. 

131. The cstimatcd annual cffcctive dose pcr caput 
from all diagnostic uses of radiation is 1.1 mSv in 
countrics of health-carc lcvcl I and about 0.3 mSv 
avcragcd ovcr thc whole world. The annual collcctive 
cffcctive dose worldwide from diagnostic medical 
cxposurcs is about 1.8 lo6 man Sv. This is the largest 
cxposurc from man-madc sourccs or practices and is 
cqual to about one scvcnth of the annual collective 
dosc to the world's population from natural sources of 
radiation. 

132. The dose to individual patients undergoing 
radiotherapy is very n~uch higher than in diagnosis, 
but the numbcr of paticnts is smallcr. Thcrc are diffi- 
cultics in dcfining an appropriate quantity for ex- 
pressing dosc outside the targct organ. The Committee 
has uscd a quantity analogous to cffcctive dose, but 
ignoring the dose to the target tissue. For most practi- 
cal purposcs, this quantity may be considered the samc 
as thc cffcctivc dose. 

133. With b i s  simplification, the worldwide annual 
total collcctivc cffcctivc dosc from thcrapy is about 
1.5 :06 nlan Sv, about the samc as that from dia- 
gnosis. The comparison of doscs in diagnosis and 
thcrapy may not, howcvcr, concctly rcflcct the rclative 
delrirncnt. The diffcrcncc in agc distributions docs not 
appear to be markcd, but thc subscqucnt expectation 
of lifc is likcly to bc lcss for b c  thcrapy patients. This 
givcs lcss time for latc cffccts to dcvclop and thus 
rcduccs thc rclativc dctrimcnt. 

134. Exposurcs from mcdical radiation usage can be 
cxpcctcd to incrcasc as populations age and become 
urbanized arid as bcalth-carc scn~iccs spread through- 
out the world. Thcrc arc also, howcvcr, trcnds towards 
lowcr doscs per cxarninatior~ and thc substitution of 
altcrnativc tcch~iiqucs, such as imaging by magnctic 
resonance and ultrasound. Thcrc will he grcat differ- 
ences in the trcnds in  countrics of different levels of 
hcalth care. 

3. Exposures from n ~ ~ c l c a r  explosions 
and from the pn,duction of nucleur weupons 

135. Nuclcar explosions i n  the atniosphcrc wcrc 
camcd out at scvcral loc;ttions, mostly in the northcrn 
hcmisphcre, bctwccn 1945 and 1980. Thc pcriods of 
most activc t c s t i~~g  wcrc 1952-1 958 and 1961-1 962. In 
all, 520 tcsts wcrc carricd out, with a total fission and 
fusion yicld of 545 MI. 

136. Since the Trcaty Banning Nuclcar Weapon Tests 
in the Atmosphere, in Outcr Space and Under Watcr, 
Signed at Moscow, on 5 August 1963, almost all 
nuclear test explosions have becn conductcd under- 
ground. Some of thc gaseous fission products werc 
uniritcntionally ventcd during a fcw underground tests, 
but the available data arc insufficient to allow an 
assessment of the resultant dose commitmcnt. The 
total explosive yicld of the underground tests is 
estimated to have becn 90 MI, much smaller than h a t  
of the earlier atmospheric tests. Furthcrmorc, although 
the underground debris rcnlair~s a potential sourcc of 
human exposurc, mainly locally, most of it will bc 
contained. The carlicr atmosphcric tests therefore 
remain the principal source of worldwide exposure due 
to weapons testing. 

137. The total collcctivc cffcctive dose committed by 
weapons testing to date is about 3 lo7 man Sv. Of 
this, about 7 lo6 man SV will havc been dclivercd by 
the ycar 2200. The rcst, duc to the long-lived 
carbon-14, will be dclivcrcd ovcr the next 10,000 
years or so. Another way of cxprcssing thcse findings 
is to use the intcgral ovcr tirnc of the average dosc 
rate to the world population, the dosc commitmcnt. 
The dose commitment to the year 2200 froni atmo- 
spheric testing is about 1.4 mSv; over all time, it  is 
3.7 mSv. Both figurcs are of the same ordcr of magni- 
tude as the effective dose from a single ycar of 
cxposure to natural sources. Thc fraction of the dose 
commitment dclivercd by 2200 (38%) is not the samc 
as the fraction of the corresponding collective dose 
(23%) becausc thc world population is expcctcd to rise 
from 3.2 billion at thc tirnc of the main weapon testing 
prograrnmcs to a constant 10 billion for most of the 
10,000 years. 

138. Thcsc global estimates include a contribution 
from the doscs to pcoplc close to the sitcs uscd for 
atmosphcric tcsts. Although this contribution is small 
in global tcrnis, some local doscs have bccn substan- 
tial. Thc thyroid doscs lo childrcn ncar the Nevada tcst 
site in the United Statcs may havc bccn as much as 
1 Gy. Similar, but somcwl~at largcr, thyroid doses 
were incurrcd bctwccn 1949 and 1962 in scttlemcnts 
bordering the Scmipalatinsk tcst site in h e  former 
USSR. Some doscs rlcar the Pacific lcsl site in the 
United States wcrc also high, largcly because the wind 



charigcd dircction aftcr one thcmionuclcar tcst. Ground 
contamin;~tion ncar Mar;~li~iga, Australia, dlc silc of 
Britislr nuclcar tests, has bccn suflicicnt to rcstrict 
suhscqucnt acccss. Witl~out furthcr dcconlarr~ina~ion, 
unrcstrictcd continuous occupancy iuigl~t causc annual 
cffcctivc doscs of scvcral millisicvcrts in two arcas, 
will1 valucs up to 500 mSv in small arcas imn~cdiatcly 
adjacent to thc tcst sitcs. Thc local and rcgional 
collcctivc cffcctivc dosc froni thc wholc tcst scricr 
was about 700 man Sv. 

139. Thc opcrations nccdcd to producc thc world 
supply of nuclcar wcapons arc also a sourcc of 
exposure. Thc processes start witb the mining and 
milling of uranium. The uranium is thcn enriched, 
cithcr to a high dcgrcc for wcapon components or 
sliglitly for use in rcactors producing plutonium and 
kitium. Thc scalc of lhcsc activitics is not publicly 
availablc and has to be asscsscd indirectly. The 
rcsullant dose c o m m i ~ c n t s  arc thcn estimatcd by 
applying dosc pcr unit rclcasc factors from nuclcar 
powcr production, for which more data arc lrccly 
available. The local and rcgional collective cffcctivc 
dosc to the public cornmittcd by tllcse opcrations is 
estimatcd to be about 1,000 man Sv. The global 
collcctivc dose will bc larger by a factor of bctwccn 
10 and 100. Even if the total collcctive dose is takcn 
to bc 10' man Sv, i t  is a small fraction of thc 
collcctivc cffcctivc dosc con~miftcd by tlic tcsc 
programmes. 

140. As in thc casc of testing, somc local doscs havc 
bccn substantial. The doscs ncar thc plutonium pro- 
duction plant at Hanford, Washington, Unitcd Statcs, 
arc currcntly bcing cvaluatcd. Preliminary rcsults 
suggcst that thyroid doses might havc bccn as high as 
10 Gy in somc ycars in the 1940s. Thc rclcasc to the 
cnviror~nic~it of the wastcs from thc proccssing of 
irradiated fucl at the Soviet military plant ncar 
Kyshtym, in thc Ural mountains, rcsultcd in cumula- 
tive cffcctive doscs of about 1 Sv at somc rivcrside 
locations up to 30 km from thc sitc ovcr a fcw ycars 
in thc carly 1950s. 

4. Exposures from nuclenr power production 

141. The gencration of electrical cncrgy in nuclear 
powcr slations has continued to incrcasc sincc the 
beginning of the practice in thc 1950s, although now 
the rate of increase is less than that for clcctrical 
cncrgy gcneration by othcr means. In 1989, the 
electrical cncrgy generated by nuclcar reactors was 
212 GW a, 17% of the world's elcc~rical cncrgy 
generated in that ycar. The total electrical cncrgy 
gencratcd by reactors from the 1950s until 1990 was 
slightly less than 2,000 GW a. 

142. As in prcvious UNSCEAR Rcports, thc collcc- 
tivc cffcctivc dosc commillcd by thc gcncration of 
1 GW a of clcctrical cncrgy by nuclcar sourccs has 
bccn cstirnatcd for the ~ ' h o l c  of the fucl cyclc from 
mining and mil l i~~g,  through cnrichnicnt, fucl fabrica- 
tion and rcactor operation, to fucl rcproccssing and 
wastc disposal. No spccific allowancc has yct bccn 
n~adc for dcconimissioning, partly bccausc 01 thc 
liniitcd cxpcricncc availablc to datc and partly bccausc 
it  is alrcady clcar that tbc contribution is likcly to bc 
small. 

143. Dctailcd information was obtaincd on thc 
rclcascs of radionuclides to thc environment during 
routinc opcrations from most of Lhe major nuclcar 
powcr installations in thc world. From this infor- 
mation, thc Committcc has assessed normalizcd 
rclcascs per unit of clcctrical cncrgy gcncratcd. The 
collcctive cffectivc doses committed pcr unit energy 
gcncratcd wcrc dlcn estimatcd with the help of the 
generalized cnvironmcntal modcls devclopcd by the 
Committcc in previous UNSCEAR Reports. Separatc 
estimatcs wcrc made for the normalizcd components 
resulting from local and regional exposures and from 
cxposurcs to globally dispersed radionuclides. The 
main contributions are shown in Table 2. These com- 
mitted collcctive doses wcre truncated at 10,000 years 
bccause of Ihc grcat uncertaintics in making prcdic- 
tions over longcr periods. 

144. The value of 3 man Sv (GW a).' for the nor- 
malizcd local and regional collcctive dosc committed 
per unit of cncrgy gencratcd is slightly smaller Ihan 
tbc valuc cstiniiitcd in previous Reports. The main 
reductions havc bccn in rcactor opcration and rcp re  
ccssing, with some incrcasc in the estimates for 
mining and milling. The cuncnt value is thcrcfore not 
rcprescntativc of the entire pcriod of nuclcar powcr 
production, thc ~~ormalizcd dose in the carlicr part of 
the period bcing somcwhat highcr than thc averagc. 
The total collcctive dosc commincd by effluents 
rclcascd from thc nuclear fucl cycle up to tbc end of 
1989 is cstimatcd to be slightly rnorc than 10,000 
man Sv. The collcctive dose committcd by globally 
dispersed radionuclides and by solid wastc disposal is 
uncertain, sincc it dcpcnds on future waste nianagc 
nicnt practiccs and Ihc evolution of thc world's popu- 
lation over thc ncxt 10,000 ycars. Using the estimate 
of 200 man Sv (GW a r '  shown in Table 2, the tolal 
nuclcar powcr gcncratcd, 2,000 GW a, is estimatcd to 
havc committed a collective cffectivc dosc of 400.000 
man Sv. 

145. If thc cuncnt rate of gcncration and the 
normalized valucs of Table 2 are rcpresenutive of the 
50-year pcriod ccrilrcd on thc prcscnl, the 50-year 
collective effcclive dosc from nuclcar powcr 
gcncration is ahout 2 lo6 man Sv. 



146. The doscs to individuals from the generation of 
clcctrical energy diffcr vcry widely, even for pcoplc 
ncar similar plants. Some cstirnatcs of the maximum 
doses have been made for realistic model sites. For the 
principal types of powcr plants, the annual cflcclive 
doscs to the most highly exposed membcrs of the pub- 
lic rangc from 1 to 20 pSv. The corresponding annual 
figures for large fuel reprocessing plants are 200- 
500 psv.  

-l'nl~lc 2 
Non~iallzcd collcclivc doscs (o thc public from nuclcur powcr producllon 

5. Exposures of the put~lic from major accidents 

Sowcc 

147. As in all human activities, there are accidcnts at 
work. The exposurc of paticnts to radiation for dia- 
gnostic or therapeutic reasons is also subject to 
failurcs of cquipmcnt or proccdurcs. Thc doses rcsult- 
ins from minor mishaps at work are included in the 
routine monitoring results. Some accidcnts, both occu- 
pational and medical, have serious consequcnccs for 
the individuals involved. Such accidents are fairly 
frequent (pcrhaps a fcw hundred each year world- 
wide), but the probability that any given member of 
thc public will be involvcd is vcry small. This Scction 
dcals only wiih thc major accidcnts affccling mcmbers 
of thc public. 

Collctrh~c cf fccr i~r  dose c ~ m i f f e d  

per unir m n ~ y  gcnoolef  
[man sv (GI{' a).'] 

148. The production and subsequent transport of 
nuclcar weapons have resulted in several accidcnts. 
T h c  transport accidcnts causcd local contamination by 
plutonium. Thc collective dosc committed by lhcsc 
accidcnts is small. In one accidcnt, at Paloniares, 
Spain. the highest cornrnittcd effective dose was about 
200 mSv. Other accidents on land and the loss of 
nuclear weapons at sca have caused negligible doses 
to pcople. 

149. The two most serious accidcnts in nuclcar 
weapons production wcre at Kyshtym in the southern 
Ural mountains of the Soviet Union in September 
1957 and at the Windscale plant at Sellafield in the 
Unitcd Kingdom in October of lhe same year. 

Local and rrpirnnl cmprncnt 

150. The Kyshtyni accidcnt was a chcniical explosion 
following a failure of the cooling system in a storage 
tank of high-activity wastc fission products. The prin- 
cipal fission products rclcascd were isotopes of 
cerium, zirconium, niobium and strontium. The doses 
were due to fission products deposited on the ground 
and strontium cntcring the food chain. The collcctivc 
dosc was sharcd about cqui~lly bctwcen those who 
were cvacuatcd from thc arca of high contamination 
(about 10,000 people) and thosc who remaincd in the 
less contaminatcd areas (about 260,000 people). Thc 
total collcctivc dosc over 30 ycars was cstimatcd to be 
about 2.500 man Sv. The highest individual doses 
wcre to pcoplc cvacuatcd within a few days of the 
accidcnt. The avcragc cffcctivc dosc for this group of 
1,150 pcoplc was about 500 mSv. 

Mlrunb nulling and Lallinp 
Fud frbricatim 
Reactor g n a t i o n  
Rcpr-ing 
Transpatalion 

Total (rounded) 

151. The Windscale accidcnt was a fire in the natural 
uranium and graphire core of an air-cooled reactor pri- 
marily illtended for the production of military pluto- 
nium. The principal materials released were isotopes 
of xcnon, iodine, caesium and polonium. The most 
important routc of intake was thc ingestion of milk, 
which was corlbollcd in the arca ncar thc accidcnt. 
Further away, the uncontrolled consumption of milk 
and inhalation were significant sources of exposure, 
with iodine-131 and polonium-210 being the two most 
important nuclides. The total collcctive effective dose 
in Europc, including the Unitcd Kingdom, was about 

1.5 
0.W3 
1.3 
0.25 
0.1 

3 

Global compmrnl (inrludinp sdid wnrlc dispnal) 

M ~ n c  and mill tailingr (rc luru  ova 10,000 years) 
R o a w  operation waste drrposal 
Glcbally dispersed radicnuclidcs mainly from repr-ing and solid w s t e  dlsp0671 

Tual (rounded) 

150 
0.5 
50 

200 
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2,000 man Sv. Thc highcst individual doses wcrc to 
Ihc thyroids of childrcn living ncar thc site. Thcsc 
rangcd up to about 100 mGy. 

152. Thcrc havc bccn scvcral accidents that liavc 
damagcd nuclcar powcr rcactors, ofwhich thc accident 
at Thrcc Milc Island in thc Unilcd SIatcs and Chcrno- 
by1 in thc Sovict Union wcrc ~ h c  most important. The 
Thrcc Milc Island accidcnt caused scrious daniagc to 
the core of tlic rcactor, but aln~ost all thc fission 
products wcrc rctaincd by thc containment systcm. The 
resulting collcctivc cffcctivc dosc w;is not morc than 
about 40 man Sv. Thc doscs to individual mcnibcrs of 
the public wcrc low, thc highcst dosc having bcen 
slighdy lcss than 1 mSv. 

153. Thc Chcrnobyl accidcnt was discussed in detail 
in thc UNSCEAR 1988 Rcport. Thc explosion and 
subscqucnt graphite fire rclcascd a substantial fraction 
of the corc inventory and causcd a distribution of 
cffcctivc doscs in h c  northern hcmisphcrc, mainly in 
Lhc Sovict Union and Europc. The collcctivc cffcctive 
dose committed by the accidcnt is cstimated to havc 
bcen about 600,000 man Sv. The doscs to individuals 
varicd widely, with a few pcoplc in the cvacuatcd 
group rccciving cffectivc doscs approaching 0.5 Sv. 
Thc avcrage annual cifcctivc dose in thc strict control 
zoncs surrounding ~ h c  evacuation arca fcll from about 
40 mSv i n  the ycar following thc accidcnt to lcss than 
10 mSv in each of the ycars up to 1989. 

154. An intcrnational rcvicw of tlic situation in the 
zoncs around the cvacuation arca was conducted in 
1990. The projcct corroborated thc cstimatcd doses 
and found that thc hcalth of thc population at that timc 
was comparablc to that of thc population in ncarby 
uncontaminalcd scttlcmcnts. 

155. Scalcd sourccs used for industrial or nicdical 
purposes arc occasionally lost or damagcd and 
mcmbcrs of thc public injurcd. Four scvcrc accidcnis 
of this kind havc occurrcd sincc 1982. In Mcxico, in 
1983, an unliccnscd tclcthcrapy source conlaining 
cobait-60 was sold as scrap metal. Apart from the 
widcsprcad cor~tarilination of stccl products in Mcxico 
and thc United Slates, about 1,000 pcoplc wcrc 
cxposcd to substantial levcls of radiation, with cffec- 
tivc doscs up to about 250 mSv. About 80 pcoplc 
rcccivcd highcr doses, up to 3 Sv, w i h  seven with 
doses in  the rangc 3-7 Sv. Thcre wcrc no dcaths. 

156. In Morocco, in 1984, cight nlcmbcrs of one 
family dicd after thcy found and kcpt at home a scaled 
industrial radiography sourcc containing iridium-192. 
Thc cffcctive doscs were in the rangc 8-25 Sv. In 
Goiania, Brazil, in 1987, a caesium-137 tcletherapy 
source was removed from its housing and broken up. 

Sevcrc doses wcrc rcccivcd from direct radiation and 
from thc localized contaniination. Doscs to individuals 
rangcd u p  to 5 SV. Fifty-four pcol)lc wcrc hospitalizcd 
and four dicd. In Shanxi Province, China, in 1992, a 
cobalt-60 sourcc was lost and picked up by a man. 
Thrcc pcrsons in ~ h c  family dicd of ovcrcxposurc. In 
1993, an accidcrit occurrcd at a plant ncar Tomsk in 
thc Russian Fcdcration. Thc information on this 
accidcnt has not yct been fully asscsscd, but it appears 
that tlic cxposurcs wcre very low and that few 
mcmbcrs of the public wcrc involvcd. 

6. Occupational exposures 

157. Occupatiorial radiation exposures arc incurrcd by 
scvcral categories of workcrs who work with radio- 
active materials or are cxposed at work to man-made 
or natural radiation sources. The Committec has con- 
ductcd a survey of countries worldwide to obtain 
information that would allow comprehensive rcview of 
occupational radiation exposures. 

158. Many workcrs in occupations involving cxposurc 
to radiation sources or radioactivc material are indi- 
vidually monitorcd. One major exception is the largc 
workforce cxposed to cnhanced lcvcls of radiation 
from natural sources. c.g. in parts of the extractive 
industries. Thc main reason for monitoring radiation 
cxposurcs in thc workplacc is to provide a basis for 
controlling the cxposurcs and for cnsuring compliance 
with regulatory rcquiremcnts and managerial policies. 
Both of thcse rcquircnicnts go bcyond the simple com- 
pliancc with dosc limits, and may include requirements 
to achicvc and dcmonstratc the optimization ofprotec- 
tion. Inevitably, thc design and intcrprctation of moni- 
toring programmes rcflcct local nccds. Thcrc arc 
advantages in cxtcnding thcse objeclives to permit 
comparisons bctwccn diffcrcnt operations, if this can 
bc dor~c without too much difficulty. Such cxtcnsions 
would greatly assist the Committec in its compilations 
and comparisons of data. 

159. For most workcrs involvcd with radiation sourccs 
or radioactivc niatcrials, thc main sources of cxposure 
are thosc cxtcrnal to Lhc body. The doscs duc to inter- 
nal sourccs arc usually insignificant, apart from thosc 
due to the radon naturally present in all workplaccs. 
Furhcrmore, it is much casicr to monitor for cxtcrnal 
cxposurcs than for internal oncs. As a rcsult, many 
workcrs arc monitorcd for cxtcrnal cxposurcs, even 
when ttlcir doscs are cxpcctcd to bc low, but monitor- 
ing for internal cxposurc is carricd out only whcn it is 
really nccdcd. Howcvcr, some areas of occupational 
exposurc may not be adequately monitored. Thc cxtcnt . 

and reporting of thc occupalional exposure in medical 
work is thought to be good in large mcdical insulla- 
lions, but it is likcly to hc lcss satisfactory in small 
installations. 
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160. 1t is not possible to niakc dircct measurements of 
the cffcctivc dosc to workcrs. In most monitoring for 
extcrnal cxposurc, the rcsults from small pcrsonal 
monitoring dcviccs arc usually taken to be an adequate 
nieasurc of lllc cffcctivc dosc. Tllc doscs froni intcrnal 
sourccs arc cstinia!cd from a rlumbcr ofrncasurcn~cnts, 
including the amount of radioactive material excreted 
or retained in the body, and the coriccntration of radio- 
active subslanccs in Lhc air of the workplace. The 
cstimatcs depcnd on models of the timc distribution of 
thc intakes and of the transfcr and rctcntion processes 
in thc body. Substantial unccrlairitics arc incvitablc. 

161. Thcrc is sonic difficulty in presenting infor- 
mation about the typical individual dose to workcrs 
because policies for issuing monitoring dcviccs differ. 
In particular, the widcsprcad issue of monitoring 
devices to workers whose exposures are likely to be 
low artificially dccreascs the average rccordcd expo- 
sure of the exposed workforce. The Committee has 

made some use of tllc mean dose pcr measurably cx- 
posed worker, thus avoiding the distortion introduced 
by those who are monitorcd but rcceivc trivial doscs. 
Not all countrics provide infonriation in a forni that 
allows this quantity to be cstirnatcd, so  i t  cannot be 
used in h e  ovcrall summary of data. For sonic pur- 
poses, Uie collective dosc is a more satisfactory 
quantity, bcing littlc affccted by the inclusion of large 
numbers of individually trivial doscs. 

162. Thcrc are widc variations bctwccn occupations in 
Lbe recorded annual doses to monitored workers and 
also between countries for Uic same occupation. The 
detailed information from Lhc Committee's revicw has 
allowed comparisons to be made between five-year 
periods from 1975 to 1989. This summary conccntra- 
tes on thc most rcccnt quinquennium and comments 
on Lbe trends over the previous periods. The world- 
wide average annual doses to monitorcd workcrs and 
the associated collective doses for 1985-1989 arc 
summarized in Table 3. 

" Dosca due to advrnt~ltous cxpaurca to natural s w r c u  are not ~ncluded. T h e  annual collective dosc Iran thcrc natural sourcu I K  u t i m a t d  to be about 
8.600 man Sv. uith thc main contribution coming from undngrwnd nm-uranium minink About hdf  of lhis contribution c o m a  from coal mining. 

Tublc 3 
Annual worldwide occupationt~l exposures to rnonibred workers, 1985-1989 

163. Workers in occupatio~is i~ivolving adventitious valucs in somc supcrsonic aircraft. 111 thc extractive 
cxposurc to natural sourccs, such as non-uranium industrics, tbe annual cffectivc doscs arc typically in 
mining, arc not usually mor~itorcd and thcir doses are the range 1-2 mSv in coal mints and 1-10 mSv in 
cxcludcd from the figures in Tablc 3. The principal other niincs. The annual occupational collcctivc dose 
occupations in this catcgory arc in  aviation and mine- to thesc workers is cstirnatcd to bc 8,600 man Sv. This 
ral extraction industrics. The annual effective dose to estimate is, however, quite uncertain because of the 
airnew is typically bctwecn 2 and 3 mSv, with higher limited monitoring data for rhcse workcrs. 

Annual average rf/ecrirr dare pcr modraed  ~ o r k c r  
(a Orrup~~imal  rnrgory 

Annual c d l a r i w  cfcrri~u dare ' 
(man Sv) 

Xuclrsr furl cycle 

Mining 
Milling 
Lsichmcnt 
Fud fabrication 
Rcaaor operation 
Rcpr-ing 
R u e r c h  

Taal  (rounded) 

1200 
120 
0.4 
2 

1100 
36 
100 

2500 

4.4 
6.3 
0.08 
0.8 
2 5  
3.0 
0.8 

2 9  

Other occupatioru 

0.9 
0.7 
0.5 

0.6 

Indutnal appl~catrmr 
Dcfcncc ac~lrrtlu 
X l c d a l  appliaucnr 

Tad (rounded) 

510 
S O  
IaX, 

1600 

All occupnliona 

1.1 Grand t c d  (rounded) 4300 



164. Thc cstiniatcs su~nmarizcd in Tablc 3 diffcr i n  
sonic rcspccts from thosc in carlicr RcporL5. Thcsc 
changcs arc duc mainly to d ~ c  inlprovcd databasc now 
available.. Thc largcst changc is in the cstimatcs of thc 
doscs lrorn lncdical applications, much of which is 
duc to radiation of low pc~rctrating powcr. Thc pcrso- 
nal dosimctcrs worn on tlrc surfacc of thc body thcn 
ovcrcslimatc Ihc cffectivc dosc, especially if, as is 
common, thcrc is somc partial shielding of the body 
by installed shiclds and protcctivc aprons. Thc prcscnt 
cstimatc of collcctivc dosc is lowcr by a factor of 5 
than t t ~ c  prcvious one and niay still bc too high by a 
factor of 2. 

165. In thc nuclcar industry, the avcragc annual 
collcctivc dose has not varicd substantially in the last 
15 ycars, notwithstanding increases in elcctrical cnergy 
gcneratcd during this pcriod by ovcr a factor of 3 and 
in the number of workcrs by a factor of 2. Thc collcc- 
tivc effcctive dose per unit clec~rical encrgy gcncratcd 
dcclincd by 50% and the avcrage individual dosc by 
30%. Avcragc individual doscs arc highcst for workcrs 
in mining and milling operations. Reductions in indivi- 
dual doscs to rcactor workcrs comc from a con~bina- 
tion of improvcd operating practices and modifications 
to plants in thc mid-1980s. Furthcr improvcmcnts can 
be cxpectcd as new plants arc comrnissioncd. 

166. Thcrc has bcen a dccrcasc by a factor of about 
2 in both individual and collcctive doscs in  general 
industry. Sincc the numbcr of monitorcd workcrs has 
changcd only slightly, this represents an ovcrall 
improvcmcnt. In the dcfcncc industries, both collecti\~c 
and individual doscs havc dccrcascd, mainly duc to 
improvcmcnts in the operation and maintcna~lcc of 
nuclear-powercd vcsscls. 

rcportcd. Accidents involving thc public wcrc 
discussed in thc prcvious Scction. 

169. Thc collcctivc ~ O S C  due 10 cxposurcs in minor 
accidc~rls is includcd in thc routinc reports of 
orcupalional cxposurc. That duc to scrious accidcrlts 
is not casy to cstinlatc but is ccrtainly small comparcd 
with thc total occupational collcctivc doscs. Orie 
componcnt of collcctive dosc that has not yct bccn 
rcportcd with othcr occupational cxposurcs is that due 
to thc cmcrgcncy work undcrtakcn to contain thc 
damaged rcactor at Chcrnobyl. This was not an 
accidcntal cxposure, although it was thc direct rcsult 
of an accident. Some 247,000 workcrs wcrc involved. 
Thc avcrage dosc from extcrnal cxposurc was es t i -  
mated to be 0.12 Sv, giving a collcctivc dose of about 
30,000 man Sv. Thc doscs from internal cxposurc 
varicd during thc work, but wcrc mainly in thc region 
of 10% of thosc from cxtcrnal cxposure. 

7. Surnrniiry of current information 

170. Typical collcctive cffcctivc doscs committed by 
50  ycars of practice for all thc significant sources of 
exposurc and by discrete cvents since the end of 1945 
arc shown in Tablc 4. Thc bases for the values in this 
table arc givcn in the carlicr parts of this Section, 
which in turn summarize thc dctailed evaluations 
givcn in the Anncxcs to this Rcport. 

171. Tablc 4 shows the relative importance of 
radiation sourccs in  tcrms of the resulting collcctivc 
doscs. By far the largest source of exposure is thc sum 
of natural sources. The whole world population is 
cxposcd to cosmic rays and radiation from naturally 
occurring radioi~oto~es'of potassium, uranium, radium, 
radon, thorium ctc. in soil, water, food and tbc body. 

167. \'hen is for he ovcrcsl~mat~on The next most significant radiation source is the 
in Rcpo*, he occupational exposures i n  rncdi- mcdical use of and radio~hamaceuticals in 

cine show no trcnd in collcctivc dose. Thcrc has bccn various diagnostic cxarninations and trcatmcnts. Thc 

a reduction in the avcragc individual dosc, partly doscs from both diagnosis and trcatnicnt havc bccn 

cxplaincd by an incrcasc in the numbcr of monitored includcd in Tablc 4, although lhcy are not strictly 

workcrs. comparable in tcrms of h e  resulting dctrimcnt. 

168. It is rare for workcrs to be scriously cxposcd io 
radiation as thc rcsult of accidcnb. Minor incidents 
that causc uncxpcctcd, hut not dircctly injurious, 
exposures are more frcqucnt, but the policy for 
reporting these differs widcly from placc to placc. The 
Committee has reccivcd inlormation concerning about 
100 accidcnts causing fatalities or having thc potcnlial 
to causc dc~crministic injuries in the worklorcc in thc 
period since 1975. The list is almost ccrtainly 
incomplete. The accident at Chcrnobyl was by far the 
most serious, causing 28 dcaths from radiation-rclatcd 
causes. The doses to about 200 workcrs were high 
enough to cause clinical dctcrministic cffccts. Three 
deaths duc to radiation in other accidcnts havc bccn 

172. Exposures from the atmospheric testing of 
nuclear weapons have diminished. There have bcen no 
furthcr tests sincc the last one in 1980. Only small 
contributions to the collcctive dosc are madc by the 
generation of electrical cncrgy by nuclear reactors, 
accidcntal events, and various occupational exposures, 
but thcsc conlrihutions arc neve~~hclcss important from 
h e  point of vicw of the radiation protection of 
individuals. 

173. Apart lroni the doscs from natural sources, the 
variation of individual doses over time and from placc 
to place makes i t  impossible to summarize individual 
doscs cohercntly. Howcvcr, some indications can bc 
provided. 



174. Thc avcragc annual cffcctivc dosc from natural 
sourccs is 2.4 niSv, wilh clcvatcd valucs conimonly up 
to 10 or 20 mSv. Mcdical proccdurcs in dcvclopcd 
countries rcsult in an annual cffcctivc dosc to thc 
avcragc pcrson bctwccn 1 and 2 niSv, of which about 
two thirds comcs froni diagnostic radiology. Avcragc 
annual doscs to individuals in thc mid-1970s from 
atniosphcric wcapon tests wcrc rcportcd in the 
UNSCEAR 1977 Report. By that time, most of thc 

short-livcd nuclidcs had dccayed. The annual cffcctivc 
doscs wcrc about 5 pSv. Annual cffcclivc doscs a1 thc 
timc of maximum testing wcrc probably bctwccn 100 
and 200 j ~ S v  in thc northcni hcmisphcrc. Annual 
cffcctivc doscs to t11c most highly exposed pcoplc ncar 
nuclcar powcr installations arc in the rangc 1-200 ~ S V .  
Occupatio~ial annual cffcctivc doscs to nionitorcd 
workcrs ilrc commonly in thc rangc 1-10 mSv. 

T ~ ~ h l e  4 
Collcclivc dosc commitled to the world population by a 50-ycnr pcriod oT operation Tor continuing practices or  
by single events Trorn 1945 lo 1992 

IV. TI-IE PERCEPTION OF RADIATION RISKS 
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Me&caI exposure 
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Nuclcar power 
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Occupati~nal cxposurc 
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Nuclear power 
industrial uses 
Dcfmcc aaiGtiu 
Nm-uranium mning 

Tad (all occupatims) 

175. The word "riskn has scvcral diffcrcnt meanings. 
It is oftcn uscd dcscriptivcly to indicate thc possibility 
of loss or dangcr, as in "the risks of bang-gliding". In 
technical contcxts it is uscd quantitatively, but without 
any general agreement on its definition. Sometimes it 
is uscd to mcan the probability or  a defined adverse 
outcomc, but it is also widely uscd as a combination 
of that probability and some measure of the severity of 
the outcome. Thcsc diffcrcnt mcanings cause con- 
fusion among specialists but probably havc litdc 
influcncc on thc attitude of the gcncral public. To the 
public, risk is largcly descriptive or qualitative. Some 
risks arc sccn as worsc than others partly bccausc thc 
outcomc is thought to bc morc likcly and partly 
bccause the outcome, if it occurs, is less welcome. 
Thcrc is little or no attcmpt to makc a formal 
separation bctwecn thcse aspects or to combine thcm 
in anything morc than an intuitive scnse. Many factors 

influence the public's view of a risk. Thesc include its 
source, its nature, the extent to which i t  is a familiar 
part of lifc, thc dcgrcc of choice and control thought 
to bc availablc to the individual. the confidence in the 
originator and rcgulator of the risk, and many othcrs. 
Inevitably, any quantified discussion of risks involves 
hoth scientific and social judgements. 

Batis of commitmrnl 

Current rate frr 50 years 

Cuncnt rate f a  50 ywrs 

Completed practice 

Taal practice to dace 
G n a t  rate fa 50 years 

Evcnts to datc 

Cuncnt rate fa 50 years 

176. Against this background, there is no rcason to 
cxpcct thc public attitude towards a risk to be the 
same as the attitude of those who estimate risks quan- 
titatively, assess their importance and manage them. 
The task of the Committee is to provide quantitative 
estimates of thc risk associated with ionizing radiation. 
The effccts of exposure havc bccn expressed in terms 
of the probability of their occuncnce, the years of lifc 
lost in the case of fatal consequcnccs and the severity 
of non-fatal consequences. The Committee is not con- 
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650 

90 
75 

30 

0.4 
2 

0.6 

0.05 
0. U 
0.03 
0.01 
0.4 

0.6 



ccrncd with making judbmcnls about thc rclativc do all tl~at is rcasonablc to rcducc the risks. Vicws on 
irnportancc of diffcrcnt kinds of risk to socicly or wilh thc cxtcnl to which Illis approach has succccdcd 

I thc nlanagcmcnt of risks. I t  tl~crcforc aims to prcscnt dcpcnd I~cavily on the pcrccptions of thc vicwcr. 
its findings in a ncutral way and t~as  ti~ought i t  dcsir- 

I ablc lo lakc somc o f t l l c  P ~ ~ ' ~ ' ~ ~ ) ~ ~  dirfcrcnccs 179. Tllcrc arc major difficul~ics in ~o11111lunicalil1g 
ill lhc way its conc~usiorls will bc pcrccivcd by non- inforI l l i , l ion about radiation to tllc E~~~~ in 
specialist rcadcrs. countries t11at arc highly dcvclopcd tcch~~ologically, - 

niarly pcoplc do not know what radiation is, cvcn in 
177. Thc most important conclusior~ is that thcrc is no 

siniplc tcrms. Most of thosc who do know solnclhirlg 
uniformity of evaluation, con~parison or acccptancc of 

about i t  associalc it with accidents, wcapon5, fallout 
risks across individuals or socictics. Considcrablc pro- 

and canccr. Vcry fcw associatc radiation and medical 
grcss has bccn madc, mainly in thc last 20 years, in 

diagnosis or arc aware of thc nornial background 
cstablishing a structured prcscntation of thc faclors 

cxposurc to natural sources of radiation. 
that influcncc pcrccptions and in grouping thcm into 
classcs. Somc of thc faclors rclalc to lhc pcrsonal 
characteristics and cxpcricncc of an irldividual, othcrs 
arc associated with the charactcrislics of thc socicty in 
which thc individual livcs. Much dcpcnds on the 
individual's awarcncss of t l ~ c  sourcc and character o i  
thc risks in question. 

178. In all occupations and activitics involving radia- 
tion, the quantification of and thc pcrccption of risks 
havc bccn rccognizcd as important issues. A major 
difficulty in managing risks has bccn to satisfy thc 
conccrns of individuals, communities and socicty. The 
basic approach in risk managcnlcnt has bccn to justify 
activitics or practiccs by thc bcncfits providcd and to 

180. 171c Con~n~i t tcc  rccognizcs that many factors out- 
side its rcniit influcncc the way in which its findings 
arc vicwcd. Public concern about the lcvcls and cffccts 
of radiation is more influenced by thc pcrccivcd rncrits 
and social implications of the sourcc of radiation than 
by the magnitude of the resulting cxposurcs and risks. 
Ncvcrthclcss, thc Committee recognizes its obligation 
to cvaluatc radiation exposures and to providc esti- 
mates of radiation risks that arc soundly bascd, con- 
sistent and unbiascd. The information must be trust- 
worthy and clearly communicated if il is to contAbute 
to achieving posilivc decisions for thc whole of 
society. 

V. SUhIhIARY AND PERSPECTIVES 

A. I,EVEIS OF KSI'OS(IKE: I .  IiIOI,OGICAI, EFFECTS 

181. Thc Committcc's cstimatcs of lhc Icvcls of cxpo- 184. Thc Committcc's intcrcst in the biological c f f c c ~ ~  
surc throughout the world arc improving as the provi- of radiation is mainly conccntratcd on thc cffcccts of 
sion of data improves. As a vcry broad gcncralization. low doscs. Thcsc cflccts have a low probability of 
i~ can bc cor~cludcd that irnprovcd proccdurcs arc occurrir~g but arc scrious whcn thcy do occur. Statisti- 
dccrcasing thc cxposurc per unil of practicc by an cal limitations prcvcnt cpidcmiological studics from 
amount that is sufficicnt to offsct incrcascs in thc lcvcl providing direct estimates of risk al low doscs, making 
of thc practiccs. it ncccssary to rcly on radiobiology to provide a basis 

for intcrprcting thc rcsults of cpidcmiology. Thc corn- 
182. Somc sourccs olcxposurc corltinuc at a constant bination ofcpidcmiology and radiobiology, particularly 
Icvcl. Somc continue ovcr long pcriods, not ncccssari- 

at thc molccular and cellular lcvcls, is a uscful tool for 
ly at a constant Icvcl. Othcrs arc discrc~c cvcnts, or 

elucidating thc conscqucnccs of low doscs of radiation. 
discrctc scries of events such as wcapons tests. Sour- 
ccs that rclcasc radioactive materials to the cnviron- 
nlcnt dclivcr thcir doscs ovcr prolonged pcriods, so 
that thc rcsulting annual doscs do not provide a satis- 
factory measure of thcir total impact. 

185. OIIC of thc most rapidly dcvcloping ficlds of 
work is conccrncd wilh the rncchanisms of canccr 
induction as a rcsult of changes in thc molccular struc- 
turc of DNA. Although rapid progrcss is also b c ~ n g  

183. This Rcport prcscnls thc collcctivc dosc lo thc niadc in the study of hcrcditary disorders, quantitative 
world population rcccivcd or cornmittcd from thc end cstimalcs of hcrcditary risk must still bc dcrivcd from 
of 1945 to the cnd of 1992 (37 ycars) for discrctc anirrial studics. Even thc substantial cxposurcs at 
cvcnts and for a pcriod of 50  ycars a t  thc cuncnt ratc Hiroshima and Nagasaki havc not madc it possiblc to 
of practicc or cxposurc for all othcr sources. The obtain quantitativc cstimatcs of hcrcditary risks with a 

I rcsults wcrc shown in Tablc 4. sufficient dcgrrc of confidence. 
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186. Dcspite h e  rapid progress in radiobiology and 
thc incrcasing arnount of data frorn epidemiology, thc 
Committee has not yct found i t  necessary to make any 
subslanlial changes in its risk estimates. 

C. PERSPECTIVES 

187. The Committee's cstimatcs of radiation cxposurc 
and its cstimatcs of the risk of exposure indicate that 
radiation is a weak carcinogen. About 4% of the 
dcaths due to cancer can bc attributcd to ionizing 
radiation, most of which corncs from natural sources 
that are not susccptiblc to control by man. Neverthe- 
less, it is widely (but wrongly) bclicved that all the 
cancer deaths at Hiroshima and Nagasaki are the result 
of thc atomic bombings. Thc studics in the two cities 
have included virtually all the heavily exposed indi- 
viduals and have shown that, of 3,350 cancer deaths, 
only about 350 could be attributed to radiation expo- 
sure from the atomic bombings. 

188. Onc way of providing a pcrspcctivc on the impli- 
cations of man-madc radiation sources is to compare 
thc resulting doscs with thosc from natural sources. 
This is easy to do fiom a global point of view, which 
deals with total (or avcragc) worldwidc cxposurcs. The 
collective doses werc prcscntcd in Table 4. However, 
many man-made sources expose only limited groups 
of people. The following paragraph at~cmpts to distin- 
guish bctwccn thcsc situations. 

189. On a global basis, onc ycar of medical practicc 
at UIC prcscnt rate is equivalent to about 90 days of 
cxposurc to natural sources, but individual doscs from 
mcdical proccdurcs vary from zero (for pcrsons who 
werc not examined or treated) to many thousands of 
times that rcccived annually from natural sourccs (for 
patients uridcrgoing radiotherapy). Most of the doses 
cornnlittcd by one ycar of cunent operations of thc 
nuclear fucl cycle are widcly distributed and corrcs- 
pond to about 1 day of exposure to natural sources. 
Excluding severe accidents, tlle doses to the most 
highly exposed individuals do not exceed, and rarely 
approach, doscs from natural sources. Occupational 
cxposurc, viewed globally, corresponds to about 8 
hours of cxposure to natural sources. However, occu- 
pational exposure is confined to a small proportion of 
those who work. For this limited group, the exposures 
are similar to those from natural sources. For small 
subgroups, occupational exposures are about five times 
those from natural sources. The collective dose com- 
mittcd ovcr 10,000 years by atmospheric nuclear test- 
ing is fairly uniformly distributed and corresponds to 
about 2.3 years exposure to natural sources. This 
figure represents the whole programme of tests and is 
not comparable with thc figurcs for a single ycar of 
practicc. Only one accidcnt in a civilian nuclear power 
installation, that at Chcrnobyl, has resulted in doses to 
members of the public greater than thosc resulting 
from the exposure in one year to natural sources. On 
a global basis, this accidcnt corresponded to about 20 
days exposure to natural sources. These findings are 
summarized in Table 5. 

Table 5 
Exposures to man-made sourccs expressed as equivalent periods of cxposure to natural sourccv 

Equivalcn~ period of aposure lo nalural saurccs 

90 days 

2.3 years 

10 days 
1 day 

20 days 

8 hours 

Source 

Medical exposures 

Nuclear weapons tests 

Nuclear power 

Scverc accidents 

Occupational exposures 

Basis 

One year of practice at the current rate 

Completed practice 

Total practice to date 
One year of practice at the current rate 

Events to date 

One year of practice at the current rate 
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ANNEX A 

Exposures from natural sources of radiation 
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INTRODUCTION 

1. Natural ionizing radiation arises in outer space, 
whcrc cosniic rays arc foniicd, and in and on the 
carth, whcrc radionuclidcs norn~ally present in soil, 
air, watcr, food and Ihc body uridcrgo radioactive 
dccay. Penetrating radiations and radioactive materials 
pervade thc natural cnvironmcnt. The main types of 
radiation arc gamma rays, alpha and beta particles, 
neutrons and muons. Human exposurc occurs by 
irradiation from sourccs outsidc the body (external 
exposurc) and upon the dccay of radionuclidcs takcn 
into thc body through ingestion and inhalation (intcmal 
cxposurc). The assessment of radiatjon doses in 
humans from natural sourccs is important because 
natural ionizing radiation is the largcst contributor to 
Ihc collective cffcctivc dosc rcccived by the world's 
population. In this Anncx, the expressions "natural 
radiation" and "natural radiation background" arc oflcn 
uscd to rcfcr to "natural sourccs of ionizing radiation". 

2. Some of the contributions to thc total cxposurc 
from thc natural radiation background are quite 
constant in spacc and time and prac~ically indcpcndent 
of hurtian practices arid activitics. This is true, for 
cxamplc, of thc doscs rcccivcd froni the ingestion of 
4 0 ~ ,  a long-lived radioisotope of an clcnient tihat is 
homcostatic;illy controllcd, and also of doscs froni thc 
inhalation and ingcstiorl of cos~nogcnic radionuclidcs, 
which are rclativcly honiogrl~cously distributed at the 
surface of thc globc. 

3. Other contributions dcpcnd strongly on human 
aclivitics and practiccs and arc thcrcforc widely 
variable. In par~icular, Ihc doses from indoor inhala- 

tion of short-lived dccay products of radon gas are 
influenced by local gcology and by building dcsign, as 
well as by the choice of building materials and of 
ventilation systcms. Also, concentrations of the 
short-lived decay products arc, as a rule, highcr 
indoors than outdoors. Therefore, people who rcsidc 
somcwhat above the ground surface in apartment 
blocks or who mostly stay outdoors in the open air are 
likcly to incur far less exposurc to radon than thosc 
who occupy single dwellings or who spend most of 
their time in enclosed spaces. 

4. Intermediate types of exposurc are thosc that arc 
ncithcr widely variable nor rclativcly constant at the 
surface of the globc. Examplcs are (a) extcrnal doses 
froni cosmic rays, which vary with altitudc and, to a 
much lcsser extent, with latitude, and (b) cxtcrnal 
doses from radiation of tcrrcstrial origin (that is, the 
radionuclides present in the crust of thc carlh and in 
building materials), which arc affcctcd by location and 
acconimodatio~~. 

5. Doscs frorn the inhalation of radon in dwellings 
are much grcatcr than thosc from all othcr components 
of natural radiation. Thc main causc of high conccn- 
[rations oC radon in dwellirigs is thc influx of thc gas 
from the subjaccrit earth; high doscs arc causcd by 
geological circu~nstar~ces nlodificd by tllc ~nanncr in 
which a dwclling is built and uscd. Since increasing 
attention is being dcvotcd worldwide to both the 
radiological and thc epidcniiological aspccts of this 
topic, considerable emphasis is placcd in this Anncx 
on cxposure to radon and ils dccay products in air. 
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6 .  Sincc t l~c  publication of thc UNSCEAR 1988 
Rcport [Ul], furlllcr illformation on radiatio~l 
cxposurcs from natural sourccs, especially with regard 
to mdon and ils short-livcd dccay products, has 
bccomc available. This Annex updatcs thc evaluatio~~ 
of exposures prcscntcd in thc UNSCEAR 1988 Rcport 
[UI]. The additions and n~odificatior~s prcscnt a 
broader vicw of avcragc radiation cxposurcs world- 

I 

widc and of thc range of lcvcls cxpcric~lccd in particu- 
1 lar locatiolls. Thc proccdurcs for cstirnating Lhe tissue 

doscs Gom inhalation of radon short-livcd dccay 

I products arc u ~ ~ d c r  conlinuing revicw and thc Intcr- 
I natiorlal Cornmission on Radiological Protcction 

(ICRP) has assigned new radiation- and tissuc- 
weighting factors to definc thc cffcctivc dosc [I6j. 
Dcspitc ~hcsc changes, the overall asscssmcnt of dost 
from natural sources of radiation is similar. 

7. Radiation exposurcs Gom extra-terrestrial sources 
(cosmic rays and cosmo cnic radionuclidcs) and from 
tcncstrial sourcw PK, 'Rb and radionuclides of the 
uranium and thorium series) may be said to form the 
basic natural radiation background bccausc of thc rcla- 

tivc cons[ancy of cxposurc. fllcsc cxposurcs arc dis- 
cussed in Cllaplcrs I and 11 i l l  this Anncx. Amoag thc 
terrestrial radio~~uclidcs, tllc radon isolopcs in tllc 
ura~liunl and tlloriunl dccay scrics play an ilnportarlt 
rolc hcciiusc of UIC n~ag~iiludc of the doscs thcy 
dclivcr and bccausc of lhc variability of thosc doscs. 
Thc radorl isotopcs arc givcn spccial consideration in 
Chaptcr 111. Exposures rclatcd to the extraction and 
processing of carth materials arc considcrcd in Chaptcr 
IV, with thc cxceptior~ ofthe cxlraction and proccssi~lg 
of uranium, which is part of the nuclear fucl cycle and 
is dcalt with in Annex B, "Exposures from man-made 
sources of radiation". 

8. The exposures asscsscd in this Annex arc thosc 
to members of the public. They include thc exposures 
outdoors and indoors in normal circumstances both at 
home and at work. The additional exposures that 
pcoplc reccive at work bccausc thcy arc exposed to 
man-made radiation sources or to elcvated lcvcls of 
natural radiation caused by their work arc discusscd in 
Annex D, "Occupational radiation exposures". 

I. COSMIC RADIATION 

A. COSMIC RAYS 

1. The radiation environment 

9. Space is permeated by ionizing radiation. Thc 
radiation consists of various cbargcd particles of 
various origins and cncrgics. All arc of conccnl in 
spacc kavcl, and some by creating secondary particles, 
lcad to human exposure during air travcl and on carth, 
with decreasing intensity 6om thc highest altitudes 
down to sea level. In this Chapter, emphasis is placcd 
on thc cvcryday circumstances of exposure, and brief 
rcfcrcncc is made to exposure in space. 

10. Radiations in space may be classified according 
to origin as wapped particlc radiation, galactic cosmic 
radiation or solar particle radiation [Al ,  C1, F1, N1, 
S1 1. Trapped radiation consists main1 y of clcctrons 
and protons held in orbits around the earth by ils 
niagnctic ficld. Galactic cosniic radiation consisls 
mainly of protons with somc hclium and hcavicr ions. 
Solar particlc radiation has similar composition. Thcsc 
thrcc classes are described in turn. 

11. Trapped protons and clcclrons are in two zones 
or radiation bclts, onc within and onc outsidc of 2.8 
earth radii at tllc equator, with grcatcr intcnsities and 
encgics in thc outer zone. There are appreciable 
temporal variations in intensities; encrgics of clcctrons 

rcach scvcral mcgaelcctron~olts (MeV) and encrgics of 
protons reach a few hundred MeV. Trapped protons 
arc morc inlportant than clcctrons for manncd missions 
in low carth orbit Although particles trapped in 
radiation bclts can present a radiation ha?ard Tor space 
travcllcrs, thcy do not result in any radiation dosc at 
ground level. 

12. Galactic cosmic rays are created outside thc solar 
system: ~Iicy are gcncrally believed to bc produced and 
accclcratcd as a consequence of stellar narcs, supcr- 
nova explosions, pulsar acceleration or thc explosion 
of galactic nuclei [09]. There is, however, no 
gcncrally accepted theory of their generation and 
acceleration. Cosmic rays in our galaxy have a mean 
residence lime of about 200 million ycars, being 
conbined by Lhc magnetic field of interstellar space 
[ 0 9 ] .  Encrgics of the cosnlic-ray particles arc n ~ o s ~ l y  
bctwccn 10' and 10' MeV, but thcy can rcach much 
highcr values [Sl]. The spcclrum is affcctcd by 
changes in the magnetic fields within the solar system, 
caused by solar activity, with ~ r ~ a x i m u ~ n  intensity at 
periods of low activity and vicc versa. Of thc hcavy 
ions, called HZE particles (high atomic nurnbcr and 
cncrgy), that arc components of h e  cosmic-ray flux, 
iron is the most significant for exposure because of its 
relative abundance and high atomic numbcr [L l ] .  
Galactic cosmic rays are also affcctcd by the gco- 
magnetic field near the earth, which prevents sonlc 
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particles from reaching the atniosphcre but is progrcs- 16. Solar particlc radiation, as the name i~nplics, 
sively lcss cflective in doing so from the geomagiictic comes fro111 the sun. Particles of very low energy are 
equator to the poles. This class of space radiation is generated continuously, but tnore energetic particles 
the most significant for exposure on earth and in are emitted more copiously during magnetic disturb- 
aircraft. ances. Large clnissions associated with narcs, called 

13. When the primary particlcs from space, mainly 
protons, cnlcr the atmosphere, those with high cncrgy 
interact with nuclei present in the air (nitrogen, 
oxygen, argon) to produce neutrons, protons, muons, 
pions and kaons, in addition to a variety of reaction 
products, sonic of the more important of which, from 
the dosimctric point of view, arc 3 ~ ,  7 ~ e  and * * ~ a .  
These high-energy reactions are called spallation 
rcactions. Many of the secondary particles have 
sufficient energy to initiate whole sequences of further 
nuclear reactions with nuclei present in the air. A 
cascade process is the result [12]. The properties of 
some of the more important cosmic-ray particles are 
listed in Table 1 [E6, US]. 

14. The nucleonic components, protons and neutrons, 
are mainly produced in the upper layers of the 
atmosphere. The protons are formed mainly in 
spallation rcactions, while neutrons are produced both 
by spallation reactions and by the so-called 
evaporation of neutrons due to low-energy (p,n) 
rcactions. Neutrons lose energy by elastic collisions 
and, when thermalized, are captured by "N to form 
"c. Bccause nucleons rapidly lose cncrgy through 
ionization and nuclear collisions, the nucleonic flux 
dcnsity is considerably attenuated in the lower part of 
the atmosphcrc and accounts only for a few per cent 
of the dose rate at sea lcvcl [US]. The neutron 
spectrum covers a wide cncrgy range in the lower 
atmosphcre, from thermal to 100 MeV and more, but 
Lhc high-energy neutrons are most significant bccause 
of their high fluence to equivalent dose conversion 
coefficients. 

15. Pions and kaons have short lives and essentially 
decay in the atmosphere before reaching ground level. 
The electromagnetic cascade is initiated from photons 
produced in the decay of neutral pions. These photons 
create electron-positron pairs and Compton electrons, 
which in turn produce additional photons by 
bremsstrahlung and positron-electron annihilation. As 
the number of shower particles increases, lheir average 
energy decreases. Finally, the majority of electrons 
will drop to energies where collision losses dominate 
and [be cascade will die out [I2]. Except in the lower 
layers ofthe atmosphcrc, electrons arc main sources of 
ionization [US]. On the other hand, muons, which 
have a small cross-section for interaction with atomic 
nuclei and a mean life of 2.2 ps before decay, 
penetrate into the lower layers of the atmosphere and 
are the main constituent of cosmic rays at sea level 

solar particle evc~lts, occur occasionally during the 
active period of the 11-year sol;~r cycle [HI]. Energies 
are usually between 1 and 100 MeV but can be an 
order of magnitude higher. Such events arc important 
in low earth orbit, but anomalously large solar panicle 
events, which occur about once a decade, may be of 
vital importance for matined rnissions beyond the 
magnetosphere. Although the fluence rate of solar 
particles over several years exceeds the fluence rate of 
galactic particles, solar particles arc less significant for 
radiation exposure in the atmosphere, bccause most 
have insufficient energy to penetrate the earth's 
magnetic field. The emission of solar particle radiation 
follows the 11-year solar cycle, reaching a maximum 
during increased solar activity and a minimum during 
the period of the quiet sun. Because the less energetic 
galactic cosmic-ray particles are deflected away from 
the solar system by the magnetic irregularities 
transported by the solar particle radiation, an 11-year 
niodulation of the galactic cosmic-ray flux density at 
the earth is produced, the cosmic-ray flux dcnsity 
being lowest during times of maximum solar activity 
and vice versa (Figure I). 

2. Factors affecting dose 

17. To estimate human doses from cosmic rays, i t  is 
necessary to consider the effects of altitudc, latitude 
and shielding. 

(a) Altitude 

18. The absorbed dose rates in air from the directly 
ionizing and indirectly ionizing (neutron) components 
of cosmic ray are shown in Figure I as a function of 
altitude at a geomagnetic latitude of 50" N. These 
results are based on numerous nieasuremerlts on the 
ground and aboard aircraft, which wcrc cotnpilcd in 
the UNSCEAR 1977 Report p4]. During periods of 
maximum solar activity, dose rates of the ionizing 
component are reduced about 10% at 10 k n ~  altitudc 
and to a lesser degree at sea level. 

19. The dose ratcs from neutrons, the doniinant 
indirectly ionizing coniponc~~t,  are much less than 
those due to Ule ionizing component, but they increase 
more rapidly with altitudc, peaking at 10-20 km. The 
variations during the solar cycle are greater, wiUi 
decreases in the dose ratcs of a few tens of pcr cent at 
an altitudc of 10 kni during solar maxima and to a 
lesser degree at sea lcvcl. 

[US]. Most muons occur in the energy range 20. The values of the production rate of cosmic ray 
0.2-20 GeV, with a median value of 2 GeV [N2]. ions at sea level reported after 1960 for mid- and 
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I high-latitudcs show rclativcly good agrccmcnt, witti a 
1 
I 

clustcr of valucs around 2.1 cmo3 sql arid cxtrcmes a t  

.i 1.9 and 2.6 s-I (U31. Sincc 1977, the Committee 

g has consistcntiy adoptcd a valuc of 2.1 cm-3 i1 for the 
purposcs of computing chc absorbed dosc ratc from thc 
directly ionizing compbncnt. Assu~nirtg that cach ion 
pair in moist air rcquircs 33.7 cV to bc produccd, the 
absorbcd dosc rate in air is 32 nGy h-I at sca lcvcl at 
mid- and high-latitudes. Since thc dose is dclivcrcd 
mainly by muons. for which the radiation weighting 
factor is unity [I6], this numerical value may also be 
takcn for d ~ c  cquivalcnt dosc ratc in thc opcn. 

21. Thc cosmic-ray ncutron flux density at sea lcvel 
is small and difficult to measure, mainly bccause the 
neutron cncrgy spectrum cxtcnds ovcr a very wide 
range, from fractions of eV to tens of GeV. At 50" N 
latitudc, the ncutron flux density is about 
0.008 em-* s*' at sea lcvcl [H2, H12j. A range of 
estimates of equivalent dosc rates from 1.4 to 
3.3 nSv h-l were reportcd in the UNSCEAR 1988 
Report P I ]  for different computational geometries 
and exposures. The lowest values arc found for low 
latitudcs (24" N) p 2 3 ] ,  suggesting the presence of a 
substantial latitude effect, cvcn at sea lcvel. In the 
bP7SCEAR 1988 Report, the averagc cffcctivc dose 
equivalent ratc was taken to be 2 4  nSv h*'. Changes 
to the radiation-weighting factor were rccommcndcd 
by the ICRP in 1991 [I6]. Considering the ncutron 
energy spcctrum, those changes lead to an increase of 
about 50% of the effcctivc dose rate from ncutrons 
[H20]. The avcragc effectivc dosc rate from cosmic- 
ray ncutrons at sca lcvel is, thcrcforc, estimated to be 
3.6 nSv h-l. 

(%) Latitude 

22 Lowcr-cncrgy chargcd particles arc dcflcctcd 
back into space by the eaflh's magnctic field. This 
cffcct is latitudc-dcpcndcnt, so that a grcatcr flux of 
low-cncrgy protons reaches thc top of thc atniosphcrc 
at thc poles than in equatorial regions. Thus, the 
ionization produccd in thc atmosphcrc is also latitudc- 
dependcnt. This latitude cffcct increases with altitude; 
at sea level, the cosmic-ray absorbed dosc ratc from 
the dircctly ionizing componcnt gradually dcclincs to 
90% of its high-latitude value bctwccn 40" and thc 
gcomagnctic equator [Tl l ] .  For example, the 
cosmic-ray absorbed dosc ratc in air has been found to 
be 27-31 nGy h-l at Hong Kong (latitudc 22.3" N) 
[ T l l ]  and 28 nGy h-' at Shcnzcn, China (latitude 
22.6" N) [Yl]. Thcsc figurcs are to bc compared to 
the value of 32 nGy h-' obscrvcd at high- and 
mid-latitudes. 

I 

I (c) Shielding 

23. Ordinary buildings such as houses and offices 
I 

I 
providc some shiclding against the dircctly ionizing 

componcnt of cosniic rays, but data arc still scarcc; 
thc magnitude of thc cffcct dcpcnds on the structure 
and composition of the buildings. Liniitcd mcasurc- 
mcnts and calculations, suniniarizcd in the UNSCEAR 
1988 Report [ U l ]  and clscarhcrc [NZ], givc shiclding 
factors from 0.96 for sniall woodcn houscs to 0.42 for 
substantial concrctc buildings. Calculations for muons 
yicld dosc reductions ranging from 10% to 30% 
comparcd to the valuc in a refcrcncc rooni, when thc 
parameters affecting cxposurc (size of building, 
thickness of structural clemcnts, proximity to other 
buildings) are varicd within reason [F2]. Without morc 
infomiation on shiclding and on the nature of build- 
ings, the same universal shiclding factor of 0.8 is 
rctaincd as bcforc [Ul]. It is recognized, howcvcr, that 
thcrc may be 25% uncertainty associated with this 
valuc. 

24. Information on the shiclding cffect of ordinary 
buildings on the ncutrons in cosmic rays is more 
limited than for muons, although the broad spectrum 
must be affected to some dcgree, with virtually no 
attenuation by a shingle roof, for instance, and an 
order of magnitude attenuation by a substantial 
concrete element [N3]. In this Annex, no account has 
been takcn of the shielding effcct of the neutron 
component. 

3. Exposures 

(a) Ground level 

25. With the conventional indoor occupancy factor 
of 0.8, that is, the fraction of time pcrsons arc dccmcd, 
on the averagc, to be indoors at honic and at work 
[Ul], the annual cffc'ctivc dosc from the dircctly 
ionizing componcnt of cosmic rays is estimated to bc 
240 pSv at sea Icvcl. Since the shielding cffcct is 
ignored for the ncutron componcnt of cosmic rays, an 
occupancy adjustnicnt is not nccdcd. The annual 
cffcctivc dosc from the ncutron coniponcnt of cosmic 
rays is approximately 30pSv at sea lcvel. Thc 
unccrtainty in this estimate is? clearly, appreciable. 

26. To estimatc the population-wcighted annual 
cffcctive dose from cosmic rays at ground-level, 
account needs to be takcn of the variation of thc 
cffcctivc dosc ratc with altitude and of the distribution 
of the world's population with altitude. Analytical 
expressions have been developed for the general 
relationship bctween annual dosc and altitude for both 
the directly and indirectly ionizing componcnts [BI 1: 

where E, is the cffcctive dose ratc in pSv a-' for thc 
directly ionizing componcnt: ~ ~ ( 0 )  is the reference 
valuc at sea levcl, 240 pSv a-l; z is the altitude in km; 
a, = 0.21; a, = 1.6 km-l; bl = 0.80: PI = 0.45 km-'. 
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wilt) cquation (2) applyi~~g for z < 2 km and cquation 
(3) applying for I.  > 2 km, wllcrc EN is the cffcctivc 
dosc ratc in pSv a-' for thc indircctly ionizing 
cornponcnt from ncutrons and ~ ~ ( 0 )  = 30 pSv a-l; 
a, = 1.0 km"; bN = 2.0; and PN = 0.70 km-l. These 
cquations may bc applicd to estimate doscs from 
cosmic rays at habitable elevations around the world. 
They include an allowance for shielding, as described 
abovc. 

27. The distribution of the world population by 
altitude and urbanization has bcen analysed [Bl], with 
somc simplifying assumptions. When the foregoing 
equations are applicd and the two components 
summed, the distribution of collcctive effective dose 
with altitudc is obtaincd. Thc annual valuc of the 
avcrage cffcctive dosc worldwide is estimated to be 
380pSv, with the dircctly ionizing and indirectly 
ionizing componcnts contributing 300 pSv and 80 @v, 
rcspcctivcly. Thc global valuc of the collective 
cffcctivc dosc is about 2 lo6 man Sv, somc 90% of 
which occurs in tlic northcn~ hcmisphcrc by virtue of 
thc population distribution. Sonicwhat lcss than 
onc filth of the collcctive dosc is attributable to China, 
whcn account is takcn of both population and 
elcvation [H13, N221. 

28. Since human habitations arc mostly at lower 
altitudes, about onc half of the collcctivc dose is 
rcccivcd by thc two thirds of thc world population lbat 
livcs bclow 0.5 km. Thc onc fifticlh (approximately) 
of thc population living ahove 3 km receives a 
disproportionate one tcnth of thc collcctive dose. 
Tablc 2 lists avcragc annual doscs from cosmic rays 
with thc scparatc contributions of the dircctly and 
indirectly ionizing componcnts indicated. In high 
altitudc cities thc increasing importance of neutrons 
with elcvation is cvidcnt. There is considerable 
variability in  total dose. Thc annual value in La Paz, 
for cxamplc, is five timcs the global avcragc. In round 
tcmis, annual valucs of the cffcctive dose from cosmic 
rays rangc from 270 to 2,000 pSv, with a population- 
wcightcd mcan of380 pSv. 

(h) Air travel 

29. Flight pattern and duration are the principal 
determinants of cosmic-ray doscs to aircrcw and 
passengers. Modem commercial aircraft have optimum 
operating altitudcs ncar 13 km, but flight paths are 

assigncd according to usc and safcty rcquircmcnts, and 
adcquatc data do not sccm to bc available for fligbt 
patlcnls [Wl] .  I s  t l~c  UNSCEAR 1988 Report PI 1, a 
rcprcscntiitivc opcrating altitudc of 8 km was assunicd, 
bccausc of UIC prcdor~iinancc of short-travcl flights, 
with an avcragc spccd of 600 krn hml. Altcnlativc 
assumptions arc also madc; for cxaniplc, an altitudc of 
9 kni and a spccd of 650 km h-I wcrc used for an 
asscssnicnt in thc Unitcd Kingdom [H3), and an 
altitude of 7 km is indicatcd for flights by Unitcd 
States carricrs lasting lcss than an hour and 11 km for 
longcr flights [09]. Computatiorial codcs havc been 
dcvclopcd to allow calculatirig radiation lcvcls 
Lbroughout the atmosphcrc (see, e.g. [09]), and 
additional mcasurcment expcricnce is being acquired 
(see, e.g. [N12, R8, S30)). For a given altitude, dosc 
ratcs for flights ovcr the poles arc substantially greater 
than those for flights ovcr equatorial rcgions. 

30. An international digest of air traffic statistics is 
published routincly [I3]. Data for 1989 show that 
1.8 lo1* passenger-kilomctrcs wcrc flown in that year, 
which translates into 3 lo9 passcngcr-hours aloft. With 
an cffcctivc dosc ratc of 2.8 pSv h-' at 8 km, 
calculated using cquations ( I )  and (3), thc collcctive 
cffcctive dosc fro111 global air travcl is about 
10,000 man SV for thc year. Worldwide, thc annual 
value of the pcr caput cffcctivc dosc duc to air travel 
is, thcrcforc, about 2 @v; in North Amcrica it  is 
around 10 pSv. Ttlcsc valucs arc small in comparison 
to the estimated annual pcr caput cffcctivc dosc at 
ground level of 380 pSv. 

31. A limited nunibcr of supersonic airplanes opcratc 
comnicrcially and cruise at about 15 km. Doscs on 
board arc routincly dctcrmincd with monitoring 
equipment. Effective dosc-cquivalcnt rates arc 
generally around 10 pSv h-', with a maximum around 
40pSv h-l [Ul]. In two ycars from July 1987, the 
ovcrall avcrage on six Frcnch airplancs was 
12 pSv h-', with nionthly valucs up to 18 @v h-' 
[Sll];  in 1990, the average was 11 pSv h-' and the 
annual dosc to aircrcw was about 3 mSv [M16]. 
During 1990, thc avcragc dosc ratc for about 2.000 
flights by British airplancs was 9 pSv h-l, with a 
maximum value of 44 ~ S V  h-I [D4]. Thc equivalent 
dose ratcs so far rcportcd in this paragraph do not take 
into account the changcs in thc radiation wcighting 
factors for nculrons that wcrc rccommcndcd by ICRP 
in 1991 1161. Thc crfcctivc dosc ratcs, estimatcd with 
the ncw radiation weighting factors for thc ncutron 
componcnt, arc higbcr than Uic numerical valucs 
rcportcd abovc by about 30%. The monitoring 
equipment scrvcs to warn of solar narcs so hat the 
airplanes can bc brought to lowcr altitudcs. This is a 
very small sector of the commercial air transport 
industry. 
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I 13. COS~IOCISNIC KAI)IONUCLII)ES C. SUMMARY 

32. Cosmic rays producc a rangc of radior~uclidcs in 
thc ain~osplicrc, biosplicrc and lithosphcrc by a varicty 
of nuclcar rcactions. Thc four most im lortan1 
radio~~uclides in terms ol' dosc arc 'H, 7 ~ ~ .  llC and 
2 2 ~ a ,  and thc most iniportil~~t mechanism of human 
exposurc is ingcstion. 

33. Thc most significant of thc four radionuclidcs 
considcrcd is 14c. The asscssmcnt of its contribution 
to thc dosc from natural sources is uscful for thc 
derivation of doses fro111 man-made environnrcntal 
rcleascs of "c. Thc annual natural production of 
'k is 1 PBq and the specific activity of "C is 
230 Bq per kg of carbon, leading to an annual 
cffcctivc dose of 12 ~ S V  [U4]. The spatial variability 
of thc dose from 1 4 c  is not radiologically signif- 
ica nt. 

34. Annual effective doscs to adults from the 
3 7 ingcstion of H, Be and 2 2 ~ a  in food and water have 

been dcrivcd frorn estimated average annual intakes 
[N2, U3, U4], applying standard coefficients for dose 
pcr unit intake [I4, NS] and assuming an equilibrium 
situation. The annual cffcctive doses obtained for 
those tbrce radionuclidcs arc much smaller than that 
for 14c. The annual intakcs and effective doscs for the 
four cosmogcnic radionuclidcs arc sun~marizcd in 
Tablc 3. 

35. Cosmic rays, which originate in space, and solar 
particlcs cntcr lhc earth's atmosphcrc and bcgin a 
cascadc of sccondary intcractions and dccays. Thc 
rcsultlnt ionization is a function of both altitudc and 
latitude. Thc iot~izing comporrcnt of cosmic rays 
products, on avcragc, an absorbcd dosc ratc in air of 
3 2 n G y  h-' at sca lcvcl in thc mid-latitudes, 
concsponding to an cffcctive dosc rate of 32 nSv h". 
Thc neutron coniponcnt of cosmic rays results in an 
cffcctive dose ratc of 3.6 nSv h-l. Thc intcnsities of 
both components incrcasc with altitude, more so  for 
the ncutron componenL 

36. Taking into account shielding by buildings for 
thc ionizing component and the distribution of world 
population with altitude, the population-wcightcd 
avcragc annual cffcctivc dose from cosmic rays is 
380 pSv. The cffcctive dose ratc rcccivcd during a 
commercial flight is about 3 p S v  h-l; the pcr caput 
annual cffcctivc dosc for the world population duc to 
air travcl is 2 pSv. 

37. Exposures to cosmogcnic radionuclides, produccd 
by cosnlic ray interactions in the atmosphere, result 
primarily from ingcstion and arc rclativcly uniform 
throu hout the world. The radionuclidcs include 3 ~ ,  

'BC, y4C and " ~ a .  The annual cffcctive dose frorn 
"C is 12  pSv. Exposure from thc other radionuclidcs 
is negligible. 

11. TERRESTRIAL RADIATION 

38. Only nuclides with half-lives comparable with 
the age of the earth (or dccay products, whose 
concentrations are govcrncd by them) cxist in 
terrestrial matcrials. In t c m s  of dosc, the principal 
primordial radionuclidcs arc 4 0 ~  (half-lifc: 1.28 lo9 
a), 232Th (half-lifc: 1.41 lo1' a) and '"u (half-life: 
4.47 lo9 a). Of secondary importance arc 6 7 ~ b  (half- 
life: 4.7 lo1' a) and 2 3 S ~  (half-life: 7.04 10' a). The 
thorium and uranium radior~uclidcs hcad scrics of 
scvcral radionuclidcs, many of which contribute to 
human cxposurc. Thc dccay scrics hcaded by 2 3 8 ~  and 
L?32Th wcrc illustratcd in thc UNSCEAR 1988 Rc ort 
[Ul]; the radionuclides in  the series hcadcd by AS,, 

arc less important from a dosimctric point of vicw. 
There may be some local departure from secular 
radioactive equilibrium in thc series becausc ol 
physicochcmical proccsscs in the earth, such as 
leaching and cmanation. The mass ratio of natural 
3 5 ~  to "'u is about 0.0073 and the activity ratio 
0.046. A slight dcgrcc of spontaneous fission occurs in 
the uranium scries. Both 4 0 ~  and 8 7 ~ b  undergo bela 
dccay to stable spccies. i 

I 

39. Natural radionuclides are also prcsent to varying 
dcgrecs in the air, in water, in organic matcrials and 
in living organisms. Human beings are thcrcforc 
exposed to external and internal irradiation by gamma 
rays, bcta particlcs and alpha particlcs with a rangc of 
cncrgics. The main circumstances of external and 
internal cxposurcs arc considered in this Chaptcr. 
Scparatc considcration is givcn in Chapter 111 to thc 
inhalation of thc radon isotopes in thc uranium and 
thorium scrics. 

A. EXTERNAL EXI'OSURE 

1. Outdoors 

40. Exposure to gamma rays from natural 
radionuclides occurs outdoors and indoors. Survcys by 
direct measurcmcnts of dose rates havc been 
co~rducted during the last fcw dccadcs in many 
countries. They are summarized in Tablc 4 and 
illustratcd in Figurc 11. For thc doscs outdoors thrcc 
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fifths of the population of tllc world is rcprcscnted. 
National avcrages ratigc from 24 to 160 nGy h-l. The 
population-weighred average is 57  nGy h-l. This is 
little diffcrent from the value of 55 nGy h-' estimated 
in the UNSCEAR 1988 Report [Ul]. 

41. In the open, much human exposure occurs over 
paved surfaces, but some also occurs over soil; it is 
determined by the activity pcr unit mass of the 
principal radionuclides in the superficial layer. Large 
surveys of natural radionuclides in surface soils were 
carried out in the United States [MI] and in China 
[N22]; the results are presented in Table 5. Samples 
were taken from fallow land. Variability is quite 
marked. Similar mcan values for uranium and radium 
arc reported for the United States and China, but the 
mcan values for Lhorium and potassium are somewhat 
higher in China than in the United States, and the 
distributions are wider. 

42. In the UNSCEAR 1988 Report, the average 
concentrations of 2 3 8 ~  and 232Tb in soil were taken to 
be 25 Bq kg-' for each radionuclide. Although it is 
difficult to estimate average concentrations for the 
wide distributions presented in Table 5, it seems that 
40 Bq kg-' would be a better estimate of the average 
concentration of ='u and 2 3 2 ~  in soil. Data on the 
concentrations of naturally occurring radionuclides in 
various types of soils in the Nordic countries, 
presented in Table 6, are in agreement with the 
revised estimate. 

43. The dose rates per unit activity concentrations of 
radionuclides have bcen calculated; for example, 
Monte Carlo calculations give the kerma in air for 
terrestrial gamma rays [P2, S12]. Since the mass 
energy transfer and absorption coefficients for air are 
not notably diffcrent in the energy range of interest 
here, these coefficients may be deemed compatible 
with those for absorbed dose rate in air uscd in the 
UNSCEAR 1988 Report [Ul ,  B3]. When these dose 
factors, which are included in Table 5 ,  are applied to 
the radionuclide concentrations in soil, the average 
dose rates in air are 72 and 55 nGy h-' in China and 
the United States, respectively. According to Table 4, 
the population-weighted average absorbed dose in air 
for China was 62 nGy h-' and that for all countries 
reporting survey results 57  nGy h-'. Since human 
tiabitations are mostly in areas of sedimentary geology 
and since radionuclide concentrations in bedrock and 
overburden are similar in such circumstances [W2], 
the values from Table 5 in the narrower range, 10- 
200 nGy h-', may be considered to be broadly typical 
for the world population. Areas of high activity are 
discussed later. 

44. The water content of the soil and snow cover can 
affect absorbed dose rates in air. On the whole, 

increasing water content and snow cover reduce dose, 
but these arc second-order phenomena [D3, F3, G2] 
when averaged over a year in temperate zones wilh 
niodcrate precipitation. In extreme climates with heavy 
snow cover, however, the reduction may be as much 
as 20% [SS, S351. The addition of phosphate fertilizer, 
discussed in Section IV.C, may cause a second-order 
increase in dose rate [P3]. 

45. Areas of markedly high absorbed dose rates in 
air around the world are associated with thorium- 
bearing and uranium-bearing materials. Mineral sands 
containing monazite are prime examples of the former. 
Absorbed dose rates in air from gamma rays near 
separated monazite may reach 10' nGy h-' depending 
on geometry m 6 ] .  It is not surprising, therefore, that 
dose rates over sands can be remarkable. Two such 
areas are well known: on the Arabian Sea coast of 
Kerala in India, where dose rates in air range from 
200 to 4,000 nGy h-I [S6, S7] and on the Atlantic 
coast of Espirito Santo in Brazil, where dose rates in 
air range from 100 to 4,000 nGy h-' approximately 
[P4]. Radiation exposures due to mining and milling 
of mineral sands are discussed in Section 1V.D. 

46. Other areas of high background radiation have 
also been identified. On the Nile Delta, dose rates in 
air arc estimated to range from 20 to 400 nGy h-' [E2 
and on the Ganges Delta from 260 to 440 nGy h' I 
[M7]. Dose rates in air of up to 12,000 nGy h-' have 
been reported over thorium-bearing carbonatite in an 
area near Mornbasa on the coast of Kenya [P6]. An 
area of volcanic intrusives in Minas Gerais, Brazil, 
with mixed thorium and uranium mineralization, has 
dose rates in air roughly from 100 to 3,500 nGy h-' 
[P17]. Ramsar, on the Cas ian Sea in Iran, has dose P rates up to 30,000 nGy h- because of thorium and 
uranium deposition by hot springs in travertine [S33]. 
Many granite areas have elevated natural radiation 
levels [M2, WlO]. Localized dose rates in air around 
100,000 nGy h-' have been found over uraniferous 
rocks in Sweden [S8]. Dose rates associated with 
uraniferous phosphate deposits are appreciably lower; 
on the phosphate lands of Florida, they range from 30 
to 100 nGy h-' [N2]. 

2. Indoors 

47. During the last decade, several surveys have 
bcen made of the dose rate in air from terrestrial 
gamma rays inside dwellings. The results are included 
in Table 4. Over a third of the world population is 
represented. The surveys are not quite as cornplete as 
outdoor investigations. National averages range from 
20 to 190 nGy h-' with a population-weighted average 
of all the data being about 80 nGy h-'. This value is 
somewhat higher than 70 nGy h-', selected in Ihe 
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U N S C U R  1988 Report [ U l ]  as rcprcsc~~tativc for 
indoor exposure worldwide. 

48. In comparing the indoor and outdoor averages. 
it is seen that the ovcrall effect of surrounding 
building matcrials is to increase the dose ratc 
40%-50%. As indicated in Table 4 and illustrated in 
Figure III, the ratio of indoor to outdoor dose rates 
varics from 0.8 to 2.0. In only two countries, Iceland 
and the United States. are average absorbed dose rates 
indoors judged to be less than outdoors. This ratio is 
sensitive to the structural properties of dwellings 
(matcrials, thicknesses and dispositions) and is of 

ii limited utility for estimating exposures in particular 

I: cases from outdoor data. However, the relatively 
i narrow range of the indoor-outdoor ratio reflects the 

fact that building materials arc usually of local origin 
and that their radionuclide concentrations are similar 

i to those in local soil. The building materials act as 
sources of radiation and also as shields against outdoor 
radiation. In wooden and lightweight houses, the 

t source effect is negligible and the walls are an 
, 
1 

inefficient shield with respect to the outdoor sources 
of radiation, so that the absorbed dose rate in air could 
be expected to be soniewhat lower indoors than 
outdoors. In contrast, in massive houses made of 

I 

brick, concrete or stone, the gamma rays emitted 
outdoors are efficiently absorbed by the walls, and the 
indoor absorbed dose rate depends mainly on the 
activity concentrations of natural radionuclides in the 
building materials. Under these circumstances, the 
indoor absorbed dose rate is generally highcr as the 
result of the change in source geometry, with the 
indoor-outdoor ratio of absorbed dose ratcs in air 
between 1 and 2. 

49. There is considerable uncertainty in estimates of 
indoor dose ratcs. It is clear that the dose ratcs in 
masonry dwellings are appreciably highcr than in 
wooden ones, as explained in the previous paragraph. 
For improved estimates of doses, it would be 
necessary to have data for representative housing stock 
around the world. Data for houses in warm climates 
are underrepresented in Table 4; these may be 
constructed very differently from houses in cold 
climates. It is expected that the percentage of houses 
that are largely made of wood and other lightweight 
matcrials is greater in warm climates than in cold 
climates, so that for the same average absorbed dose 
rate in air outdoors, the average absorbed dose ratc in 
air indoors would be lower in warm climates than in 
cold climates. This needs to be confirmed by 
measurements. Such an important source of human 
exposure should be quantified more extensively. 

50. The dose ratcs in masonry dwelling are 

~ determined by the characteristics of the masonry 
matcrials: 30 g of masonry, for example, 

provides 90% of the gamma rays from an infinitely 
thick source [N2]. If construction materials with 
clcvatcd concentrations of natural radionuclidcs arc 
used, dose ratcs in air indoors will be elevated 
accordingly. Some measurements have k e n  madc of  
dosc ratcs in relation to building matcrials. 
Measurements in Sweden gavc values of about 
230 nGy h- l ,  on average, in houses with outside walls 
madc of lightweight concrete, some of which 
contained uraniferous alum shale (M9, M271. 
Measurements in former Czechoslovakia gavc values 
approaching 1,000 nGy h-' in houses with outside 
walls containing uranifcrous coal slag [T3]. 
Measurements in a granite region of the United 
Kingdom, where some of the houses are made of local 
stone, gave 100 nGy h-' [W3]. Estin~ates for houses 
made with mud blocks in Jamaica reach 200 nGy h-l 
[P18]. It is useful, therefore, to calculate the effect of 
using building materials with different activity 
characteristics. 

and 

In round terms, the activities per unit mass of 
2 2 6 ~ a  and *'Th in building materials AK, A 

9' A, are typically 500, 50 and 50  Bq kg , 
respectively [NlO]. If the dose coefficients given in 
Table 5 are applied, it is possible to construct an 
activity utilization index that facilitates the calculation 
of dose rates in air from different combinations of the 
three radionuclides in building materials. This may 
then be weighted for the mass proportion of the 
building materials in a house. The activity utilization 
index is given by the expression 

where CK, CR, and C,, are actual values of the 
activities per unit mass ofa& 2 2 6 ~ a  and 232Th in the 
building materials considered (Bq kg-*); fK, fRa and 
f, arc the fractional contributions to the dose rate in 
air from the standard or typical concentrations of tbese 
radionuclidcs; and w, is the fractional usage of the 
building materials in the dwelling with the activity 
characteristic. For full utilization of typical masonry, 
the activity utilization index is unity by definition and 
is deemed to imply a dosc ratc of 80 nGy h-l. In 
Table 7, illustrative examples are given of the use of 
the activity utilization index. 

52. To estimate the effect of using atypical matcrials, 
it  is necessary to determine the fractional utilization by 
mass, identify the associated dose rate and h e n  
subtract the corresponding dosc rate for typical 
masonry. Thus, 0.5 utilization of granite would 
increase the dose rate by 70 - 40 = 30 nGy h-' and 
0.5 utilization of alum shale would increase it by 
390 - 40 = 350 nGy hml. One quarter utilization of 
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pliosphogypsum would causc an incrc;~sc of 
50  nGy h", but a siniilar fraction of natural gypsum 
would Icad to a dccrcasc of 15 nGy h-l. Bccausc of 
thc simplc irradiation gconictry and roui~dcd paramctcr 
v;~lucs, this approacll is olily vcry approxiniatc, but 
tl~crc is sonic cxpcrimcnhl colifirmation (E31, and i t  
docs dcscribc thc circuriislanccs mcntioncd carlicr. 

53. In Kcrala, somc of lhc niorc radioactivc strctchcs 
of sand havc conccntr;itions of 40K, 2 2 6 ~ a  and 2 3 2 ~ h  
of 100, 1,000 and 7,000 By kgs1, rcspcctivcly [L6], 
which would Icad, according to the foregoing 
formulation, to 5,000 nGy h*' in dwcllings, since 
structures thcrc providc litOc shielding against gamma 
rays from thc ground. Mcasurcd dosc rates in air in an 
carlicr survcy approachcd 4,000 nGy h-', with an 
arithmctic mcan around 700 riGy h-I for the 
population on thc scgnicnt of the coast wilh thc most 
radioactivc sand [S6]. Large-scale surface mining and 
subscqucnt refilling with monazitc-frce tailings have, 
howcvcr, rcduccd lhc cxtcrnal radiation liclds 
substantially, e.g. at somc locations from 
4,000 nGy h-I to 300 nGy h-l, and improvements in 
socio-economic conditions havc rcsultcd in structural 
modifications of thc liulmcr~ts, which havc rcduccd 
indoor extcnial radiation cxposurcs by a factor of 3 

[P61. 

54. Somc of thc short-livcd decay products of ' ? '~n ,  
always prcscnt in air, cmil gamma rays. A 
scmi-empirical analysis for a single-family housc 
yicldcd an absorbcd dosc ratc in  air of 0.01 nGy h-I 
pcr unit activity conccntration of radon progcny at 
equilibrium cxprcsscd as Bq n1-3 [MlO]. For 
20 Bq m-3, a rcprcscntativc activity concentra~ion 
indoors, lhc dosc ratc would bc about 0.2 nGy h-l. 
which is rclativcly trivial in rclation to dircct gamma 
rays from thc building matcrials and the dose to 
hunian lungs from alpha particlcs cmittcd by thc olhcr 
radon progeny. Anolhcr scmi-empirical cstimatc for 
gamma rays from radon progcny outdoors yiclded an 
incrcment of 0.5% pcr Bq m*3 over the flucnce rate of 
photons directly from the carth [Nl l ] .  For an cqui- 
librium cquivalcnt concentration outdoors o f 8  Bq rn3, 
h i s  implies a dosc ratc incrcment of 2 nGy h-l, lhat 
is, a fcw pcr ccnt of the prcvailirig dose rale from thc 
carlh. Montc Carlo calculations IF121 substantiale 
ihcsc cstimatcs. 

55. In thc UNSCEAR 1988 Rcport [Ul],  a 
coefficicl~t of 0.7 Sv G ~ - '  was uscd to convert 
absorbcd dosc in air to cffcctivc dosc cquivalcnt. This 
rcfcrs to adults and is bascd on an analysis in the 
UNSCEAR 1982 Rcport [U3] of cxpcrimcntal and 
calculational data on environmental exposure to 

gamma rays. A niorc rcccnt asscssmcnt IP19, S12] 
providcs cocfficicats for cxposurc to tcrrcstrial gamma 
rays no1 only for adults but also for childrcn and 
infants. Rcfcrcncc data arc givcn in Tablc 8. Thc 
ovcrall V ~ I I U C  is 1101 altcrcd apprcciably by weighting 
for thc typical radiol~uclidc composition of soil. nrcsc 
rcsults wcrc dcrivcd from Monte Carlo calculations for 
mathcniatical phanlorns, tl~osc for adults bcing bascd 
on ICRP Rcfcrcncc Man 1151 and lhosc for the 
youngcr pcrsons on computcd tomographic data for 
paticnLs. In round tcmis, thcrcfore, thc corivcrsion 
cocficicnt of 0.7 Sv G ~ - ~  still seems to bc suitablc for 
adults P I ] .  Bccausc of thc circumstance of 
irradiation, it sccnis unlikely that lhe convcrsion 
cocfficicnt to cffcctivc dosc would diffcr apprcciably 
from h i s  value. 

56. The assumption has bccn made in previous 
UNSCEAR Reports [Ul ,  U3, U4] that ihc indoor 
occupancy factor is 0.8, implying that 20% of time is 
spcnt outdoors, on avcragc, around the world. Thcrc is 
no way at prcscnt of validating this assumption, but 
the indications are that 0.8 is low for industrialized 
countries in tcmpcratc climatcs, whcrc an appreciable 
fraction of tirnc is spcnt indoors in structures other 
Iban the home [N2, W31, and high for agricultural 
countries in warm climatcs, whcrc a substantial 
fraction of tirnc is spcnt out of doors even at night 
[ES]. As niorc infomiation bccorncs available, it may 
be possible to refine the cstinialc of the occupancy 
factor, but at prcscnt thcrc is no basis for changing the 
convcrltional value. 

57. W i h  valucs for the convcrsion cocfficicnt to 
effective dosc (0.7 Sv Gy-') arid the occupancy factor 
(0.8), it is possiblc to conibinc outdoor (57 nGy h-I) 
and indoor (80 nGy h'l) exposures to terrestrial 
gamma rays to cstimatc the average effcctive dose. 
The arilhmctic annual nican worldwide, wcightcd for 
population, is 0.46 mSv, somewhat highcr than the 
value for cosmic rays (0.38 mSv), the olher 
component of cxtcrrial cxposurc to natural radiation 
sources. For childrcn and infanls, the values arc about 
10% and 30% highcr. 

58. It is of iritcrcst to prcscnt sonic national 
estimates of avcragc annual cffcclivt dosc from 
terrestrial gamnia rays. This is done in Table 9. The 
underlying assumption in each cast h a t  thc cffcctivc 
dosc cquivalcnt and h c  cffcctivc dosc are numerically 
Ibc samc for this circumstance. Thc valucs rangc from 
0.23 to 0.65 mSv, with a mcdian valuc of 0.40 mSv. 
The population-wcightcd value for lhcsc 13 counbies 
is 0.45 mSv, in agrccmcnt with Ihc rcsult quotcd in 
UIC prcvious paragraph. 

59. To coniplctc the consideration of thc cxtcrnal 
component of natural background cxposurc, lhe doscs 



from cxtcrnal irradiation by cnvironmcnlal bcta 
particlcs should bc mcntioncd, although thcsc mainly 
affcct thc supcrficial tissucs of the body. Calculations 
for soil show illat tlic absorbcd dosc rate in air frorn 
bcta particlcs is similar at t l~c  surfacc of thc ground to 
that for gamma rays, but that it drops to 20% of the 
lattcr a t  1 m above the surfacc 104). Furthcrmorc, the 
dosc throughout the organs of tbc body gcncrally is 
about two ordcrs of magnitude lcss than thc dosc lo 
the skin. Similar circumstances exist indoors. The 
absorbcd dosc rate from airbornc bcta cmittcrs is 
comparablc to that from surface emission indoors and 
about an order of magnitude lcss outdoors. If these 
rclationsliips are applicd to the avcragc valucs for the 
absorbcd dosc ratcs from gamma rays outdoors and 
indoors, the annual absorbcd dosc to the skin froni 
bcta particles is cstimatcd to be about 0.2 mGy 
ovcrall. The contribution to dosc from bcta particles 
from the surfaccs of particular matcrials, such as thc 
mineral sands in Kcrala, would be much more [S7]. 

60. Aftcr cosmic rays and terrestrial gamma rays, the 
third clement of basic background exposure is that 
from long-lived natural radionuclidcs in the human 
body, which arises from inhalation and ingestion. 
Potassium-40 and the uranium and thorium series 
radionuclidcs arc trcatcd scparatcly. Radon is 
considcred in Chaptcr 111. 

61. Data on a~ in the human body are well 
cstablishcd, mainly from dircct measurements of 
persons of various ages [IS, U5] but also from the 
analysis of post-mortcm spccimcns [F13]. At the age 
of 30 years, approximately thc mcdian for 
industrialized countries [Ull], thc body content of 
potassium is about 0.18%, at 10 years about 0.2%, and 
is assumcd to bc thc samc at 1 ycar, these k i n g  thc 
averages for thc scxcs. Potassium is undcr homeostatic 
control in the body, although lhcrc arc disease states 
that affcct thc level. The isotopic abundance of *K is 
1.18 lo4. With an average specific activity of 
55 Bq kg-' of body wcight and a roundcd conversion 
coeficient of 3 pSv a-' pcr Bq k [N?], thc annual 
cffectivc dosc cquivalcnt from 'K in the body is 
165 ,pSv for adults, most of the dosc hcing dclivcrcd 
by bcta particlcs. The valuc for children is 185 pSv. 

62. Doses from radionuclidcs in thc uranium and 
thorium scrics, on the othcr hand, rcncct intake to thc 
body with dict and air. In prcvious Uh'SCEAR 
Rcports [Ul,  U3, U4, U5], doses wcrc cstimatcd from 
measured activities in tissues and appropriate 
dosimctric cocfficicnts, but intakc data were also 
provided. In this Annex, intake data are translated to 
committed effcctive doscs for adults and also for 
childrcn and infants, so as to indicate the effect of 

intakc with agc. Although Lhc dctcmiination of dosc 
from conccntrations in tissuc is morc dircct, t l~c  data 
on iehkc providc a good secondary indication. 

63. A rcfcrcncc food corlsuniption profile is 
prcscntcd in Tablc 10. Ttiis is bascd on thc normalized 
avcragc consurnption rate adoptcd by WHO [W-I], 
dcrivcd from the food balance shccts cornpilcd by thc 
Food and Agriculture Organization (FAO) [F-l]. Thcsc 
cstimatcs rcfcr to raw, unprcparcd products with no 
account takcn of losscs in distribution and utilization: 
conscqucntly, avcragc valucs arc usually ovcrcsti- 
mates. Data on food consumption by age arc usually 
obtaincd from ~~utritional studies, but bccausc thc 
information is rathcr limitcd, rclative rathcr than 
absolutc valucs arc bcst inferrcd [V2]. In Tablc 10, 
therefore, the average valucs [W4] arc adoptcd for 
adults, and the consumption ratcs for children and 
infants arc takcn to be two thirds and onc third of thc 
adult values, except for milk products, which are 
higher than unity [V2]. Intakcs of water, both directly 
and in bcvcragcs, are bascd on rcfcrcnce ICRP watcr 
balance data [IS]. Thc tabulated valucs arc compatible 
with othcr assessments [C4, N13, Ul]. Thcrc arc, of 
course, departures from the rcfcrcnce consumption: the 
Chinese dict, for example, is low in milk, the African 
dict in leafy vcgetablcs [W4] and the Indian diet in 
meat [Rl l ] .  Ccrcal consumption, on the othcr hand, is 
much the same in all typcs of dict. The nominal naturc 
of the data in Table 10 and the rcsulting uncertainties 
in the dose estimates must be stressed. Refcrcncc 
ICRP breathing rates [Is] are also givcn in Table 10. 

64. The next stcp is to establish rcfcrcnce activity 
conccntrations in dietary materials and air. Thc valucs 
for food and water in Tablc 11 rcly heavily on data 
for northcm tcmpcratc latitudcs [F5, L.5, N2, P5, P20, 
S13, S14, S44] and arc compatible with data in the 
UNSCEAR 1988 Report [Ul]; fish, for which data are 
scarce and disparate, includcs a 10% admixture of 
invcrtcbrates [CS, J7]. All food valucs arc for wct 
weight. Rcfercnce concentrations in air in Tablc 11 arc 
from thc samc sourccs [F5, L5, N2, UI] and arc 
deemed to apply outdoors and indoors. 

65. Information on cffectivc dose pcr unit intakc of 
activity of naturally occurring radionuclides by adults 
is givcn in Tablc 12 [I4]; it is based on the biokinetic 
modcls of ICRP. It is assumcd in this Anncx that thc 
doscs pcr unit activity intake for natural radionuclides 
are not age-dcpcndcnt. 

66. Avcragc age-wcightcd annual intakes by 
ingestion and associatcd cfrcctive doscs have bccn 
estimated using thc fractional distribution of adults, 
children and infants of 0.65, 0.3 and 0.05, rcspecti- 
vely; the results are presentcd in Table 13. Thc intake 
values are gencrally similar to thosc in thc UNSCEAR 
1988 Repon [Ul], allhough the 'lOpo value is 



44 UNSCEAR 1993 REPORT 

somewhat highcr, mainly bccausc fish and, in 
particular, invertebrates wcrc included. The dominant 
radionuclidcs arc 'lOpb and 'lOpo. There is a scarcity 
of cnviron~ncntal data for 2 3 1 ~ a  and '"AC [KlO, V7], 
but if they wcrc present to the same degree as 2 3 5 ~ ,  
the overall cffcctivc dosc would he increased by 

roximatcly 1%. Along the same line, the intakc of 'klh has becn assumed to be equal to that of 2)2Th. 
In fact, the intakc of *'% should bc greater, because 
of some ingrowth of that radionuclide in foodstuffs 
following the dccay of = ' ~ a  [Ll l ] ;  this ingrowqh, 
which is difficult to quantify, would result in an 
increase in the overall effective dosc of lcss than 2%. 

67. Table 13 includes analogous information for 
inhalation. The values are similar to those in the 
UNSCEAR 1988 Report [UI]. The dominant 
radioriuclidc is 'lOpb. It may be noted that smokin 10 B cigarettes a day would double the intake of 'PO 

[N2]. The decay products of 2 3 5 ~  would, once more, 
add about 1 %. 

68. The doscs from reference annual intakes of the 
long-lived series radionuclidcs can be compared to the 
annual doses re-estimated bom the UNSCEAR 1988 
Report [Ul]  with the new TCRP tissue weighting 
factors [I6]. For uranium and thorium series 
radionuclidcs, the effective doses are 62pSv 
committcd from annual intake and 130 $3 annually 
from average body content. For 'OK the same doscs 
are 170 and 180pSv, respectively. The total effective 
doses are 230pSv by intake and 310pSv by body 
content. The results are fairly consistent and support 
the validity of the intake estimation method. The 
advantages of this method ovcr that based on post- 
mortem analyses are that there are more data on 
activities in foodstuffs than in human tissues and that 
it  facilitates the estimation of doses Gom high intakes 
of activity in unusual circumstances. It is recognized, 
however, that there are large uncertaintics in the 
values of the dose coefficients, mainly owing to 
urlccrtaintics in the values of the gut absorption 
fractions (also called I,) for many radionuclidcs. These 
uncertainties may arise for a variety of reasons, 
including the chemical nature of the radionuclide 
ingested, biological variability in humans and 
extrapolation from animal data when human data are 
sparse. It would be desirable to carry out morc post- 
mortem analyscs of tissues to determine natural 
radionuclide concentrations, as such analyses would 
allow a morc dircct assessment of the absorbed doses. 

area of Kcrala, India [L6], there is evidence of excess 
activity in milk, meat and grain, leafy vegetables, roots . 
and fruits. In the granitic area of Guandong, China, 
excess activity has bccn reported in foodstufk such as 
rice and radisl~cs (Z1 1. Mention might also be madc of 
fie elevated lcvcls of 2 1 0 ~ o  in yerba niatC, a plant 
used to make a beverage in South America [C15]. For 
radiological significance, however, the most 
pronounced incrcasc over reference levels occurs in 
thc Arctic and sub-Arctic regions, where *lOpb and 
? l O ~ o  accumulate in flesh of reindeer and caribou [H7, 
P7], an important part of the diet of the inhabitants of 
those regions. Reindeer and caribou feed on lichens, 
which accumulate these radionuclides from the 
atmosphere. If the annual consumption of reindeer and 
caribou meat is taken into account [K3], it is possible 
to evaluate the effective dose from this intake. 
Assuming the reference intakes for other foods and 
water apply, the overall dosc from ingestion is 
estimated to be about 300 ~ S V  for adults. This is one 
example of a community exposed under unusual 
circumstanccs. 

70. Selected information on elevated levels of 
activity concentrations in potable waters is shown in 
Table 15 with values for some bottled mineral waters 
and ground watcrs. These elevated levels are to be 
compared with the reference levels presented in 
Table 11. As with foods, reference values are 
exceeded by orders of niagnitude. Bottled waters in 
Brazil i~icludc some from areas of high natural 
radiation levels [P8]. The results for France [M19, P5, 
P9, R12, R13, R14, S l l ]  represent all the principal 
sources of mineral waters in that country. 
Commercially available waters were widely sampled 
in Germany [B12, G4, GS]. The selection of Portu- 
guese watcrs was broadly representative [B6]. An 
extensive suntey in Sweden of public and private 
water supplies [K4] yielded high lcvcls of 2 2 6 ~ a  in 
some wells with an average of 45 mBq kg-' in watcr 
from deep-borcd wclls. In Finland, remarkably high 
concentrations have becn discovered in wells drilled in 
bedrock throughout the south of the country near 
Helsinki [SIS]. If allowance is madc for the extra dose 
from these watcrs with othewisc reference intakes, the 
overall value of the committcd effective dose becomes 
550 pSv for annual intakes by adults. This is another 
exanlplc of a comnlunity with unusual circumstanccs 
of exposure. 

C. SUMMARY 

69. Thevariability of activity conccntratiorls in foods 71. Natural radio~~uclidcs of significance in soil, air, 
is clearly shown in Table 14, where selected water and living or anisms include *K and the 
information on elevated levels is presented. The isotopes of the Z'U and 2)2Th decay chains. 
reference values can be exceeded by orders of Exposures occur by external irradiation and from 
magnitude. In the volcanic area of Minas Gerais, internal irradiation following ingestion or inhalation of 
Brazil [A4, A8, L10, V3] and in the mineral sands the radionuclidcs. 
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7 2  Thedosc ratc in air outdoors from terrc- 
strial gamma rays in normal circurnslanccs is around 
57 nGy h-l. National averages range from 24 to 
160 nGy 11.'. Soil and survcy data yicld similar valucs. 
Con~riiu~iitics living on mincral sands may wcll 
bc cxposcd at two orders of magnitude more. The 
gamma-ray dosc ratc indoors is cstiniatcd to be 
80 11Gy h'l. thc population-wcighlcd mcan of 
measured values worldwidc, and thc rnngc of reported 
national averages is 20-190 nGy h-l, These results arc 
in accordancc with valucs infcrrcd froni outdoor 
mcasurcments and the conccntrations of radionuclidcs 
in building materials. Applying a coefficient of 0.7 Sv 
G ~ ' '  to convcrt absorbcd dosc ratc in air to cffectivc 
dosc and using an indoor occupancy factor of 0.8, the e 

1 world-widc averagc annual effective dose from 
i external exposure to tcrrcstrial radionuclides is 

i 
0.46 mSv. 

73. Effcctivc doses resulting frorn inlake of natural 
radiorluclidcs in air, food and water may bc 
dctcrmincd frorr~ measured conccntra~ions in the body 
or cstiniatcd from conccnlralions in intake matcrials. 
Thc worldwidc average committed dosc from annual 
intakes is cstirnatcd to be 0.23 mSv, of which 
0.17mSv is from and 0.06niSv from 
radionuclidcs of the 2 3 8 ~  and 2 3 2 ~ h  scrics. Variations 
in cxposurcs occur Gom variations in the l a ~ c r  
componcnt. Communities receiving higher cffcctivc 
doses include consumcrs of reindcer meat (avcrage 
annual cffcctivc dose: 0.3 mSv) and consumers of 
deep well water in some locations (average annual 
effcctivc dose: 0.5 mSv). Litllc information cxists on 
the variability of dose from the inhalation of 
long-lived activity in air, but inhalation is dominated 
by radon isotopes and thcir short-lived decay products, 
which arc the subject of the ncxt Chapter. 

111. RADON 

74. Exposure to radon is the most significant elcnicnt 
of human irradiation by natural sources. It is dis- 
tinguished from the other thrce elcmcnts of basic 
background bccause exposure varies markedly in 
ordinary circumstances and bccause high exposures 
may be avoidcd with comparative ease. The most 
important mechanism of exposure is the inhalation of 
thc short-lived decay products of the princi al isotope, P 
')72Rn, with indoor air. conccntrations of 2-2Rn and its 
progeny are usually higher in indoor air than in 
outdoor air: exceptions arc in tropical areas, where 
777 
---Rn concentrations in well-ventilated dwellings arc 
essentially the same as in outdoor air. 

75. Thcrc are three natural isotopcs of the radio- 
active element radon: '19Rn (actinon) in the 1 3 5 ~  

I 
7 7 1  

scries; 220Rn thoron) in the 232Th scries; --'Rn 
(radon) in the ' 'U series. Because of the low activity 
conccntrations o ~ ~ ~ u  and the short half-life of '19~n, 
this isotope is not significant for human exposure. 
Because of its short half-lifc, is of conccm only 
where the concentration of 233Th is high. Owing to ils 
relatively long half-life, '22Rn is thc most significast 
isotope, and here is much information on it. Table 16 
gives the alpha decay properties of "ORn and ?22Rn 
and their short-livcd decay products [B7, MI 11. 

76. Radon is a noble gas with slight ability to form 
compounds under laboratory conditions IS161. The 
density of radon is 9.73 g 1-I at 0" C [WS]. There is 
very l ink radon in air, typically about one atom per 
10'' atoms of air indoors, and so it  does not stratify. 
I t s  solubility in water at 0' C is 510 cm3 1-I dccrea- 
sing to 220 m3 1-I at 2.5' C and 130 cm3 1-I at 50" C. 

A. SOURCES AND hlOVEhiENT 

1. Production in terrestrial materials 

77. The production of 220Rn and 222Rn in terrestrial 
materials dc nds on the activity concentrations of P" 
2 2 8 ~ a  and 2 6 6 ~ a  present Indicative values for thcse 
radium isotopes in soils may be inferred from Table 5. 
Some values for rocks, taken from cxtcnsivc analyses 
[C13, W6], arc given in Tables 17 and 18. On 
average, granitcs are high in radium, basalts are low 
and sedimentary and mctamorphoscd rocks have 
intermediate values. In the main, the results are fairly 
consistent with the soil values, although exceptional 
valucs of 2 2 6 ~ a  do occur in some dctrital sedimentary 
rocks [AS]. 

78. Earth materials may be envisaged as a porous 
matrix through which fluids can move. To  bc Gee to 
do so, radon must first emanate from thc mincral 
subslancc into thc pore space. This is brought about 
mainly by the rccoil of radon atoms on formation, 
with a typical range of 20-70 nm in mincrals, and by 
molecular diffusion [T4]. Emanation is thought to be 
amplified by the superficial disposition of radon 
precursors and thc damage caused by radioactive 
dccay. The fraction of radon formcd that enters the 
pores has variously been called thc emanating powcr, 
the ratio, the coefficient and thc fraction. Values of the 
emanation fraction, as it is callcd here, for various 
earth and building materials are given in Table 19. 
The results relate to '"h and are supported by other 
studies of soils IB13. M20, M211. Relatively little 





I sirnplc masonry structure is cnvisagcd with a volunlc, 
V, of 250 n13 and a surfacc arca, S13, of 450 niZ. Thc 
characlcristics broadly reflect corlstnlctio~~ il l  lcmpcratc 
climates. An air cxchangc ratc of 1 h-' is postulated. 
T l ~ c  ratc U of radon cntry from thc building clcmcnls 
(Bq m-3 h-l) is givcn by the cxprcssion 

whcrc JD is dcfincd in equatiorl 6). The resulting 
valuc of U is almost 10 Bq ms h-'. Without a 
nlasonry floor, the ratc of cntry by diffusion from barc 
carth would bc about 37 Bq nlm3 h*', this bcing 
calculated by substituting thc surfacc arca of thc floor, 
SE = 100 m2, for SB and 0.026 Bq nl-' s*' for J D  in 
cquation (7). An intact concrete floor 0.2 m thick 
would. howcvcr, reduce the ratc of cntry by a factor 
of about 14 [C7, UI]  to 2.6 Bq m-' h-', which is 
comparable to the contribution from such a floor 
element. 

86. It should be recognized that floors arc unlikely 
to be intact and that holcs and cracks greatly facilitate 
the entry of radon. The effect of cracks has bccn 
modclled in a mathcmatical sense for a stylized pattcrn 
of penetrations through a floor clcmcnt ID6, L8]. Wilh 
an array of 1 cm widc cracks evcry I m through a 
0.2 m thick floor and a diffusion coefficient of 
5 m2 s'l for the underlying carth, the ratc of cntry 
by diffusion is about 20% of that from bare carth 
[D6], implying 7.5 Bq m 3  h-'. which in turn implies 
a flux dcnsity, averaged over the wholc floor, of 
0.0052 Bq m-2 sel. In thc reference building, thereforc, 
1 %  discontinuity in thc floor pcrmits 20% diffusion 
from the carth. 

I 3. Advection 

47. Attention is now turncd to thc forccd advcction 
(also frcqucntly callcd convcction) of radon from the 
carth into a building. This is causcd by the slighlly 
ncgativc prcssurc diffcrcnccs (undcrprcssure) that 
usually cxist bctwccn rhc indoor and outdoor 
atmosphcrcs. Two rncchanisms arc mainly rcsponsiblc, 
wind blowing on thc building and hcating insidc the 
huilding [N15]. Other mechanisms, such as changcs in 
barometric prcssurc and ncgativc prcssurc causcd hy 
mechanical ventilation, may also be significant [N14]. 

88. Wind crcatcs a ncgativc prcssurc drop across lhc 
shcll of a building. Thc magnitudc of thc drop is 
dctcrmincd by thc configuration of thc building and 
varies with the square of thc windspccd; in a light 
brcczc, it may hc a fcw pascals [N14]. Outdoor air is 
thcrcfore drawn inwards through gaps in thc shcll or 
lllrough the suhjaccnt carth with radon cntraincd. The 
rapidity with which a pressure drop is transmitted 

dcpcnds on thc l~cmicability of Ilic ground and can 
vary from scconds for sand to wccks for clay IN141. 

89. Hcat also crcatcs a prcssurc drop across thc slicll 
of t t ~ c  building with lllc gradicnt towards thc higher 
tcmpcraturc. This phcnorncnon, usually called thc 
stack cffcct, also draws air through and undcr thc 
shcll. Thc drop is proportional to thc tcrnpcraturc 
diffcrc~lccs [F7]: for 20" C, i t  also amounts to a fcw 
pascals. In scvcrc climatcs, howcvcr, i t  would bc 
much morc and in tropical climatcs much Icss. Thc 
ovcrall cffcct of both rncchanisms is assumcd to ncatc  
a prcssurc difference, Ap, of about 5 Pa [R4]. 

90. If a masonry floor is intact, advcction from thc 
carth cannot takc placc. The prcscncc of cracks in thc 
clcmcnt allows advcction, however. and a 
rnathcmatical modcl has bccn uscd to dctcmiinc the 
influx of radon [Dg. As with diffusion through cracks 
[D6], the finite difference mcthod is used to solve 
numerically the steady-statc transport equation for 
advcction. Apart from Ap, the parameter of prime 
importance is the pcrmcability, k, of the subjacent 
earth material, which varies in valuc through scvcral 
orders of magnitude from a low of 10-l6 m2 for finc 
clay to a high of loa m2 for coarse gravel [Nl4]. 

91. Application of the modcl to a floor clement with 
an array, as before, of 1 cm widc cracks cvcry I m,  
yields ratios between thc advcctive and diffusive 
influxcs for a rangc of permeabilities [W8]. These 
ratios vary from about unity at lower pcrmeabilitics to 
an ordcr of magnitude greater whcn k is about 
10-10 m2 and then dcclinc towards unity again at 

highcr pcrmcabilities. Extension of the modcl to a bare 
carth floor yiclds estimates of influx for lowcr and 
intcnncdiate pcrmeabilitics, but thc method hrcaks 
down at higher permeabilitics. Whcn these results arc 
applicd to the modcl building for an underprcssurc of 
5 Pa, thcy give the flux dcnsitics in Table 20, which 
are avcraged over the wholc area of the floor. Thcy 
should be compared to thc diffusive flux dcnsitics of 
0.0052 Bq m-' s*' for the crackcd floor and 
0.026 Bq me2 s-I for the barc carth estimatcd carlicr. 
Valucs of the flux density similar to thosc shown in 
this Tablc would be obtaincd for similar valucs of the 
product kAp within the undcrprcssure rangc 1-10 Pa 

ID71. 

92 Radon cnlry ratcs by advcction arc calculatcd 
from cquation (7) by again substituting SE = 100 mZ 
for SB and by rcplaci~~g thc diffusive flux dcnsity by 
UIC advcctivc valucs in Table 20. Thc outcome is also 
shown in Tablc 20. Entry rates vary from zcro for an 
impermeable floor element, through 10 Bq ms3 h*' for 
a cracked floor on carth matcrial of low pcrmcability, 
to 274 Bq m-3 h-' for a bare floor of fairly high 
pcrmcability. The decline in rates at the highcr 



pcmicahilities is due to the dcplction of radon in the 
carth near thc walls of the building by tllc passage of 
frcsll air ID7, W8]. If an intcm~cdiatc pcmmcability of 

11 2 10' m for sandy-silty eardl nlatcrial is deemed to be 
typical and accordant with Ore diffusion coefficient 
adopted earlier, i t  bccomcs clear from the Table and 
from the earlier paragraphs that advcction is likely to 
dominate over diffusion as a source of radon in 
buildillgs under common circumstances. 

93. It is possible to cstiniatc an upper value of the 
cntry rate by advection from Uie earth in a simple 
manner if the fraction 4 is known of the air exchange 
rate for the building that takes place through the earth. 
It is given by the expression 

u = + h [ ( C , ,  f ~ ) / ~ l  (8) 

where h, is the air exchange rate (1 h-l) and the other 
symbols represent the same quantities as before with 
the same values. The terms in brackets refer to the 
radon concentration in equilibrium with radium at 
depth in the earth; their conjoint value is about 
5 lo4 Bq m-3. A value of 0.02% for 41 would yield an 
cntry rate of 10 Bq m9 h-' for the model building and 
thus match the contribution by diffusion Gom the 
building elements. Values of 4 two orders of 
magnitude greater may be realized [S21] for solid 
floors on the earth, sometimes called slab on grade. 
This simple analysis does not, however, take into 
account the depletion of radon near the surface of the 
carth. 

94. It must be stressed that entry by advection is 
quite dependent on the configuration of the floor and 
that any estimate of an illustrative value is quite 
uncertain. Even for Ule simple slab on grade of the 
model building, smctural details and the nature of the 
underfill make estimating difficult. For suspended 
floors, entry is severcly influenced by the degree to 
which the living space is dccoupled from the earth. 
For buildings w i h  basements, the difficulty is 
cornpounded by the extensive area of contact between 
the structural elemen& and the backfill or earth. Much 
still remains to be done to clarify these issucs [GlO, 
H15, M22, N16, R4], and it must be realized ha t  
reliable cstimates of indoor radon concentrations are 
best oblained from measurements of radon in air. 

4. Infiltration 

95. Fresh air entcrs a building through open doors, 
windows and ventilators and lhrough inadvertent gaps 
in the superficial shell. Although che term infiltration 
properly refers to thc passage of air through small 
openings, i t  is used here to describe the overall degree 
of direct exchange between outdoor and indoor air. 

Ou~sidc air brings with it radon, usually at a low 
conccntration. 

96. Co~~centmtions of radon outdoors are detcrmincd 
by the flux density from the carch and by dispersion in 
lhc atmosphere; both are affected by mctcorological 
conditions. There arc pronounced diurnal variations, 
mainly because of changes in atmospheric stability, 
and pronou~rced seasonal variations, mainly bccause of 
changes in patterns of air mass circulation. Water 
masses such as lakes and oceans make a negligible 
contribution to the atmospheric inventory of radon 
[N17]. On the basis of exhalation data, NCRP IN21 
estimated the average outdoor concentration over 
continents to be 8 Bq m3.  Hourly measurements over 
several years at an inland and a coastal site in the 
United States yieldcd average values of 8 and 
4 Bq m-3 [F8], respectively, but successive quarterly 
measurements with integratin devices nationwide at 
50 sites gave 15 Bq m' [H16]. Year-long 
measurements with integrating detectors throughout 
the United Kingdom gave a population-weighted 
average of 4 Bq m 3  [W3]. Integrating devices 
dcployed in an urban area of Japan also yielded a 
ycar-long average of about 4 Bq m j ,  with seasonal 
variations from 2.6 to 6.1 Bq m-3 m23]. Summertime 
measurements across Canada gave 11 Bq m-3 in the 
eastern provinces and 56 Bq m'3 in the prairie 
provinces, which were particularly dry and where the 
levels were reduced by a factor of 5 in the following 
summer [Gll]. Protracted measurements in France 
showed 60 Bq m'3 in sedimentary regions, with 
marked temporal and spatial variations throughout the 
country [R15]. Whereas a tentative estimate of 
5 Bq m 3  was made for the population-weighted 
parameter worldwide in the UNSCEAR 1988 Report 
[Ul], thc developing evidence, especially for 
continental as opposed to island air, suggests that it is 
probably closer to 10 Bq m-3. 

97. With a direct air exchange rate, &, of 1 h-' and 
an outdoor concentration, X ,  of 10 Bq m-3, the rate of 
entry of radon to the reference building by infiltration 
is che product of the two values, 10 Bq m-3 h-l. 

5. Transfer from water and natural gas 

98. As noted earlier, radon is soluble in water. It 
follows that water supplies bring radon indoors and 
that some dc-emanation of the water occurs, thus 
contributing to the radon entry rate, sometimes to an 
appreciable degree. Concentrations of radon in water 
vary markedly. Supplies may be ciassiCied broadly as 
surface water, groundwater or well water. As shown 
in Table 21, radon concentrations in these classes 
differ by an order of magnitude, and utilization also 
varies considerably [N18,05]. Surface waters with the 



lcast radon but tllc grcatcst variability in conccntration 
[HS. H(j, NlS] arc uscd ttlc most. Tllc wcigl~trd 
avcragc of t11c radon conccntrations for thc rcfcrc~icc 
sct of supplics is sorncwl~nt a b v c  10,000 Bq 111-~ but 
not unlikc drc cstimatc for dlc U ~ ~ i t c d  Statcs IC8]. III  
llrc UNSCEAR 1988 Rcport [Ul  1, a rcfcrcncc value of 
1,000 Bq mJ was adoptcd, but i t  was notcd that 
countries such as Finland and Swcdcn had 
population-wcightcd avcragcs of ovcr 30.000 Bq m-3 
[K4, SlS]. Con~prchcnsivc sunrcys of wcll watcr froni 
southcrn Finlalid yicldcd a nicdian concc~ltration of 
210,000 Bq mm3 and isolatcd values approaching 
50 MBq rn-3 [J8]. It is assurncd in tllis Anncx U~at the 
worldwide avcragc conccntration of radon in watcr is 
10,000 ~q m-3. 

99. Radon is slowly rcmovcd froni still watcr by 
molccular diffusion, but agitation and hcating cause 
watcr to dc-emanate rapidly and transfcr thc gas to thc 
indoor air. The transfer factor for buildings, dcfincd as 
the ratio of thc conccntrations of radon in water and 
air, has bcen dctcrmincd both cxperimcntally and 
analytically. Values arc distributcd log-normally, but 
the avcragc is about loJ. For 10,000 Bq nle3 in  water, 
Lhis iniplics 1 Bq m'3 in air; for an air cxchange rate 
of 1 h" this implics a radon cntry ratc of 
1 l3q m-3'h-1 to the modcl building. 

100. In thc intcrcst of coniplctcncss, natural gas is 
mcntioncd as a potcnlial source of radon. It contains 
various concentrations of the radioactivc species, 
dctcrmincd mainly by the geology of thc gas field and 
the dclay in transniission to the user. When it is 
burncd indoors, the radon is rclcascd. In the 
UNSCEAR 1988 Rcport [Ul] ,  an cntry ratc of 
0.3 Bq m4 h-I to the niodcl building \sfas dccnicd 
appropriate. This estimate still seems to rcniain valid. 

6. Entry rates 

(a) Radon 

101. Radon cntry ratcs for the modcl building are 
summarizcd in Tablc 22, and the relative importancc 
of thc various sourccs of radon in a tcmpcratc climate 
is illustraicd. It will bc recognizcd from thc prcccding 
text that thc sclcction of illustrativc valucs is rathcr 
arbitrary, sincc i t  dcpcnds on thc valucs choscn for the 
paramctcrs that dctcrnli~lc the sig~~ificancc of thc 
various nicchanisms of cntry. Ncvcrthclcss, thc overall 
cntry ratc is not grcatly at variance with that infcrrcd 
from radon mcasurcmcnts in many buildings in 
tcmpcratc cli~natcs. With a contribution of ovcr 5096, 
mostly from forccd advcction through discontinuitits 
in thc floor, radon cntry from the suhjaccnt carth 
dominates ovcr all othcr sourccs. Diffusion from the 
building clcnicnts is also impor~ant, as is the 
infiltration of outdoor air, but Lhc othcr sourccs are 

rclativcly unimportant. Tablc 22 focuscs atrcntion on 
thc importancc of advcction in such typical 
circumstanccs; dlc tcxt cltiphasizcs its importancc in 
atypical circumstanccs whcrc high radon lcvcls occur 
indoors. In tall blocks of dwellings, howcvcr, thc carlh 
contribution would virtually disaplxar thc ovcrall entry 
ratc would at lcast be halvcd, and UIC pcrccntagcs 
would bc altcrcd accordingly. 

102. If a building with dimensions similar to those of 
thc model but of non-masonry construction is 
cnvisagcd for a tropical cliniatc, i t  is possible to 
cstilnatc the entry ratc of radon by crudcly adjusting 
the data in Tablc 22. Diffusion froni building elemcnts 
virtually disappears, but diffusion from the subjaccnt 
earth may contributc 37 Bq mJ h-' because board 
floors would riot appreciably inipcdc the ingrcss of 
radon. Advcctiori from the earth may also disappear 
with calm air, balanced tcmpcraturc and high 
ventilation. On rhc other hand, thc contribution from 
infiltration would increase twofold, to 20 Bq m 3  h-', 
with a direct air exchange rate of 2 h-l. The other 
mechanisms would rcmain unimportant. Overall, 
therefore, thc cntry ratc of radon under such 
conditions should not be much different from that in 
Tablc 22, although the individual pcrcentagcs would 
change. 

(b) Thoron 

103. There is lcss information on cntry ratcs of tboron 
into buildings. Since the precursors of 2 2 0 ~ n  and 
799 ---Rn have about equal activities in car& and building 
materials (see Tablcs 5, 6, 17 and 18), thc ratcs at 
which the two isotopes arc produccd are also about 
equal. It is usually assurned that thc emanation fraction 
is the same for cach. 

104. By definition, the diffusion coeficient is the 
samc for both isotopcs, so the diffusive flux dcnsity in 
tcrnls of activity is proportional lo thc square root of 
the dccay constants (0.0126 s-I for thoron and 
2.1 1 0 ' ~  i1 for radon) implying a value 77 times 
highcr for thoron. The measured values for thoron. 
about 1 Bq m-? s-l from earth materials and 
0.05 Bq m-? s-l from building matcrials [ D l l ,  F6, 
N19, S19, S36, U3], rcflccl h i s  ratio, although thcrc 
is considerable variability in tbc value. 

105. As Tor advcction, the flux dcnsity should, in 
principle, bc thc same for both isotopcs in matcrials 
with the same pcmicability, if all Ule atoms produced 
arc forccd to thc surface [N19]. Ovcrall, ale ratc of 
cntry of thoron into a building with unfinished walls 
and floors is likcly to apprcciably exceed that of 
radon. However, owing to ils short half-lifc of 55 
scconds, only thc superficial layers ofwalls and floors 
contributc to thc rate of cntry of thoron into a 
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building, so that covering the floors and walls with 
plastic materials, tilcs or paint is likely to rcducc the 
ratc of entry of thoron by at lcast an order of 
magnitude. This cffcct was indircctly demonstrated in 
Japan, where indoor nicasurcnicnts generally detected 
high concentrations of thoron (up to 400 Bq m-3) ncar 
unfinished soil walls, but no thoron ncar walls covered 
by plastic or by paint [D2]. 

106. From the rclativeiy few measurements of thoron 
outdoors (N19, S23, U3] it would appear that activity 
concentrations of thoron at or very ncar the surface of 
the earth exceed those of radon. As altitude increases, 
however, the situation reverses because of the disparity 
in decay constants. A representative value of 
10 Bq rn-3 might be chosen for head height, which is 
the same as the value adopted earlier for radon. Wilh 
a direct exchange ratc between outdoor and indoor air 
of 1 he1, the ratc of entry to the model building by 
infiltration is also about 10 Bq mm3 h-l. 

107. The avcrage rate of entry of thoron to a building 
from all mechanisms is crudely estimated in this 
Annex to be siniilar to that of radon, i.e. about 
5 0  Bq mJ h-l. This estimate is highly uncertain. 

B. EXTOSURE 

1. Indoor collcentrutions 

(8) Radon 

108. It is possible to estirnatc the activity 
concentration x (Bq m-3) for the modcl building from 
the expression 

x = Ul(% + A h )  (9) 

where the symbols refer to quantities defincd 
prcviously. With U (the radon entry rate) = 
49 Bq rn-3 h.' (Table 22) = 1 h-l and Ah = 
0.00756 h-', the value of x is 48.6 Bq In round 
terms, therefore, one would gcnerally expea  radon gas 
concentrations of about 50  Bq m') in masonry 
buildings in temperate climatcs and 30 Bq m-3 in 
tropical timber buildings. Witb horon, however, the 
decay constant of 45.4 h-l, rather than the air 
exchange rate, determines the conccntration: for U = 
5 0  Bq m-3 h-', x = 1 Bq m-3 of thoron gas. It should 
bc noted that the indoor radon and thoron 
conccntrations calculated from cquation 9 represent 
averages throughout the building. Because of its short 
half-life, thoron does not bcconle uniformly 
distributed. Strong gradients of thoron concentration 
have been prcdictcd and observed according to 
distance from h e  wall [D2, D9, K151. In any case, 
because of the large uncertainties in the estimation of 
the rate of cntry of thoron into buildings, it is not 

recommended to use equation 9 to predict thc indoor 
lhoron concentration: it  is better to rely on direct 
measurcmcnts of indoor  concentration^, discussed in 
Section 1Il.B.l .b. 

109. It is now appropriate to compare expectation 
with observation. Although most large survcys are of 
radon gas concentration, xb ,  some surveys havc been 
conduc~cd of the decay products. The parameter of 
intercst in the latter case is the equilibrium equivalent 
conccntration (EEC) of radon xE and the two 
quantities are related through the equ$ibrium factor F, 
defincd by the expression 

where X E ~  is 0 . 1 0 5 ~ ~  + 0 . 5 1 5 ~ ~  + 0 . 3 8 0 ~ ~ .  The 
symbols x l ,  x-, and represent the activity 
conccntrations of'181'o, '%b and 2 1 4 ~ i ;  the constants 
are the fractional contributions of each decay product 
to the total potential alpha energy from the decay of 
unit activity of the gas [I7]. By analogy, the 
equilibrium equivalent concentration of thoron is 0.913 
x1 + 0.087 x2, where x1 and x2 now represent the 
activity concentrations of 2 1 2 ~ b  and 2 1 2 ~ i .  

110. Many surveys havc been made during the last 
decade of radon concentrations in dwellings. An 
extensive compilation was included in the UNSCEAR 
1988 Report [Ul]; it is updated hcrc by the 
infomiation in Table 23. Data arc now available for 35 
countries representing almost two thirds of the world 
population. The list is not comprehensive: some 
scattered observations for other countries are omitted, 
and summary results for a few countries with 
advanced radon prograniincs may. not have been 
available. The purpose here is not to record all such 
data, but to select information that is representative of 
the various countries. The distribution of the survey 
data of Table 23 is illustrated in Figure IV. 

111. Whereas early surveys were based on discrctc 
sampling of radon decay products, usually called grab 
sampling, because it lastcd a maner of minutes, 
surveys of substance are now made by sampling radon 
gas for extended periods of time, several days for 
charcoal detectors and several months for track etch 
detectors. Mass surveys of radon decay products are 
not feasible because the equipment and human 
resources required to conduct them would be very 
costl y. 

112. A satisfactory national survey might be defined 
as one in which measurements of adequate quality are 
made throughout a year in the living and sleeping 
rooms of a stratified sample of at least 1 in 10,000 of 
the housing stock. Not many surveys meet these 
criteria. Some are not large enough: many arc made in 
the rooms with the highest radon levels: some are 
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biascd to arcas of the country with high radon 
conccntrations: most do not follow a statistical dcsign. 
As a rcsult, any cstimatc of a rcprcscntativc or typical 
world valuc is quite uncertain. Distributions of radon 
conccntrations arc usually rcportcd as being 
log-normal, although dcparturcs arc somctimcs sccn. 
Arithmetic mcans arc frcqucntly citcd or may be 
calculated from the gconictric mcan and standard 
deviation. Extrcme values are often givcn. 

113. Owing to the large populations of China and 
India, the rcsults for these countries wcigh heavily in 
thc cstimation of a worldwide radon concentration. 
Definitive national surveys have not yet bcci~ 
conducted, but the population-weighted mcan of 
somewhat disparate and developing data for China 
[ClO, R5, U1, 221 is about 20 Bq m 3  [P21]. 
Exploratory data for India [S37], pending the 
completion of a national survcy, suggest an arithmetic 
mean of 57 Bq ~ n ' ~ ,  with lower values in cities such 
as Bombay P I 2 1  and higher values in cities such as 
Nagpur [S24] and an equilibrium factor approaching 
0.4 [S25]. A national residential radon survey [M24, 
010,  U12] recently completed in the United States 
yielded an arithmetic mcan of 46 Bq m'3, which is 
consistent with the outcome of a structured survcy in 
the state of New York [Pl l ] .  

114. Rcsults from scvcral studies in southern Europe 
have become available. Generally radon values are 
lowcr than in northern Europe: for example, only 3 . 2 1  
of the 244 Spanish dwellings invcstigatcd in Madrid 
and Barcelona cxcecdcd 200 Bq m-3 [GI]; only about 
20% were above 100 Bq n1-3 in a Turkish survey of 
400 houscs in Istanbul [K14]; and about 5% of 
Portugucsc dwcllings had avcrage radon conccntrations 
in exccss of 200 Bq m-3 [F14]. Howcvcr, in Italy the 
use of natural building materials (tuffs, pozzuolana) 
with clcvatcd 2 3 8 ~  activity conccntrations ranging up 
to 400 Bq kg" can result in elcvatcd indoor radon 
lcvcls in the arcas conccrncd (arithmetic avcragc: 
93 Bq m-3 [B16]). Frcqucntly, scasonal changes arc 
sccn to have a pronounced cffcct on indoor radon 
conccntrations in southcrn climates, with wintcr valucs 
up to 80% higher than corresponding summer valucs 
[B16, GI]. 

115. Little information is available for large parts of 
Africa and for tropical regions in the Amcricas, Asia 
and Oceania. For well-ventilated buildings, indoor and 
outdoor radon conccntrations should be essentially 
equal; thus, indoor radon levels should be lower in 
tropical arcas than in temperate arcas if the outdoor 
radon concentrations arc similar (M12, S251. The 
limited rcsults available for Egypt and Thailand [C23, 
HI81 show that, for wcll-vcntilatcd buildings in 
tropical areas, indoor radon concentrations are 
approximately equal to those measured outdoors; 
furthermore, a gradual increase in the ratio of indoor- 

to-outdoor radon conccntration from low latitudcs 
(23" N) to temperate latitudcs (40" N) has been 
observed in China [P21]. However, Figurc V, where 
the avcragc indoor radon concentrations from Tablc 23 
are plottcd against the latitude of the countries or the 
main population centres, shows a considerable scattcr, 
as well as some avcrage indoor radon conccntrations 
at high latitudcs that are similar to those at low 
latitudcs. 

116. Thc different results of radon concentrations with 
latitude may be due to local geology, atmospheric 
conditions or building design. Local geology and 
atmospheric conditions may result in outdoor radon 
levels that arc high in low latitudcs and low in high 
latitudes. For example, the average outdoor radon con- 
centration measured in Bangkok [C23] is 40 Bq mJ, 
while that in the United Kingdom is 4 Bq mh3 [W3]. 
Such a difference alters the indoor-to-outdoor 
concentration ratio for most dwellings. Also, the 
sharply contrasted rainy and dry seasons in tropical 
areas may influence the annual avcrage of the indoor 
radon concentration in a manner that is not clearly 
understood. Finally, the design of traditional sub- 
Saharan houses explains the relatively high radon 
concentrations in that region [06]. 

117. In the UNSCEAR 1988 Report [Ul], a popula- 
tion-weighted value of 40 Bq m-3 was adoptcd for the 
arithmetic mean worldwide. This value still appears to 
be representative. Given the gross uncertainty in this 
value and the climatic complications, the degree of 
agreement with the estimate for the model building is 
probably more coincidental than conclusive. I t  is clear 
that additional rcsearch and measurcmcnts are needed 
in tropical areas in order to estimate more accurately 
the worldwide average of indoor radon concentration. 
It is hoped that more data from countries at low 
latitudcs will become available from a radon survey 
programme that is being initiated by IAEA [S22]. 

118. Because of the trcnd away from tbc measurement 
of radon decay products, thcre is no new information 
of substance on the value of the equilibrium factor F 
indoors; it is taken, as before, to be 0.4 [Ul]. The 
position is much the same for outdoor air; the previous 
value of 0.8 is also adoptcd here. In terms of equi- 
librium cquivalcnt concentration, therefore, tbe world- 
wide values of the arithmetic mean, population- 
weighted, are about 16 Bq m-3 indoors and 8 Bq m-3 
outdoors. 

119. For h e  major surveys in tempcratc climates, the 
value of the geometric standard deviation is typically 
2.5. This may be somewhat high for tropical climates, 
but any adjustment would be arbitrary, and so it is 
considcred to be generally valid. The arithmetic mcan 
of the radon gas concentration is 40 Bq mJ, and the 



gcomctric mcan is about 26 Bq Tbc corrcspon- 
ding valucs of thc cquilibriurn cquivalcnt conccntration 
arc 16 Bq m-3 indoors (arithmetic mcan) and 
10 Bq mJ (gcomctric mcan Estimates of lllc 98th 
pcrcc~~tilcs arc 200 Bq In' for thc radon gas 
conccntration and 80 Bq I T I - ~  for thc cquilibriuni 
cquivalcnt conccntration. It can thus bc suggcstcd that 
about 2% of dwcllings worldwidc may have 
conccntrations in cxccss of tlicsc valucs. Furtiler, about 
0.02% of dwcllings may bc i n  cxccss of 800 Bq n ~ - ~ .  
Cor~ccntrations far in cxccss of 800 Bq me3 arc, 
howcvcr. frequently rcportcd in thc literature: values 
morc than an ordcr of magnitude grcatcr arc 
somctimcs cncountcrcd, which may rcflcct the 
possibility of positivc divcrgcncc from a log-normal 
distribution at highcr conccntrations [N20]. Compctcnt 
authorities who havc considcrcd the effccts of human 
cxposure to radon in homcs arc generally agrccd on 
thc desirability of taking action at conccntrations 
cxcccding 400 Bq me3 (081; worldwide, a few homcs 
in a thousand probably cxcccd that lcvcl. Rcmcdial 
mcasurcs in  thosc houses will rcduce thc nurnbcr of 
pcrsons exposcd to high doscs from thc inhalation of 
radon progeny but it will not change significantly the 
averagc Icvcls. 

120. Limited information on tiloron conccntrations has 
bccn rcportcd sincc thc publication of thc UNSCEAR 
1988 Rc ort [Ul]. A rcprcscntativc valuc of 
10 Bq mS was adopted earlier for thoron gas in 
outdoor air. Equilibrium cquivalcnt conccntrations of 
about 0.1 Bq mJ havc bccn adoptcd clscwhcrc [N2, 
N19, N7-0 , somcwhat lowcr than thc prcvious valuc of 5 0.2 Bq m' [Ul]. Estiniatcs of the gas conccntration 
indoors point to arourld 3 Bq m-3 [N20, S231, and 
limitcd sunlcys of thc equilibrium cquivalcnt 
conccntration [C16, D8, G9, M14, M E ,  N19, P21, 
Rl,  S9-3, Ti', W3], takcn togcthcr, indicatc about 
0.3 Bq m-3, again sonlcwhat lowcr than thc p r~ \~ ious  
valuc of 0.5 Bq m.3 [Ul].  Thcrc is considcrablc 
uncertainty in thcsc figurcs, pointing lo a nccd for 
syslcmatic mcasurcmcnts. 

(c) Average concentrutions 

121. Thc foregoing cstimatcs of thc conccntrations of 
radon and thoron in outdoor and indoor air arc 
summarized in Table 24. Both the gas and equilibrium 
cquivalcnt valucs arc givcn. They arc intcndcd to 
rcprcscnt thc population-wcightcd arithnictic means 
worldwidc. hut i l  is llcccssary to bear in riii~ld that 
considerable unccrlainty attachcs to thcni, niainly 
because of the gcncral paucity of data for thoron and 
somc gcographical bias in the origins of the radon 
data. They arc, ncvcrthclcss, robust and round enough 
to allow calculating thc radiation doscs from inhalation 
for thc gas and dccay products. 

122. Exposurc to radon, thorori and thcir progcny 
comcs ~ n a i ~ ~ l y  from thc inhalation of the dccay 
products of radon and thoron, which dcposit 
inhomogcncously within the human respiratory tract 
and irradiatc thc bronchial cpithclium. Compared with 
the lung dosc from inhaled dccay products, thc dosc 
contribution from the inhalcd radon (or thoron) gas 
itself, which is solublc in body fluids arid tissucs, is 
small undcr normal conditions of cxposurc. The two 
contributio~ls to the annual cffcctivc dosc arc 
considcrcd i n  turn. 

123. Convcrsion coefficients rclating average annual 
conccntrations to effcctivc dose eq~i\~alcnt were 
prcsentcd in the UNSCEAR 1988 Report [Ul] for 
radon and thoron progeny. These wcre based mainly 
on a comprehensive report on lung dosimetry 
publisl~cd in 1983 IN211 and ollicr carlicr analyscs [I7, 
J3]. Parallel and later developments wcre recognized, 
however. that pointed to the need for a re-evaluation 
of the radon dosimetry [J4, N17, V4]. 

124. Dose to lung tissues depends, among othcr 
things, on thc fraction f of the total potential alpha 
cncrgy associatcd with t i c  mixture of dccay products 
not attachcd to the ambicnt acrosol [N21]; as the valuc 
of fp increases, so does the dosc. Values from 0.04 to 
about 0.20 havc becn found in scvcral dwellings in the 
United Kingdom [JS, S271. A similar range was 
determined in several Norwegian dwcllings [S28]. For 
a Japancsc dwelling, howcvcr, thc range was 0.031 to 
0.064, with an arithmetic mcan of 0.043 [K6], 
rcflccting pcrhaps the diffcrcnt lifestyle [HS]. In 
Gcrniany, thc arithmetic mcan for many rooms 
without additional aerosol sourccs was 0.096, whcrcas 
for a fcw with cigarette sniokc i t  was 0.006 and for 
outside air, about 0.02 [R9]. A study in a test dwelling 
in Germany yicldcd valucs around 0.1, but ranging 
below 0.01 as a result of smoking [RlO]. A rcvicw of 
these arid othcr data lcads to a valuc of around 0.1 
[P16]. Furthcr results rcvcal 0.077 [H21] and 0.20 
IS461 for singlc-family dwcllings and 0.086 as an 
average for five dwellings [T13]. Such valucs may be 
contrastcd with thosc from 0.02 to 0.03. adoptcd 
prcviously for dosimctric purposcs 118, N21, Ul]; they 
appear to bc about three tinics grcatcr indoors, thc 
implication being that the cquivalcnt dosc to thc 
bronchial cpid~cliurn might bc sonicwl~at largcr than 
prcviously cstirnatcd [ J l l  1. 

125. Thc ralc of attachment of radon dccay products 
to the ambicnt aerosol increases as the acrosol 
concentration increases [P12]. Wilh othcr acrosol 
conditions constant, therefore, a highcr aerosol 
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co~~ccntration Incans a lowcr valuc of f and a lowcr 
P 

dosc. 111 dwellings, thc aerosol conccntration generally 
inrre:iscs as t l~c  infiltration ratc of outside air 
dccrcascs, wit11 thc rcsult that t l~c  values of fP and 
dose also decrcasc. For a givcn conccntration of gas at 
a fixcd value of f , thc dosc incrcascs as the value of 
thc rcpilibriuni Pactor F incrcascs; tlic valuc of F, 
Iiowevcr, incrcascs with tlccrcasing infiltration rate. 

! The cffccts of fp and F on dosc, with other acrosol 
conditions constint, arc thercforc countcrhalanccd. 

126. Concurrcnt mcasurcmclits of f and F [JS, P13, 
P 

R9, R10, S Z ]  dcnionstrate that values or f are P 
ncgativcly corrclatcd with values of F. Concurrent 
mcasurcnicnts of dccay product concentrations, 
infil~ration rates and sizc distributions of ambient 
acrosols in rooms [V4, V5] and t l~c  usc of a room 
model [PI41 to cstimatc the valuc of the unattached 
fraction also substantiatcd the invcrse relationship 
bctwecn fP and F [P16]. Further caiculations of doses 
to lung tissues with two rcfcrence dosimetry models 
IN211 showed that the gas conccntration was an 
adcquatc indicator of effective dose equivalent; a 
conversion cocfficicnt of around 50 pSv a-' 
pcr Bq m'3 of radon gas was dccnicd appropriate 
[V5]. A similar conclusion had been reached in an 
carlier asscssmcnt [J5] and was supported by a later 
analysis [Hg]. On the other hand, a more recent 
asscssnicnt indicates that the cocfficicnt may be 
around 25 pSv a-' pcr Bq m-3 [JlO]. Given the 
preponderance of radon gas mcasuremcnts as opposed 
to dccay product measurcmcnts in surveys of 
dwellings, there is some merit and much convcnicnce 
in applying such a conversion cocfficicnt directly to 
the rcsults, but unanimity is lacking on thc most 
appropriatc valuc to use. 

127. The dosimctry of radon and decay products is 
undcr revicw to account for Ihc introduction of the 
ncw ICRP recommendations 116) and to dcvelop a new 
dosimctric model for thc rcspiratory tract [B2]. 
Dosimctrists arc considcring ncw physical information 
on the indoor acrosol, ncw insights into the regional 
scnsitivity of thc rcspiratory tract and the new tissuc 
weighting factors. 

128. For the purposcs of this Anncx, it  seems 
reasonable to licep the dosc cocfficicnts that wcrc 
adopted in Ihc UNSCEAR 1988 Rcport. In that 
Rcport, an indoor exposurc to radon at a concentration 
of 40 Bq m-3 was estimatcd to corrcspond to an 
annual effcctivc dose cquivalcnt of 1.0 mSv as a result 
of thc irradiation of tissues of the rcspiratory tract by 
the radon progcny. This is numerically equivalent to 
an cffcctive dose coefficient of 25 pSv a-' per Bq m-3 
of radon gas for indoor exposurc, assuming an 
occupancy factor of 0.8 (7,000 hours spent indoors in 
a year), or to 3.6 nSv per Bq h m-3 of radon gas. 

129. When thc cffcctivc dosc cocfficicnt is cxprcsscd 
in tcrrns of cquilibriuni cquivalc~~t conccntraticln (EEC) 
of radon, the rcsult is siig11LIy diffcrcnt from h a t  
adopted in thc UNSCEAR 1988 Rcport, bccausc tlle 
EEC of radoti is csti~natcd in Uiis Anricx to bc 
16 Bq m-3 instcad of 15 Bq xu3, as in thc carlicr 
Rcport, thc radon gas concentrations bcing thc same. 
Exprcsscd in tcrms of the EEC of radon, the cffcctivc 
dose cocfficicnt is found to bc 3.6 x 40 z 16 = 9 nSv 
per Bq h mq3 for EEC of radon instead of 10 nSv per 
Bq h m-3, as in the UNSCEAR 1985 Rcport. The 
value 9 nSv per Bq h mJ for EEC of radon is also 
uscd in this Anncx to estimate cffcctive doses resul- 
ting Goni Ihc inhalation of radon progcny outdoors. 

130. It is convcnicnt at this point to considcr thc 
doses from thc inhalation of radon gas in somewhat 
more dctail. Since the gas is soluble in body fluids and 
tissues, it is transported throughout thc body. Doses 
arc dclivcrcd from the dccay of the gas itsclf and the 
short-lived dccay products. Equivalent dose ratcs to 
some tissues of interest from constant inhalation of the 
gases at concentrations of 1 Bq m4 arc 1.2 nSv h-' in 
fat, 0.75 nSv h-' in lungs and 0.094 nSv h-' in bonc 
marrow from radon and 0.004 nSv h-' in fat, 
0.58 nSv h-' in lungs and 0.039 nSv h-' in bone 
marrow from thoron [J3]. The effcctivc dose ratcs are 
0.17 nSv h-' from radon and 0.11 nSv h-' from 
thoron. The resulting annual cffcctive doses pcr unit 
conccntration in air are 1.5 pSv pcr Bq m 3  of radon 
and 0.96 @v per Bq m-3 of thoron. Thcsc values are 
supported by a more recent asscssmcnt [P15]. The 
rclativcly high dosc rate from radon in fatty tissue is 
duc to h e  high solubility of radon. In an carlicr 
investigation [HlO], thc distinction was madc bchvccn 
fatty and normal marrow; thc ratio of the dosc rates 
was about 5. From thesc dose cocfficients it may be 
estimated that the equivalent dose to the marrow from 
the worldwidc avcragc valuc of radon and thoron is 
about 0.03 mSv a-', an order of magnitude less than 
the cquivalcnt dosc from cosmic rays. 

131. The dose coefficients corresponding to thc 
inhalation of the thoron progcny arc lakcn to be thc 
samc as those adoptcd in thc UNSCEAR 1988 Rcport, 
namely 10 nSv pcr Bq h n13 for outdoor exposurc and 
3 2  nSv per Bq 1 m-3 for indoor exposurc. 

132. The effcctivc dose coefficients rclatcd to the 
inhalation of radon gas, thoron gas, radon progeny and 
thoron progcny arc summarized in Tablc 24. Annual 
effective doses corresponding to the worldwidc 
average concentrations are estimated from those 
cffcctive dosc coefficients, assuming avcragc 
occupancy factors of 0.2 for outdoors and 0.8 for 
indoors: the results are includcd in Tdble 24. The 
average annual effective dose from inhalation of radon 
and its progeny is estimated to bc 1200pSv, whilc the 
dose from thoron and its progeny is about 70 pSv. 
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9 inforn~ation has since been published. Collective population of 5.3 10 yields an annual per caput 
effective doscs comniittcd froni almosphcric dis- effcctivc dose of 0.1-2 nSv. 
charges of radioactive materials arc estimated using 
the crudc models dcscribcd in the UNSCEAR 1982 
Report [U3]. 

138. In order to allow their comparison with the doses 
from natural radiation background, the annual per 
caput effective doscs resulting from the extraction and 
processing of earth materials have been estimated. In 
doing so, crude assun~ptions have bccri r~ladc about the 
dynamics of the dosc rate and ihc duration of the 
practice considered. It is emphasized that all estimatcs 
of dosc rcsulting from the extraction and processing of 
earth materials are fraught with large uncertainties. 

2. Use of col~l 

141. Thcrc arc vast diffecrcnccs in the rclativc use of 
coal in various countries. I n  the OECD countries, 
which account for about one third of Ule world's coal 
production, 68% of the coal produced is burned in 
electric power stations, 30% in coke ovens and other 
industrial operations and 2% in dwellings [U13]. In 
China, 25% of the coal produced is burned in electric 
power stations, 59% in other industries and 16% in 
dwellings p23].  Assuming that the usage distribution 
of coal in China is reprcsc~ltative of the distribution in 
countries that are not n~enlbers of the OECD, the 
average worldwide usage of coal is as follows: about 

A' PRoDUCT1oN 'OAL 40% is burned in electric power stations, 10% in 

139. The world production of coal, expressed in coal 
equivalent for cnergy purposes, was 3.1 x 10'' kg in 
1985, the main producers bcing China, the republics of 
the Comer Soviet Union and the United States [U13]. 
A large fraction of the coal extracted from the earth is 
burned in electric power stations; about 3 x lo9 kg of 
coal is required to produce 1 GW a of electrical 
energy. In the UNSCEAR 1982 Report [U3], the 
Committee estimated the avcrage concentrations of 
%., ' 3 8 ~  and 232Th in coal to be 50, 20, 20 Bq kg-', 
respectively. based on the analysis of coal samples 
from 15 countries, and noted that the concentrations 
varied by more than two orders of magnitude. The 
rcsults of an extensive survey of coal from China, 
which produces 20% of the world's total, point lo 
conecntrations that are a rcciably higher: 104,36 and 
30 Bq kg-' for "K, '"U and 2 3 2 ~ ,  rcspectively 
[P22]. The higher concentrations of natural 
radionuclides in coal froni China do not result in 
substantial increases in the worldwide averages, which 
are little more than educated guesses, but they do 
allow a better assessment of the doses due to the uses 
of coal in China. Radiation exposures occur through- 
out the fucl cycle, which consists of coal mining, the 
use of coal and the use of fucl ash. 

1. Coal mining 

1 4 .  Members of the public arc exposed to the radon 
present in the exhaust air of coal mines. Since there 
are currently no measured data on the emission of 
radon from coal mines, the Committee, in the 
UNSCEAR 1988 Report [Ul], used two different, very 
crude approaches to esdmaling the annual rcleases of 
radon from coal mining all over the world; the figures 
obtained were 30 and 800 TBq. leading to collective 
effective doses per year of practice of 0.5 and 
10 man Sv, respeclively. Dividing by the world 

dwellings and 50% in other industries. When coal is 
burnt, the naturally occurring radionuclides arc 
redistributed from underground into the biosphere. The 
resultant doses from burning coal in power stations 
and in dwellings are considered bclow. There is not 
enough information on the releases of radionuclides 
from burning coal in other industries to assess this use 
of coal. 

(a) Coal-fired power plants 

142. Coal is burned in furnaces operating at up to 
1,700" C in order to produce electrical energy. In the 
combustion process, most of the mineral matter in the 
coal is fused into a vitrified ash. A portion of the 
heavier ash, together with incompletely burned organic 
matter, drops to Ihe bottom of the furnace as b o n o ~ n  
ash or slag. The lighter fly ash, however, is carried 
through the boiler, together with the hot flue gases and 
any volatilized mineral compounds, to Ihe stack, 
where, depending on the efficiency of emission control 
devices, most is collected while the rest (escaping fly 
asb) is released to tbe atmosphere. Owing mainly to 
the elinlination of the organic content of the coal, 
there is approximately an order of magnitude 
enhancement of the concenlrations from coal to ash. 
Consequently, the natural radionuclide concentrations 
in ash and slag from coal-fired power stations arc 
significantly higher than thc corresponding 
concentrations in thc carth's m s t .  Arithmetic averages 
of the reported concentrations in escapin 3 fly ash are 265 Bq k g '  for "K, 200 Bq kg-' for ' 'u, 240 B 9 kg-' for 2 - 6 ~ a ,  930 B kg-' for 'l0pb, 1,700 Bq kg- 
for "OPO, 70 Bq kg' for ='Th, 110 Bq kg-' for 
"% and 130 Bq kg-' for 2 2 8 ~ a  ([U3], Annex C, 
paragraph 11). 

143. The amounls of natural radioriuclides discharged 
to the atmosphere from a power plant depend on a 
number of factors such as the concentrations in coal, 
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the ash contcnt of thc coal, thc tcnipcraturc of 
conihustion, thc parlilio~~ing hctwccn bottom ash and 
fly as11 and thc cfficicncy of thc cn~ission control 
dcvicc. 111 thc UNSCEAR 1988 Rcport (Ul] ,  thc 
Coniniittcc cstirnalctl tllc :II I I~UIII .S of radioactivc 
matcrials discharged lo thc atmosphcrc for typical old 
and modcn~ plants. Tllc r c s ~ ~ l  ting noniializcd collcctivc 
cffcrtivc doscs wcrc G and 0.5 man Sv (GW a)-' for 
typical old arid n~odcrn plank, rcspcctivcly. Data from 
China indici~tc that bccausc of highcr-than-avcragc 
conccntrations of natural radionuclidcs in coal, 
rclativcly low filtcr cfficic~~cics (90%) and high 
population dcnsitics around UIC plants, thc nornializcd 
collcc~ivc cffcctivc doscs arising from atrnosphcric 
rclcascs of radioactivc matcrials from plants thcrc is 
approxirnatcly 50 man Sv (GW a)-' [P22]. Assuming 
that, worldwidc, onc third of the clcctrical cncrgy 
produced by coal-fircd powcr plants is from modcrn 
plants, with anothcr third from old plants and thc 
rcmaining third from plants with charactcristics similar 
to thosc in China, thc avcragc normalized collective 
cffcctivc dosc is 20 man Sv (GW a)-'. 

144. According to thc dose asscssmcnt methodology 
uscd in thc UNSCEAR 1988 Rcport, about 70% of the 
cffcctivc dosc resulting from atrnosphcric rclcascs of 
natural radionuclidcs from old plants is due to the 
inhalation of long-livcd radior~uclidcs as thc cloud 
passes. Thc rcmaindcr of thc cffcctivc dose is due to 
cxtcrnal irradiation from radionuclidcs dcposited on 
thc ground and to the ingcstion of foodstuffs 
contaniinatcd by radionuclidcs dcpositcd on the 
ground. It is assumcd that thc dcposited activity 
becomcs unavailable to thc vcgctation, with a mean 
lifc of 100 ycars for all thc natural long-livcd 
radionuclidcs. On thc wholc, the cffcctive dose per 
unit release is dclivcrcd at a ratc that decrcases slowly 
over a ccntury or so. 

145. Assuming lflat (a) 3 1012 kg of coal is produced 
in a ycar; (b) 4 0 4  of the coal production is burncd in 
clcclric powcr stations; and (c) 3 lo9 kg of coal is 
rcquircd to produce 1 GW a of clcctrical cnergy, the 
annual elcc~rical cncrgy produccd by burning coal 
worldu,idc is 400 GW a. Thc collcctivc cfI-cctive dose 
per ycar of practicc is thcrcforc cstimatcd to be 
20 man Sv (GW a)-' x 400 GW a = 8,000 man SV. 

146. Crudc assumptions arc necessary to derive the 
annual pcr caput cffcctivc dosc from thc collcctivc 
cffcctivc dosc pcr ycar of practicc. If it is assumcd 
that similar amounts of radioactivc materials have 
bccn rclcased into thc atmospl~crc by coal-fired powcr 
plants ycar aftcr ycar for thc last ccntury or so, then 
thc collcctivc cffcctivc dosc pcr ycar of practicc would 
be approxirnatcly equal to the annual collcctive 
effective dose. I n  fact, coal has bccn used for about a 
ccntury to produce electrical cncrgy, but information 

is lacking regarding the niagnitudc of thc 
cnvironmcntal rclcascs during that tinic. Givcn thc 
largc unccrlainty associated with thc cstiniatc of thc 
collcc~ivc cffcctivc dosc pcr ycar of practicc, it is 
assumcd in this AIIIICX that thc annual collcctivc 
cffcctivc dosc has thc samc nunicrical valuc as thc 
collcctivc cffcctivc dosc pcr ycar of practicc. Thc 
annual pcr caput cffcctivc dosc is obtaincd by dividing 
thc annual collcctivc cffcctivc dosc (8,000 Inan Sv) by 
thc currcnt world population (5.3 lo9); the rcsult is 
about 2 pSv. 

(b) Domestic use 

147. Anothcr significant use of coal is for domcstic 
cooking and hcating. No information has becn found 
in the litcraturc on thc cnvironmcntal discharges of 
natural radionuclidcs from this source. Thc usc of coal 
for cooking or hcating in privatc houscs may, 
howcver, bc cstiniatcd to rcsult in high collcctivc 
doses since chimncys arc not cquippcd with ash 
removal systems and the population dcnsitics around 
sources of cmission arc generally high. 

148. Assuming that thc conccntrations in smoke arc 
cqual to thosc in coal and that 3 5 %  of thc coal is 
emitted as smoke, the annual worldwidc atrnosphcric 
releases caused by thc domcstic burning of coal are 
cstimatcd to be 0.7 TBq of and 0.3 TBq of cach 
of the radiol~uclidcs of the 2 3 8 ~  and 2 3 2 ~ h  series 
(radon and thoron cxccptcd); these figurcs becomc 20 
timcs grcater if it is assumcd that thc conccntrations in 
smoke are cqual to thosc in ash and that the coal 
burned has a 5% ash contcnt. Taking thc average 
population dcnsitics around thc houses to bc l d  km-? 
leads to collcctivc cffcctive doscs committed from 
ycarly worldwidc usc of coal in b e  range of 2,000- 
40,000 man Sv. This cstiniatc is highly uncertain, as 
it is not supported by any dischargc or environmental 
data. 

149. It is assumcd that thc annual collcctivc cffcctivc 
dosc to thc world's population is in the samc rangc as 
thc collcctivc cffcctive dosc pcr ycar of practicc 
(2,000-40,000 man Sv). It follows that the annual pcr 
caput cffcctivc dosc attribu~ablc to thc usc of coal for 
domcstic cooking and hcating would bc 0.4-8 fiv.  

3. Use of fuel ash 

150. Largc quantities of coal ash (fly ash and bottom 
ash combined) are produccd each ycar throughout the 
world. I n  thc UNSCEAR 1988 Rcport [Ul ] ,  the 
Committee cstirnatcd that about 280 million tonnes of 
coal ash arc produced annually in coal-fired powcr 
stations. Coal ash is used in a varicty of applications, 
the largcst of which is thc nianufaclurc of ccnicnt and 
concrcte. It is also uscd as a road stabilizer, as road 
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fill, in asphalt mix and as fcrtilizcr. Data on thc 
various uscs of coal ash in scvcral countrics have bccn 
rcportcd [G8]. Ahout 5% of thc total ash production 
from coal-buniing powcr stations is uscd for lhc 
construction of dwcllings: this rcprcscnts an annual 
usagc of 14 niillion ~ouncs. 

151. Froni thc radiological paint of vicw, thc usc of 
coal ash in building rnatcrials, which may affcct 
indoor doscs from cxtcrnal irradiation and thc 
inhalation of radon decay products, is the most 
significant. With rcspcct to cxtcrnal irradiation, thc 
Committcc cstinlatcd in thc UNSCEAR 1988 Rcport, 
on thc basis of mcasurcmcnts madc by Strandcn [S47j, 
that thc usc of concrctc containing fly ash for 
constructing dwcllings would rcsult in additional 
annual cffcctivc doscs of 70 pSv and 30 $3 in 
concrctc and woodcn houscs, rcspcctivcly. Taking thc 
amount of fly ash concrctc to bc 1.3 tonncs in a 
wooden house and 4 tonncs in a concrctc building and 
assuming that an avcragc of four pcrsons live in each 
housc and that thc lifctirnc of the housc is 50 years, 
thc collcctive cffcctivc dosc arising from cxtcrnal 
irradiation attributable to thc annual use of fly ash for 
constructing thc dwcllings is cstimatcd to bc about 
50,000 man Sv. 

152. The annual collcctivc cffcclivc dosc to the 
world's population dcpcnds on thc numbcr of dwell- 
ings built with connctc containing coal ash during thc 
last 50 ycars. Assuming that thc practice of building 
dwcllings with conactc containing coal ash bcgan 25 
ycars ago and that 14 nlillion tonnes of coal ash havc 
bccn uscd each ycar for that purposc, the annual 
collcctive cffcctivc dosc to thc world's population 
from cxtcrnal irradiation from that sourcc is half the 
collcctivc cffcctivc dosc pcr ycar of practicc, or 
25.000 man Sv. Thc corrcsponding annual pcr caput 
effective dosc is 5 pSv. 

153. Thcrc arc conflicting vicws on thc inlpact of the 
usc of fly ash on thc dosc Gom inhalation of radon 
dccay products. According to sonic investigators, thc 
indoor dose should bc highcr in a housc with fly ash 
concrctc than in a housc built with ordinary concrctc 
[B4, S451; according to othcr invcstigalors [S47], the 
indoor dosc should bc lowcr, while ariothcr group 
concludcd that thcrc should not be any significant 
changc [U14, V9]. In this Annex, as in thc UNSCEAR 
1988 Rcport, it is assumcd that thc usc of fly ash in 
building matcrials docs not rcsult in any additional 
dosc duc to tbc inhalation of radon dccay products. 

B. OTHER ENERGY 1'ROI)IlCTION 

154. In addition to the use of coal in powcr plants to 
gcncratc clcctrical encrgy, othcr mincrals, including 
oil, pcat and natural gas, as wcll as geothcrmally 
hcatcd water, arc also used for this purpose. Thc 

natural radionuclidcs in thesc matcrials, thc aniountc 
rclcascd and thc rcsullanl doscs arc considcrcd in this 
Scc~ion. 

1. Oil 

155. Oil has a largc numbcr of fucl applications, t l ~ c  
most important bcing for road transport vchiclcs, for 
the gcncration of clcctrical cncrgy and for dorncstic 
hcating. Approximately 3 x 10" kg of crudc 
pctrolcum is produccd in thc world annually. In powcr 
plants, about 2 x lo9  kg of oil is nccdcd to producc 
1 GW a of clcctrical cncrgy. As thc ash content of oil 
is very low, oil-fircd powcr plants arc usually not 
cquippcd with cfficicnt ash rcmoval systcms. On thc 
basis of limited mcasurcmcnts, Ihc Committcc in thc 
UNSCEAR 1988 Rcport cstiniatcd that the amounts of 
radioactive matcrials discharged from oil-fircd powcr 
plants arc similar to thosc from coal-fired powcr plants 
fittcd with efficicnt aerosol control devices; the 
resulting collcctivc cffcctivc dosc is about 0.5 man Sv 
(GW a).'. About half of thc cffcctivc dosc results 
from inhalation during passagc of the cloud and thc 
othcr half from cxtcrnal and intcrnal irradiation Iiom 
dcpositcd activity. Assuming that 15% of thc 
worldwidc production of c r ~ d c  pctrolcum is burncd in 
clectric powcr plants, thc collcctivc cffcctivc dosc pcr 
ycar of practice is about 100 nian Sv. The annual 
collcctivc cffcctivc dose is tcntativcly estimated to be 
50 man Sv, corresponding to an annual pcr caput 
cffcctivc dosc of 10 nSv. 

2. I'ent 

156. Pcat is burncd to produce cncrgy in scvcral 
countrics, notably in Finland and Swcdcn [C14]. 
Concentrations of natural radionuclidcs in pcat arc 
usuatly similar to thosc in coal, but relatively high 
conccntrations have bccn found to occur. In the 
UNSCEAR 1988 Rcport, thc Committcc tcntativcly 
estimatcd the normalized collcclivc cffcctive dosc due 
to atmospheric rcleases from pcat-fircd powtr plants 
to bc 2 man Sv (GW a).'. Sincc no information has 
bccn madc availablc to thc Committcc on thc 
worldwidc production of elcctrical cncrgy by burning 
pcat, thc collcctivc cffcctivc dosc pcr ycar of practice 
has not bccn cstimatcd. 

3. Nuturul gas 

157. Likc oil, natural gas has many applications. The 
main ones arc domcstic hcating, the gencration of 
electrical cncrgy and as a source of heat in various 
industries. The annual worldwidc production of natural 
gas is about 1012 m3. Radon concentrations in natural 
gas at the wcll may vary widcly around a typical value 
of 1 kBq me3. Owing to radioactive dccay during 
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transfcr and storagc. tlic radon conccntrations at the 
plant should bc snlallcr; ill thc absence of data. 
howcvcr, 110 dccrrasc lias I~ccn assun~cd. Sincc about 
2 x lo9 n13 of natural gas nlust l,c burncd to producc 
1 GW a of clcctrical cncrgy, thc corrcsporiding radon 
cmission is approxirnatcly 2 TBq and Uic normalized 
collcctivc cffcctivc dosc is 0.03 nlan Sv (GW a)-'. 
Assuming that 15% of thc world production of natural 
gas is burncd in clcctric powcr plants, thc collcctivc 
effcclivc dosc pcr ycar of practicc is about 3 man Sv. 
The annual collcctivc cflcctivc dosc has the same 
valuc, lcading to an annual pcr caput cffcctive dose of 
about 1 nSv. 

4. Geothermal energy 

158. Gcothcrmal cncrgy is produccd in Iccland, Italy, 
Japan, New Zcaland, tbc Russian Federation and the 
Unitcd States. Gcothcrmal cncrgy makcs use of hot 
steam or watcr dcrivcd from high-tcmpcrature rocks 
dccp inside the earth. Most of the activity found in 
geotbcrn1al fluids is duc to thc uranium decay chain. 
Isotopcs of solid clcmcnts may occur in rclcascd watcr 
or land-fill, but only radon, which is rclcascd into the 
atmosphcrc when tbc water or stcam contacts thc air, 
is considcrcd hcrc. From mcasurcmcnts in Italy and in 
the Unitcd Statcs, thc Committcc, in the UNSCEAR 
1988 Report, cstimatcd thc avcragc discharge of radon 
pcr unit cncrgy gcncratcd to bc 150 TBq (GW a)-' and 
tbc corresponding collcctivc cffcctivc dose to bc 
2 man Sv (GW a)-'. Sincc the annual production of 
electrical energy by gcothcnnal cncrgy is about 
1.5 GW a, thc annual worldwide production of 
geothermal cncrgy would yicld an annual collcctivc 
effcctive dose of approxirnatcly 3 man Sv and an 
annual per caput cffcctivc dosc of about 1 nSv. 

C. USE OF I'HOSI'HATE ROCK 

159. Phosphate rock is the starting material for tbe 
production of all phosphate products and is thc main 
source of phosphorus for fcrtilizcrs. It can be of 
scdimcntary, volcanic or biological origin. The world 
production of phosphatc rock was about 130 million 
tonnes in 1982, thc main producers being China, 
Morocco, tbc formcr Sovict Union and tbe United 
Statcs. conccntrations of natural. radionuclidcs in 
phosphate rock wcrc rcvicwcd in tlic UNSCEAR 1977 
and 1982 Rcports [U3, U4j. Concentrations of 232Th 
and @I( in phosphate rocks of all types are similar to 
ihosc obscrvcd normally in soil, whereas 
conccntrations of 2 3 8 ~  and its decay products tcnd to 
be elevated in phosphate deposits of sedimentary 
origin. A typical concentration of 2 3 8 ~  in sedimentary 
phosphate deposits is 1,500 Bq kg-'. Uranium-238 and 
its decay products are gencrally found in close 
radioactive equilibrium in phosphate ore. 

160. Exposures of mcmbcrs of the public rcsult from 
cfflucnt discharges of radionuclidcs of the 2 3 8 ~  decay 
series into thc environment from ptiosphate rock 
mining arid proccssing; from Uic use of ptiosphate 
fcrtiliiicrs; and from thc use of by-products and 
wastcs. 

1. I'hosphate processing operations 

161. Phosptiatc proccssing operations can be dividcd 
into thc mining and milling of phosphate ore and thc 
manufacture of phosphate products by either the wet 
process or the thcrmal proccss. Wet-process plants 
produce phosphoric acid, the starting material for 
ammonium phosphate and triple supcrphosphatc 
fertilizers: in h a t  process, phosphogypsum is produced 
as waste or by-product Thermal process plants 
produce clemcntal phosphorus, which is in turn used 
primarily for the produc~ion of high-grade phosphoric 
acid, phosphate-based detergents and organic 
chemicals. Waste and by-products of the thermal 
process are slag and ferrophosphorus. 

162. In thc UNSCEAR 1988 Report [Ul], the 
Committee cstimatcd the collcctivc cffcctivc dose from 
one ycar of dischargc of radioactive materials into the 
atmosplierc by phosphatc industrial facilities around 
the world to bc about 60 mall SV. Maximum annual 
individual effective doses wcre estimated to be about 
40pSv in tbc vicinity of an elcmental phosphorus 
plant in the Ncthcrlands, while cquivalcnt doses in the 
lungs for individuals near six elemental phosphorus 
plants in the Unitcd Statcs wcrc calculated to range 
from 0.05 to 6 mSv. 

163. Collective effective doses resulting from 
discharges into surface watcrs secm to be more 
important than those from atmospheric releases. In the 
Netherlands, all phosphogypsum produccd by fertilizer 
plants (2 million tonncs per ycar) is dischargcd into 
h e  Rhinc [K16]; lhcsc annual discharges, which 
contain about 0.4 TBq of 2 3 8 ~ ,  2 TBq of 
0.7 TBq of 2 1 0 ~ b  and 2 TBq of 2 1 0 ~ o ,  wcre cstimatcd 
to result in maximum annual individual cffcctive doses 
of 150,uSv and in a collcctivc cffcclive dosc of 
170 man Sv per ycar to tbc Dutch population via the 
ingestion of seafood, 'lOpo being thc main contributor 
to the dose [K16]. In Spain, about 0.4 million tonncs 
per year of phosphogypsurn produccd in a phosphoric 
acid and fcrtilizer plant is dischargcd into the estuary 
of thc Tinto and Odicl rivcrs IC17j; Uic annual 
effective dosc to thc critical group is cstimatcd to bc 
60 pSv, thc main pathway to man bcing tbc consump- 
tion of fish and crustacea [C17]. In France, over 
3 million tonnes of phosphogypsun~ has been dumped 
into the Seine estuary [Pl ] ,  but tbe corresponding 
radiation exposures have not been cstimatcd. 



2. Use of phosphate fertilizers wallboard and other building materials. Significant 
radiation exposures may occur if such by-products arc 

164. Thc conccntrations of natural radionuclides in uscd in the building industry. 
phosphate fcrtilizcrs wcrc reviewed in the UNSCEAR 
1982 Report. For a givcn radionuclide and type of 
fcrtilizcr, the conccntrations vary markedly from one 
country to anothcr, depending on the origin of thc 
corn oncnts. Generally, the conccntrations of and 
of 2gTb and its decay products are always low, and 
thc conccntrations of the radionuclides of thc 2 3 8 ~  

decay series arc 5-50 times higher than in normal soil. 
Typical values arc 4,000 and 1,000 Bq per kg P2O5 
Lor 2 3 8 ~  and 2 2 6 ~ a ,  respectively. The annual world 
consumption of phosphate fertilizers is about 
30 million tonnes of P205. The worldwide use of 
phosphate fertilizers constitutes one of the most 
important sources of mobile 2 2 6 ~ a  in the environment 

[JbI. 
165. The amounts of fertilizer applicd annually in the 
Unitcd States have bcen reported to range from about 
30 kg P205 per hectare for barley, wheat and oats to 
about 150 kg P2O5 pcr hectare for potatoes and 
tobacco [N4]. The annual application of phosphatc 
fertilizers re rescnts less than 1 % of the normal soil 
content of z'U. Assuming an accumulation in the soil 
during the past 100 ycars, the mean additional 
absorbed dose in air above fertilized fields is about 
1 nGy h-l, a small fraction of the normal natural 
background from tcrrcstrial sourccs of about 
60 nGy h". Small additional doses also occur from 
the ingestion of foodstuffs grown on fcrtilizcd 
agricultural land. In the UNSCEAR 1988 Report [Ul], 
the collective effective dose resulting from the 
worldwide use of phosphatc fcrtili7ers during one year 
was rough1 y estirnatcd to bc 10,000 nian Sv. Given tile 
long duration of the practice at approximately the 
same rate, the numerical value of the annual collective 
dose is taken to be the same; the annual per caput 
cffcctive dose would be about 2 ,uSv. 

I 3. Use of by-products 

166. The main by-products of phosphate industrial 
activities are phosphogypsum in wet-process fertilizer 
plants and calcium silicate slags in thermal process 
plants. Phosphogypsum currcntly has scvenl 
commercial applications in the Unitcd Statcs, including 
(a) as a fertilizer and conditioner for soils wherc 
peanuts and a variety of othcr crops are grown: @) as 
a back-fill and road-base material in roadway and 
parking lot construction; (c) as an additive to concrete 
and concrete blocks; (d) in mine reclamation and (e) 

167. Large quantitics of phosphogypsum (about 
100 million tonl~cs pcr ycar) arc produccd in wct- 
roccss phosphoric acid plank. The concentration of 

q26Ra. which dcpcnds on the origin or ihc hosphatc P ore proccsscd, is typically about 900 Bq kg- . Most of 
tile pl~osphogypsum is considered waste and is either 
storcd in ponds or stacks or discharged into thc 
aquatic cnvironmcnt. 

168. Phosphogypsum is used to some extent in h e  
building industry as a substitute for natural gypsum in 
the manufacture of cement, wallboard and plaster. 
O'Riordan ct al. [Ol]  cstimated the additional doses 
that would be received by the occupants of a 
residential building in which 4.2 tonnes of by-product 
gypsum would have replaced thc cstablishcd materials. 
The additional absorbed dose rate in air from cxtcrnal 
irradiation was estimated to be 0.07 pGy h-', while the 
annual effective dose from inhalation of radon progeny 
was assessed at 0.6 mSv. Similar values of the annual 
effective dose from inhalation of radon progeny wcrc 
estimated by O'Brien el al. [02]. If it is assumed that 
5% of the by-product gypsum is used as building 
material in dwellings, on average four persons live in 
each dwelling, and the mean life of a dwelling is 
50 years, the collective cffective doses resulting from 
one year of worldwide use of phospho ypsum in the B building industry are estirnatcd to be 10 man Sv from 
external irradiation and 2 lo5 man Sv from h c  
inhalation of radon progeny. These estimates are 
highly uncertain and need to be confirmed by 
measurements in dwellings that have bccn constructed 
using known amounts of phosphogypsum. 

169. The practice of using phosphogypsum in building 
matcrials is at lcast 50 ycars old [Fg], but information 
is lacking on the amounts that have becn used. If it is 
assumed that 5% of the currcnt annual production 
(about 100 million tonncs) has becn used in building 
matcrials in each of the last 50 ycars, it is found that 
60 million houses of the currcnt housing stock, 
sheltering about 5% of thc world's population, have 
phosphogypsum included in thcir building matcrials. 
However, this figure seems to be too high. If it is 
instead assumed that 1% of the world's population 
livcs in dwellings that include phosphogypsum in their 
building matcrials, the annual collective cffective dose 
is cstimated to be 5 lo4 man Sv. Dividing by the 
world's population of 5.3 lo9 yiclds a per caput 
annual cfrective dose of about 10 ~ S V .  

. . 
in the recovery of s"lphur [C12]. The amount of 170. Calcium silicate slag may bc uscd as a 
phosphogypsum currently uscd for the above purposes component of concrete. Mcasurcd conccntrations in 
in the United States represents about 5% of the total slag samples range from 1,300 to 2,200 Bq kg-' of 
amount produced [C12]. In Europe and Japan, 2 2 6 ~ a  [ B l l ,  M261. Results from an indoor survey 
phosphogypsum has bcen used exterrsively in cement, indicate that the gamma absorbed dose rate in air can 
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bc as high as 0.3pGy h-I above background in 
dwellings constructed of concTctc slabs containing 
43% hy wcight slag I R l l ] .  In a similar survcy carricd 
out in Canada, absorbcd dosc ratcs of up to 
0.2 pGy 11.' wcrc obtaincd [M26]. 

I). MINING AND hfll.I,ING 
OF hIINERAI, SANDS 

171. Mincral sands, also callcd hcavy mincrals, arc 
dcfincd as Ihosc sands that have a spccific gravity 
abovc 2.9. They originate froni crodcd inland rocks, 
traccs of which wcrc subscqucntly transported by 
surfacc watcrs towards the sea, whcrc thcy wcre 
depositcd by thc combincd action of wind, waves and 
sca currents. Thcsc mincral sands nlay occur undcr 
watcr, forni part of sca, be part of thc duncs or occur 
inland within a fcw tcns of kilomctrcs of the coast 
[K17]. Countries where rnincral sands are mincd 
includc Australia, Bangladcsb, Indonesia, Malaysia, 
Thailand and Vict-Nam. 

172. Eithcr dry mining or drcdging techniques are 
cmploycd in the mining of mincral sands deposits. The 
hcavy mincrals are cxtractcd from the ore in two 
stagcs. In tile first stage, a hcavy rnincral concentrate 
is cxtractcd in a wct. gravity separation process. In a 
sccond stage, individual minerals arc scparatcd from 
thc hcavy rnincral conccntratc by rncans of dry 
clcctrostatic and magnctic tcchniqucs. 

173. Thc hcavy mincrals of major commercial 
importance are ilmcnite (FeO-TiOz), altcrcd ilmcnite, 
callcd icucoxcne (FezO3-TiO?), rutilc (TiO?), zircon 
(ZrSi04), monazite [a rare carth phosphatc (CcP04 
YP04)] and, to a lcsscr cxtcnt, xcnotimc [a yttrium 
phos hatc (YF'04)]. Typical conccntrations of 7 3 2 ~  

and in Australian hcavy rnincral sands, which arc 
prcscr~tcd in Tablc 25, are rnuch grcatcr than the 
\vorldwide avcragc conccntrations in  soils and rocks 
[K17]. 

174. Hcavy mincrals have numcrous applications. The 
titanifcrous mincrals, once thcy have bcen processed 
into titanium oxide ViO,), arc uscd as a pigmcnt in 
paints, papcr, plastics, cosmetics and ccramics. Rutile 
is made into titanium mctal and thcn uscd, for 
cxaniplc, in aircraft frames and jct cngincs. Zircon, 
and thc associated mincrals zirconia and zirconium, is 
uscd in Ihc production of ccraniics, refractory, foundry 
and abrasivc matcrials, catalysts, paints, fucl cladding 
and structural matcrials in nuclear rcactors. Monazite 
and xcnotimc rare earth niincrals arc uscd, for 
cxamplc, in the clcctronics, illumination and glass- 
making industries, in the production of magnets, 
supcrcor~ductors and ceramics and as chcmical 
calalysts and alloying agents in metallurgy lK17j.  

175. Infonnation on exposures of membcrs of tllc 
public rcsult i~~g from thc niining and milling of 
mincral sands is cxtrcnicly scarce. In an asscssmcnt of 
an Australian p l ; ~ ~ ~ t ,  ~ncrnbcrs of the public who 
workcd on a propcrty adjaccnt to thc plant sitc wcrc 
cstiniatcd to rcccivc a dosc slightly grcatcr than 
1 niSv ael, attribulablc mainly to cxtcrnal irradiatio~~ 
from hcavy ~nincrals spillcd on the propcrty [A9]. 
Away from thc sitc, the main contribution to thc dosc 
rcccivcd by mcmbcrs of the public results fiom thc 
inhalation of dust from thc plant; the highest doscs 
were cstimatcd to bc about 0.25 mSv as' for fivc 
persons localcd 1.5-2 km from thc plant [A9]. If thc 
management of UIC plant is aware of the radiation 
impact of mincral sands and takes measures to control 
heir  emission, Lhc doscs will bc much lower. In a 
study of potcntial radiation doscs arising from a 
proposcd mincral sand minc and processing plant in 
Australia, i t  was shown that doscs to the critical group 
could bc as low as a fcwr ,uSv a-' [H19]. 

176. Thc extraction and processing of carth matcrials 
expose the gcncral public to additional natural 
radiation when thc carth matcrials, or their induslrial 
products or by-products, contain above-avcragc 
conccntrations of naturally occurring radionuclidcs. 
Since vcry little information is available to asscss 
thosc additional cxposurcs, the related dosc cstirnatcs 
arc highly uncertain. 

177. Somc of those carth matcrials (coal, oil, pcat 
etc.) arc uscd to produce elcctrical cncrgy by non- 
nuclear nicans. I t  is cstimatcd that the production of 
1 GW a of clcctrical energy results in collcctivc 
effective doscs of 20 man Sv from thc use of coal, 
2 man Sv froni UIC use of peal and geothermal watcr 
or stcam, 0.5 nlarl Sv from thc use of oil and 0.03 
man Sv from thc use of natural gas (Tablc 26). Taking 
into account tllc worldwidc production of clcctrical 
energy i n  coal-fircd powcr plants, tbc corresponding 
annual per caput cffcctive dose is about 2pSv. Annual 
per caput effective doses fiom other non-nuclcar 
rncans of electrical cncrgy production are much lowcr 
(Table 27). 

178. Mineral sands, dcfincd as thosc sands witb a 
specific gravity grcatcr than 2.9, usually cxhibit 
conccntrations of 2 3 2 ~ h  and 2 3 8 ~  that arc much 
grcatcr than the worldwidc avcrage conccntrations in 
soils and rocks. Information on cxposures of mcn~bcrs 
of the public resulting Gom the mining and milling of 
mincral san,ds is cxtrcmely scarce; annual effective 
doses rcccivcd by critical groups may be about 1 mSv. 
Annual per caput cffcctive doscs have not been 
estimatcd. 
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179. Thc highcst ar111uii1 pcr mput cffccti\'c doscs to (5 /IS\!) and thc usc of pl~ospha~c fcrtili~crs (2 ~tSv) .  
tllc lwl~lic frnm t l~c  c t r i c  irldustrics arc Thc i~nnual per caput cffcc.ti~c dosc cstimatcs arc 
csti~n;ltcd to rcsull from tl~c usc of pl~osphalc hy- sun~mari;rcd in Tablc 27. Thc ovcrall annual pcr caput 
products by thc hui ld i~~g i~ldustry (10 /tSv), thc cffcctivc dosc arising from cllc cxtraction and 
do~ncstic usc of coal for cooking and hcating proccssing of carth matcrials is cstimatcd to be about 
(0.4-8 pSv), thc usc of coal ash in building r~latcrials 20 /tSv. 

CONCLUSIONS 

1 PO. Natural sourccs of ionizing radiation pcrvade 
the cnvironmcnt and causc cxposurcs to all human 
bcings. Thcrc arc four main componcnts of thcsc 
cxposurcs: cosmic rays, tcrrcstrial gamma rays, 
ingcstcd or irlhalcd long-lived radionuclidcs and 
irihalcd radon isotopes. The first thrcc may bc said to 
form thc basic natural radiation background becausc of 
thc rclative constancy of cxposurc. Exposures to radon 
and its dccay products are much more widely variable. 
Radon gas diffuscs from soils and building matcrials 
upon thc dccay of tracc Icvcls of radium ha t  are 
naturally prcscnt. Thc Ic\rcls of radon can build up, 
particularly in indoor closcd spaccs. 

181. Doscs from natural sourccs of radiation have 
bccn cvaluatcd for general, worldwide gcographic and 
geological conditions that rcsult ia normal doscs and 
for urlusual or atypical conditions that rcsult in 
incrcascd doscs. Thc estimates of dosc arc for adults 
or for an agc-wcightcd population if thc doses to 
childrcn and infants arc significantly diffcrcnt. 

182. The avcragc annual cffcctivc doscs worldwide 
for cach of thc four componcnls of natural cxposurc 
arc summarized in Tablc 28. For tbc thrcc basic 
componcnts, thc annual value is 1 .I mSv. Thc inhala- 
tion of radon and thoron prngcny rcsulb in an avcr- 

age annual cffcctivc dosc of 1.3 mSv. Thc ovcrall 
avcragc annual cffcctivc dosc is found to bc 2.4 mSv. 
Small changcs havc bccn madc in thc various 
componcnts of the cffcctive dosc; ho\vcvcr, thc 
compcnsatory cffcct of thcsc changcs is such that thc 
total rcmains the same as in thc UNSCEAR 1988 
Rcport. 

183. The importance of the inhalation of radon 
progcny is apparent from Tablc 28. It is the singlc 
most significant mechanism of human cxposurc to 
natural radiation in tcrms of both the avcragc dosc and 
thc spread of doses. In middle and high latitudes, it is 
also the most amenable to control by building design, 
matcrials sclcction and ventilation: However, in low 
latitudcs. little control can be ~xerciscd when outdoor 
and indoor atnlosphcres are not much different. 

184. Radiation exposures resulting from ~ h c  cxtraction 
and processing of carth matcrials have also bccn 
considcrcd. Thcsc cxposurcs are rclativcly small in 
con~parison with thc ovcrall cxposurc Gom natural 
sourccs of ionizing radiation. Thc avcrage annual 
cffccti\~c dose worldwidc arising from the cxtraction 
and processing of earth matcrials is cstimatcd to be 
about 20 pSv. Bccausc data rclatcd to those cxposurcs 
arc scarcc, this dosc cstirnatc is highly uncertain. 
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Table 2 
A V C ~ H ~ C  annual cxposurcs lo cmmic rays 

Claw 

- 

Tahlc 3 
Annuul  intakes by in~cs l ion or cosrnogcnlc radionucllda and crfcclivc doses In udulls 

Mcan life (2) Name Principal nunie of decay 

Ilndmna 

Localior: 

HI&-rltrtudc cities 
L P a r  Bdiria 
Lhasa, Chrna 
W l q  Emador 
M e u m  Gty. Mexico 
Nairobi. Kenya 
Dolucr. i l ~ t d  SUICS 
Tehran Iran 

Sca lcvd 

World averagc 
L 

M a r  (Me19 

Nwlcons 

M u o r u  

Popularion 

(millionr) 

1.0 
0.3 
11.0 
17.3 
1.2 
1.6 
7.5 

A lrirudc 

(4 

3900 
MOO 
26 40 
2240 
16M) 
1610 
1160 

Hadionurllrle 

11-3 
Bc-7 
C-I4 
Sa-22 

Annual flccriru dose (US) 

Inrnk (Bq n-I) 

500 
I000 
2omil 

50 

Proton (P) 
Scutron (n) 

P ~ o n  ( ~ 9  

( ~ 9  
Lon el 

6) 
(q 

I ~ p t o n r  

lonlzing 

1120 
970 
69 0 
530 
410 
400 
330 

240 

300 

Annual e f i r ~ i w  dace (uTvJ 

0.01 
0.03 
12 

0. IS 

926.2 
939.5 

139.6 
134.9 
493.7 
497.7 
497.7 

Stable 
1.01 ~d 

255 10" 
1.78 10.'~ 
1.23 lod 

0.91 lv10 

5.7 10 .~  

M w n  C r 9  
Electron t.3 
Neutrino ( ~ 3  

("$ 

Sub lc  
p + c- + V~ 

r + v, 
Y + Y  

r + v, 
X + X  

Neutron 

900 
740 
440 
290 
170 
170 
110 

30 

80 

105.6 
0.51 1 

0 
0 

Total 

2020 
1710 
11M 
820 
560 
90 
440 

270 

360 

 photon^ 

2 2  10" 
Stablc 
Stable 
Stable 

c' + u, + vp 
StaMc 
Stable 
Stable 

Stable Stable Photon (1) 0 



'l'nhle 4 
Surveys of t t l~~orhcd dose rntcs in ttir fmn~ terreslriul gamnla mdialion 

Ccunr~ylarco 

Ngoia 
Australia 
Austria 
13elgurn 
Bulgaria 
Canada 
L X l e  
China 

Taiwan Province 
Cuba 
Denmark 

EEYV 
Knland 
k a n a  
Gnmao h . R c p .  
Germany. Fcd.Rcp. d 
GKCC 
[long Kcmg 

Hungary 
lccland 
India 
Indonesia 
Ireland 
Italy 
Japan 

Luxcrnhourg 
Namibia 
Ncthnhnds 
NCW 7zaland 

Populo~im 
Lr 1990 

(1 8) 

25.0 
16.9 
7.6 
9.9 
9.0 
26.5 
13.2 
1 I20 
20 
10.6 
5.1 
524 
5.0 
56.1 
16.2 
61.3 
10.0 
5.9 

10.6 
0.25 
853 
I84 
3.7 
57.1 
I23 

0.4 
1.8 
15.0 
3.4 

Rorio 
indoors 

10 
o~crdoas 

1.11 
1.65 
1.35 
1.07 

1.60 

1.66 

1 .23 
1.10 
1.27 
1.32 

1.17 
1.53 
0.82 

1.48 
1.51 
1.02 

1.17 
2.02 

Ycar 

01 
SWIW 

1991 
1992 
l 980 
1987 

1984 
1988 
1991 
1989 
1990 
1980 
1992 
1980 
1985 
1Wl 
1978 
1990 
1990 
1992 
1987 
1982 
1986 
1986 
1980 
1972 
1980 
IWl 
1W 1 
1Y91 
1985 

Ref 

10171 
(c11. MI 

[Dl, S.W] 
lTll 

IV6l 
I G2l 
IS31 

IN221 
[Dl 

1x6, S9. 5101 
~ 4 8 1  

11122 111 

I rJl 
(.U3. R2j 

~ 9 1  
lB101 
IS41 
lL2l 
IT121 
IN71 
[Ell 
IS81 

IM4, M81 
IS311 

[Q, Cl3l 
IN M I  

lM23j 

(S32j 
IUI 

[JI. VI] 
In31 

Ycm 

of 
S W I ~  

1990 
1980 
1989 

1991 

1987 
1991 
1983 
1985 
1977 
1978 

1992 
1987 
I982 

1985 
1991 
1984 

1991 
1985 
1988 

Nlunba  

or 
r n e ~ ~ ~ c r n c f t l . r  

35 SI ICS a 

8 sitcs 
1 0 0 0 ~  

272 ' 
3670 

33 areas ' 
7 sites 
8805 I 

155 silrs 

54 sitcs I 
14 sites 8 

162 sites 
h 

5142 
2000 

24739 
724 silcs 
27 sites, 

76 sites ' 
123 site# 

I 

2800 i 
i 

284 ' 
1365 ' 
1127 

I2 sites 
110 
274 

1049 

N w n b a  

or 
n~cmiwcmcnls 

3367 
1900 
300 
1210 

8605 

489 
80 

5798 
1% 

29996 

194 
I23 

223 
1500 
135 

156 
399 
716 

Ou~r lmrs  

Absorbrd dose 

A ~ r r o g c  

7 0 
93 
43 
43 
70 
24 
60 
62 
57 
42 
38 
32 
65 
68 
55 
53 
42 
76 
160 
55 
28 
55 
55 
42 
57 
49 

40 
I ZO 
32 

lndoas  

role (nGy h-') 

R o n ~ c  

60-80 
64-123 
20150 
13.58 
48.96 
18-44 
30-90 
2-34 1 
17-87 
26-53 
17-52 
8-93 

10-250 
4-430 
4-350 

37-113 
1M)-230 
20.130 
11-83 

20-1 100 
47-63 

<I-160 
7-500 
5-100 

66-144 

80-260 
10-60 

Absorbd dose 

A t w a ~ e  

103 
7 1 
58 
75 

99 

63 

80 ' 
75 
70 
70 

190 
84 
23 

62 
86 

50 

140 
64 
20 

rofc (nGy h-I) 

R n n ~ e  

57-93 

11-418 

14-2 100 

70-290 
10-200 
14-32 

10-140 

120-160 
30-1(Xl 
<I-73 



O u d ~ o r s  I n d o ~ s  
f'o/R,lorim Rorio 

i d m r s  R$ 
Carnf~y'urca in 1990 Year Nrunbcr A bsorbal dose rnrc (nGy h')  Year N w n b a  Absorbcd dose rote  (nGy h") 

or of  of  of  
10 

( 1 4  swuy meosurcmenls A l w a ~ e  Ranxe swwy mcasurcmenrs A ~ w a g e  Ranre 
ourdoas 

Soruray 4.2 1977 234 7 3  20- 1200 l % S  2026 9 5  1.30 [SZ  SIO] 
Mcxico 88.6 198611991 11121 78 42-140 [ a ? ]  
Pa laguy  4.3 I991 I 46 38-53 
Ph~lippincs 62.4 I W I  1 -K) 56 31-118 

IF1 11 

Poland 38.4 1980 352 sites 1 37 15-90 1984 1351 42-120 [RI ,  N91 
[Dl01 

Patugal 10.3 1991 8 5  9-226 1991 1351 105 37-244 1.24 
t 

Hanania 24.0 197Y 81  32-210 2372 
IA71 

S p a ~ n  29.2 1991 k 46 25-83 1991 1 W  6 8  ' 1.48 101, 021  1052 In1 

Sudan 25.2 1Wl  . - m  53 26.690 
Sweden 8.4 IW19.1989 k 56 41-69 " 1975-1978 1298 110 20-460 1.96 [MS. M9J 

l Ul 

Swiucrland 6.6 1W14 3 I(K1 6 0  
Ilnitcd KI ngdom 

(1141 
57.2 1988 34 8-89 1988 2300 6 0  1.76 IG3. W3) 2 5  arcar ' 

Ilnitcd Stntcs 249 1972 46 13-1M) 1991 247 37 ' 0.80 IM 18, 031 

Population -u,cightd a v m g c  5 7  8 3  1.44 

Ground survcy ui th calcium sulphatc rhcrmolurnincscmt dosimctcrs and an  ion i~auon  chamber. 
Ground survey in p ~ u l a t c d  arcas with a Gnga-Midlcr  muntcr. 
Ground surwy with thcrmoluminesccnt dosinctcrs, gamma s p a r o r n u e n  and ionizatirn chambers. 
Ground survcy ui th scintillation dctcctors. 
Aerial survey ui th a scintillation dctccta. 
Ground survcy ~ 4 t h  scintillatirn dctcctors and i rn~zat ion chambers. 
Ground survcy with ionizatirn chamber and g m n l a  tpectromctn. 
Ground survcy with t h e r m o l u r n i n ~ n l  dosimctcrs. 
Ground survey ui th cncrgvcompcnsatcd Gcigcr-MGller counters. 
Ground survcy with ion iza t~m chambxs. 
Eslimatcd. 
Calculated. 

m u n b y  covcragc. 
Rnngc d ccunuy avcrags.  
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Ibl,lc 5 
A r l i \ . i t y  c o n c e n l r ~ ~ t i o n s  o f  1111turtiI r t ~ d i o n u c l i d c s  i n  s o i l  and u h s o r h c d  dose mtcs i n  u i r  

Rercrencc IP2 S121. 
Area-weighled m n n  for China: rrilhmcric mean fa Ihc United Stzlcs. 
Dart i r u n  n 6 ~ a  r u h c r i o .  

A c t i v i t y  c o n c c n t r t i t i o n s  or n a t u r u l  r a d i o n u c l i d c s  i n  various types o f  s o i l  i n  the N o r d i c  c o u n t r i c s  

[C141 

I)nvc rarr  (nGy h-'J 

Atcon i Hmxc 

D m c  corfirirnr ' 

(nGy h.' pm Hq k~.') 
Hndion~rrlidc 

Chinn [h ' t t ]  

I 

Concrnirn~ion (tlq k8-') 

Acrilaiq conccmarion ( ~ q  kg.') 1 
I Tvpc of soil 

T a b l e  7 
E s t i r n e t c d  ahsorhcd dosc rnlcs i n  a i r  w i t h i n  masonry d w c l l i n g  

Mcnn 

0.5-90 
0.9-270 

l.lZ00 

2-564 

"K I ah I 3 Z n ,  

Sand and sill 

a a ~  
M a a i n c  
Soils cmlaining alum shale 

Range 

24 
11 

17 

72 

" h s u r n ~ n g  Tull ulillral~on o r  the malcrials (u.,,, = I). 

K-40 
Th-27: scrics 
KI-238 rcrics 
R a - 2 6  subxrics 

Taal 

C n i ~ c d  Staler n t l ]  

600-1200 
600-1 3 0  
900-1-W 
600-1000 

12-2190 
1.5-440 
1.8-520 
Z4-430 

580 t 200 
49 : 3 
40 r 34 
37 r 2 

hfarerid 

Tjr~cal masnry  
G r a n ~ ~ c  b lock  
Coal u h  aggcgacc 
Alum rhnlc c n n c t e  
I'hephogvpsum 
Natural gypsum 

0.01 14 
0.623 

0.411 

I t 4  [Ul] 
Th-232 sc r iu  
U-36 sc r iu  
Ra-'226 suhKr ia  

T d a l  

5.25 
20-120 
20.60 

100-1000 

Acrh~ iq  
urilbrion 
rnda 

1.0 
1.9 
24  
9.0 
3.9 

0.25 

100-700 
4-130 
4-140 
6-160 

370 
35 
35 
40 

4-30 
25-60 
20-60 
20-60 

Conccnnorion 

(flq kK1)  

CY 

5M) 
I2M 
400  

770 
60 

I 50 

0.01 14 
0.623 

0.46 1 

Rcfcrcncc 

[h' 101 
1n101 
11'11 

IN10l 
IN101 
[Nlo] 

Abtorbcd dnrc  rare in &fa indicarcd /racrimol 
mprs 4 buildrng mnrrriol ( n Q  h- I )  

1.0 

80 
140 
180 
670 
290 
20 

C, 

50 
90 

150 
I1(0 
6(10 

20 

I5 
22 

< 

16 

55 

C n  

50 
80 

150 
67 
20 
5 

4-29 
2-61 

4-74 

10-30 

0.75 

60 
105 
135 
500 
210 
15 

0.5 

40 
70 
90 

390 
145 
10 

. 
0.3 

20 
35 
45 
170 
70 
5 



Tnllle 8 
Conversion roctllclcnts rmni 111r kermn b cf'fectlvc d0.w lor tcrrcstrllll gnmn~a rays 
11'19. SIZ] 

Tehlc 9 
Nalional cstimelcs or Lhc avcregc annual cffeclive dose lrom lcrrestrial ganlnin rnys 

Hdinn uclidu 

K-40 
Ilh.232 scria 
U-38 rcricr 
Overall 

Table 10 
Rercrcnce annual Inhke of rood and air 
[IS. W4] 

Conversion roflcicnr (St, pcr Gy) 

Comny 

Bulgaria 
Gnr& 
(him 

h a r k  
F~nland 
Gcrmacy 
lapan 
Nau-ry 
spain 
Sweden 
Uni ld  Lngdan 
United Stales 

USSR 

Population-weighled wold  average 

Advlu 

0.74 
0.n  
0.69 
0. n 

Effccriw dacc ( d v )  

0.45 
0.23 
0.55 
0.36 
0.49 
0.41 
0.32 
0.48 
0.40 
0.65 
0.35 
0.28 
0.32 

0.45 

Inrake 

Milk produns 
MCPI p o d ~ a s  
Gain poducrs 
U y  vegctaMu 
Roar and fruits 
Fish products 
Walcr and bcvcngca 

lnrak 

I\rr 

Ch ildrcn 

0.81 
0.81 
0.78 
0.80 

R+uvc 

[V61 
P21 

( h ' q  
[C141 
[C141 

10, K9, L9] 
IA6. FlO] 
1~14. SIO] 
(421 

v9. SIO] 
11131 
[h' 21 
Csl 

In/arus 

0.95 
0.92 
0.91 
0.93 

Food conrumprion (kx a-') 

Infanu 

120 
15 
45 
20 
M) 

5 
150 

Adulrr 

105 
50 
140 
60 
170 
I5 
500 

ChiLlrcn 

110 
35 
90 
40 
110 
10 
350 

Arcaihing rruc (2 a*') 

Infanu 

1400 

~drrlu 

Boo0 

Children 

5500 



Tuhic 11  
Hclcmncc nclivily mnccnln~tions or n111urul rudionuclldes in rood and uir 

Table 12 
Committed clTcclivc dose pcr unit activily inlakc or natural radionuclides lor adulls 

1141 

Infokc 

h4ilk products 
Meal produar 
Grain products 
Ledy vegctatrler 
Roots and frwts 
I-irh produds 
Water supplies 

Infokc 

k r  

Table 13 
Average age-wcighld unnunl i n h k n  o l  natural radionuclidcs and issociutcd crrcctive d o s o  

Arf i~ i ry  rmrcnnorion (mRq kK=') 

RcdionuclLL 

U-38  
U-34 
Tn-30 
R a - 2 6  
Pb-210 
Po-210 

Tn-232 
Ra-228 
Th-228 

U-35  
Pa-31 
Ac-227 

Inhalorion 

Radionurlidc 

U-238 
11-234 
7h-230 
Ra-226 
Pb-210 
P0.210 
Th-232 
b-228 
Th-226 
U-235 

Taal 

LWHn 

5 
15 
80 
50 
30 
100 
0.5 

23bU,ZlfU 

1 
2 
20 
20 
3 
30 
1 

C l w  of solubilj.  

Y 
Y 
Y 
W 
D 
D 

Y 
W 
Y 

Y 
W 
W 

lngerrion 

13077, 

0.5 
'2 
10 
20 
0.5 

0.1 

210pb 

40 
60 
100 
30 
25 
200 
10 

Arfit,ify r m c ~ ~ a l i o n  C B q  mJ) 

Dsrc ro&knr (US" 8 4 ' )  

30 
30 
50 
2 
2 
1 

200 
1 

100 

30 
200 
300 

Frwriond r r m f e r  to Mood 

0.05 
0.05 

0.0002 
0.2 
0.2 
0.1 

0.OOM 
O.? 

0.000- 

0.05 
O.M1 
0.001 

Xn 

0.3 
1 
3 
15 
0.5 

0.05 

210po 

60 
60 
100 
30 
30 

'900 
5 

h e  r o c ~ i i e r f  (uSv t9q.l) 

0.025 
0.03 
0.07 
0.2 
1 

0.2 

0.4 
0.3 
0.07 

0.03 
2 
2 

lnprI ion hhnlalion 

Infnkc (BqJ 

4.9 
4.9 
Z5 
19 
32 
55 
1.3 
13 
1.3 

021 

=aRo 

5 
10 
60 
40 
20 

0.5 

%, 

1 

Infnkc (mRq) 

6.9 
6.9 
3.5 
3.5 

3500 
350 
6.9 
6.9 
6.9 
0.4 

Dase (uSSJ 

0.12 
0.15 
0.18 
3.6 
32 
11 

0.52 
3.9 
0.09 
0.01 

52 

0.5 

=9u4u4u 

1 

Dare (I&.) 

0.21 
0.21 
0.18 
0.01 
7.0 

0.35 
1.4 

0.01 
0.69 
0.01 

10 - 

LLdn 

0.3 
1 
3 
15 
0.5 

0.05 

232,-,, 

1 

zopb 

500 

22an 

1 

mn, 

0.5 

LIJU 

0.0s 
0.05 
1.0 
1.0 
0.1 

0.04 

210po 

50 

3 5  t' 

0.05 
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Tnhlc 14 
Elcvalcd values or activity conrcntrntlons or natural radionuclides in roods 

L 

Tnblc 15 
Elcvatcd values or activity concentrations or natural radionuclides In pobblc waters or various sources 

Food 

Cow' milk 

aickcn mat  

Ikd 

Pork 

Rcindccr mot  

G r u l r  

Corn 

Rice 

Clccn vcgctabl~ 

Carrots 

R w u  and tubers 

h d t s  

Cowrhy 

Brazil 

Brazil 

Brazil 

Brazil 

Sweden 

India 

Brazil 

mina 

India 

Bradl 

India 

India 

Sowce 

Boltled walar 

Cirarnd valm 

Rodimuclidc 

Ra-226 
Pb-210 
Ra-226 
Ra-228 
Ra-226 
Ra-228 
Ra-226 
Ra-f28 
Pb-210 
Po-210 
Ra-226 
7h-228 
Ra-226 
Pb-210 
Ra-226 
Pb-210 
Ra-226 
'Ih-228 
Ra-226 
Pb-210 
Ra-226 
Th-228 
Ra-226 
Th-228 

Cowhy 

Brazil 

France 

Gmnany 

Indonesia 

P~nugal 

Finland 

Su.cdcn 

Yugoslavia 

Rodimuclide 

Ra.226 
Ph-?lo 

U.238 
Ra-226 
Th.132 

U-238 
Ra-226 
Pb-210 
Po-2 10 

Ra-226 

Ra-226 
Pb-2 10 

U - 3 8  
Ra-736 
Pb.210 
Po-?I0 

Ra-226 

Ra.226 

RcJ 

[A81 
1 ~ 4 1  

It101 

It101 

It101 

F l  

lUl 

P31  

1211 

[ U l  

P31  

IL61 

IL61 

Arriu'ty conrcnrr~ion 

Rmge 

3-210 
5-60 

37-163 
141-355 
30-59 
78-1 11 
7-22 

93-137 
400-700 

up to 510 
up to 5590 

70-229 
100-222 

325-2120 
348-5180 
329485 
218-318 
477-4780 
70-32200 
137668 

59-21900 

Refcrcncc 

PI 

p5,  P9. S l l ]  
[RlZ R13, R14, 

MI91 

P I 2  
G4. GS] 

1~311 

lB61 

Is151 

w41 

P I 1 1  

in Jrerh ford ( d q  kg-') 

Arirhmcrk meon 

108 
45 
86 
262 
44 
96 
13 
121 
550 
11OOO 

174 
536 
118 
144 
250 
570 
1110 
1670 
41 1 
255 
1490 

21700 
296 
X90 

I*') 

G c m n k  meon 

27 
77 

4.4 
3 
9.0 
1.6 

26.7 
18.5 

13.7 

Activity 

RMKC 

40-130 
60-190 

up lo 2000 
up to 2700 

el-140 
~1.1600 
3.3-53 
0.4-8.9 

4 4 0  

~3.2185 
2.392 

up to 74000 
up to 5300 

up to 10200 
up to 6300 

2-2460 

0.5-510 

cmcenharion ( d q  

Arirhnuric mcm 

60 
60 
c 40 

22 

4200 
440 
430 
220 

45 

60 
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Tuhlc 16 
Alphn dcmy propcrtia or  OH^ and Z 2 z ~ n  with shod-lived der~iy products 
1137. MI11 

Table 17 
Activity conccntrntions of 226Ra and "'RU in various types or rock 

IW61 

L w ~ n  

Tnble 18 
Activity conmntraUons or nntural rndionuclidct in various types of rock in Lhc Nordic munlries 

[CldI 

= ' ~ n  

Type of rock 

Acid intrusive 
Basic cxtrwivc 
O~&ml sedimentary 
Dctrital rc&rnmnry 
Mcarnorphoscd igcow 
Mctamorphosed xdimcntary 

Rdionuclide 

Rn-2,O 
Po-216 
l'b.212 
l3i-212 

Po-212 
n.208 

Rdinnurlidc 

Rn-222 
Po-2 16 
Pb.214 
Ui.214 
Po-214 

E n r r p  (.Wc\? 

6 . 3  
6.76 
P. r 
6.05 
6.09 
8.78 
P, r 

Exmplc  

Granite 
Basalt 
Limwtmc 
Clay. shale. undstmc 
G ~ s s  

Schst 

Hork npc 

Samal grarutc 
Thonum- =d unn~um-r~ch ganltc 
Gnciss 
Cha~tc 
Sandstme 
Lmcstmc 
Shalc 
Mlddlc Carnb~nn alum shalc 

Upper Gmbr~an or Lowcr Ordonclan alum shale 

Brmch ((X) 

64 
36 

Inremiry (F) 

100 
100 

25 
10 

100 

I d c  

3.824 d 
3.04 min 
26.6 min 
19.7 mn  
163.7 ps 

IldJ-IiJe 

55 a 

0.15 s 
10.64 h 

60.6 min 

304 ns 
3.10 min 

Cowcnrmion (Bg kx.') 

AcliviIy concnnatbn (Rq kg*') 

Energy ( ~ ~ l c b ' )  

5.49 
6.M 

6. r 
b. 7 
7.69 

" K 

600-1800 
12W-1800 
600.1600 
300-1000 
300-IMO 
30.150 

MX)-1800 
1WO.1800 
1000-1R00 

I n r e r j .  

m) 
100 
100 

100 

=R. 

A r u h m u  nuan 

78 
1 I 
45 
60 
-50 
37 

=Ra. 

20-120 
100-500 
20-120 

1-20 
5 6 0  
5.20 

10-120 
120400 

6004500 

Range 

1-370 
0.4-41 

0.4-340 
1-990 
1-1800 
1660 

Arirhmcric man 

111 
10 
60 
50 
60 
49 

3 Z n  

20-80 
40-350 
20-80 
4 4 0  
440  
1-10 
6-60 
6-40 
6-40 

. R m x e  

0.4-1030 
0.2-36 

0.1-540 
0.6-1470 
0.4420 
0.4-370 
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Tnt~lc 19 
Pnramelcrs or cmannlian nntl dirrusion or 2 f 2 ~ n  Tmm the cat-th and from hullcling rnntednls 

Arithmetic mun. 
Inferred from rangc. 
lnfcncd f ran  rangc and mix. 

Marnial 

Teble 20 
Flux density lmm the convccllon o l  radon and the resultant cntry relcs into the modcl bullding caused by an 
undcrprcssum of 5 Pe with vnrying permeability or the subjaccnt e~rrth 

Rcpucnrari~r va!uc 

a With an array d 1 nn aactr every 1 m or flar. Val- avnrpd wn u.hdc flax. 
Trend adjustment d published data IW8j. 

Fman8tim frmlinn 

N M ~  

Rock (sieved) 
Soil (various) 
Brick (clay) 
Concrete (adnrry) 
Gypsum (natural) 

Circururancr 

G a c k d  Ooor a 

Dare earth 

Ref. 

Entry rarc (6q mqJ K I )  

Pcrmurbilily (m2) 

0.084 ' 
0.23 ' 
0.04 
0.15 ' 
0.08 

,,,-I> 

10 
40 

F~UX d-iy ( ~ q  ms2 1.') 

Panrmbildy (m2) 

Pmrity 

l o - I J  

0.0071 
0.028 

0.005 - 0.-10 
0.02 - 0.83 
0.02 - 0.1 
0.1 - 0.4 
0.03 4.2 

L n h  
Bulding mtcrials 

J0.12 

11 
43 

IB61 
PSI 
IS171 
1~171 
1~171 

,,-I? 

0.0078 
0.030 

0.25 
0.15 

DiKution rumcicnl [ma I-') 

,,,-P 

62 
122 * 

1 0 - ~ ~  

20 
62 

0.01-0.5 
0.01 -0.7 

61th 
Building ma~crialr 

l o - @  

O.M3 
0.065 

,,,.Io 

112 
274 

lo.r1 

0.014 
0.013 

[F6. H14. 
05. S19] 

I uZ0 

0.078 
0.19 

5 I@' 
I l f l  

10.'1.]0.~ 
10.'1-10.~ 

[F6. 1114. 
05, S 191 
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Tnhle 21 
.4vertlxc radon conccntn~tions und pcrccnlagc ulill7allon or wnkr  supplies 
[N I R. 051 

Tahlc 22 
Illuslralir~c radon entry mtcs for the modcl masonry bullding in a Lcrnpcrate climate 

PF of =pply 

Surfacc w l c r  
Ground water 
Well uatcr 

7 

Uri1k01;on (%) 

U d a f  Saet 

50 
32 
18 

Cnnrcnhafinn (Hq i-)) 

Sourcc of rodon 

Uuilmng clemcnts 
Suhjacen~ earth 

O u l d w  air 
Walrr supply 
Eiuural gas 

7 

All sowccc and mechanisms 

~ n m y  rnrc (6q mJ h-I) 

10 
7.5 
20 
10 
1 
0.3 

49 

Mechmism 

Di [Fusion 
Diffusion 
Advcclion 
Infillralion 

Dc-manaticm 
Consmp6m 

Rcfcrcncc wlvc 

l oo0  
loo00 
IOOOOO 

Unirad G;inddorn 

66 
34 
c 1 

Unircd Sara 

1 I00 
11500 

208000 

Poceruagc 

21 
IS 
4 1 
20 
2 
1 

100 

Refmcrc rrrlvc 

60 
20 
10 

V d c d  hZngdom 

loo0 
300M) 

< 1000000 



'I'nl~le 22 
K j ~ d o n  c o n c c n l r ~ ~ l i o n s  in dwellings d e L c r n i i n c d  ill i n d o o r  s t l r v c y s  

k r i v c d  from radm E C  mcasurcrnmtr, using an quilihrium iacior o i  0.4, 

C o u n r ~ l ~ r c a  

A l p n ~ a  
Ar~mtina. 3 citicx 
Australia 
Austr~a. Salzhurg 
Rdgjum 
Canada 
Canada. h'm Scdia 
Chtnq u v m  provinccl 
China. Scchuan 
Chtna. Shnvhcn 
Czcchorlonba 
k m a r k  
E m t  
finland 
irnncc 
Gnrnany (fonnn Fcd. RqmMic) 
(inmnny. Cht~hus 
Gnniany. Saxmy and Thur~ngia 
Gornany (fnnnn Fcd. RcpuHic) 
Ghttnn. Lepn 
(itwcc 
H m g  K m g  
lndra 
Indonesia 
Iran 4 cities 
Ireland 
Italy 
Japan 
Kuuait 
Luxemburg 
Ncthnlands 
New haland 
S n u a y  
Pakistan 
Pdand 
Portugal 
Spain 
Swcdm 
S u d m  
Suiuerland 
S y r ~ a  2 areas 
llnitcd Kingdom 
1 1 ~ 1 c d  S h t a  
Ilnicnl Stales. Scw York 

Mcdian vnlws 

)'car 
of 

J W , ~  

1987 
I WO 
1990 
1980 
1991 

1977.1980 
1990 
1989 
1990 
1986 
1982 
1985 
l W l  
1982 
1988 
1984 
I 989 
1990 
l W l  
1090 
1988 
1991 
1991 
199 1 
1988 
1987 
1991 
IW0 
1988 
1991 

1982-1984 
1988 
IWI 
1991 
1991 
1991 
1991 

1980-1082 
lWO.1991 

1991 
1990 
1991 
1W1 
1988 

Tvpc of sun? 

Explora~cry 
Prclirninary 

National 
Local 

Salional 
Nat~onal 
R c i o n d  
Rcljond 
Rcdonal 
Rcljond 
Nat~onal 
National 
h'ationnl 
S~llional 
Sational 
Rcdond 
R c ~ o n d  

Exploratc~y 
R c ~ n n a l  

lirplorr~lr*y 
lixploratcry 

Regional 
Exploratcxy 
Exploraliny 
Explonlcxy 

National 
National 
National 

Exploratory 
National 
National 
Na~imaI 
National 

Explwatny 
Preliminary 

Sational 
Sational 
Sational 
Sat~tmal 
National 

Exploratay 

National 
Hr0onal 

Duration of aporrrrc 

60 days 

I ycar 
Grab samples 

6 months 
G a b  samplcs 

3 months 

G a b  ramplo 
6 months 

1 month 
60 days 

3 mon~hr 
3 monlhs 

3 days 
3 days 

0 tntrnlhs 
6 montlu 

3 months 

90 days 
6 months 

1 year 
1 year 
I ycar 

I year 
1 ycar 

b nionths 
2.5 months 

1 year 
4 months 

2 wcclu 
3 munths 

2.5 months 
6 months 
3 months 

1 ycar 
I year 

Numbcr of 
dwrllings 
sw~qc).ed 

50 
1 M 

3413 
729 
4 9  

1 3 1 3  
7 19 
3945 
1967 
69 

1 ?00 
4% 
329 
8150 
3006 
5970 
67 

5000 
1000 
25 
73 
140 

1208 
165 
121 
736 
2250 
6000 

69 
2333 
1000 
717 
7500 
50 

345 
4200 
1700 
512 
1-30 
1600 
77 

9 ~ 0 3  
5967 
2LU3 

Radon 

Arithmetic nuon 

32 
32 
12 

48 
34 
108 
24 
19 
I6 

140' 
47 
9.0 
90 
62 
49 
35 

270 
57 

52 
41 
57 
12 
82 

80 
29 
4 1 

29 
20 
60 
30 
38 
8 1 
86 
108 
108 
71) 
20 
20 
46 
42 

42 

Geomcrric 
st&d 
d o i d i o n  

2.0 
2.1 

3.6 
3.6 
2.2 
1.7 
2.0 

2.2 

3.1 
2.7 
l .8 
2.5 
2.4 
2.9 

2.2 

1.9 
1.6 

1.6 

3.7 

3.1 
2.7 

2.2 

Rcj 

1 0 1  
1m1 
lLAl 

(S40, 5411 
l"8l 
1L'l 
1191 
In1 

IC101 
In51 

IT4 ml 
[S9. U15] 

1K121 
[C19, (211 

IR6. R7l 
Is2Ql 

1 L91 
I L'I 

Ik131 
1-1 
lG71 
In1 
13371 
IS311 
IS261 
IC181 

[BIS, B16j 
[=I 

[MI31 

[=I 
[H 17,P24.P25] 

IR31 
IS391 
IT101 
IBlJl 
lFl"1 

lOZ 031 
[Y  17, S42l 

1 9 3 1  
1 ~ 3 8 1  
I071 

[M24, U12] 
1 ~ 9 1  

IP111 

rorurnnntion (Aq 

Geomchic m a n  

3 1 
8.7 
IS 

14 

20 
17 
14 

29 

64 
4 1 
40 
23 
1W 
34 

42 

37 
62 
23 

6 5  
24 
18 
30 

37 
43 
62 
56 

25 
26 

30 

m." 

,Hurimum vduc 

137 
127 
423 
190 

4000 
1724 
5920 
378 
170 
54 

2WXl 
560 
24 

4687 

I 53 
1 1 5 ~ ~  
3100 
3 50 
492 
140 
2 14 
120 

3070 
1700 

103 

l I8 
94 

83  
568 

2795 
15400 
3310 
3900 
3(M) 
72 

10000 

I420 
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'~111)le 24 
Averi~ye mncenlrntions in air or r i~don  tlnd lhon~n,  includitip Lhcir dccny produck, 11nd tinnun1 eITccllvc doses 

A 

* Wcigh td  f a  cccupancy: 0.2 ouldons.  0.6 indoors. 
Thc equilibrium cquivalcnt con:cntratim (EEC) of radon (or thaon) is thc product of the cmccnrra~ion of radon (or thoran) and d thc cquilibriurn f a c t a  
ktwcrn radon ( a  Ihaon) and i k  decay products. lhc valucr d the cquilitriurn factoc have k e n  u k c n  t o  bc 0.8 c u l d m s  and 0.4 i n d m  f a  n d m .  T h a o n  
EEC cllucs EIC bascd on mc~surcmmtr .  

Tllhlc 25 
Typical conccntrulions of "'%h and 2 3 8 ~  in hcnvy mincrul sands in Austnrliu 

[K"I 

Hdionuclidc 

Radm 

Locniir~n 

O u t d w s  
lndmrs 

Tnhle 26 
EslimaLa of collcclive cf ic l ivc dosc pcr unil eicclricul cncrpy &!cncrfiLcd hy non-nuclcur sourccs 

Irf inrrJ  

O r c  

llcavy mincral c o n c c n ~ n ~ c  
Dmcnitc 
Irucoxcnc 
Rutilc 
Zrrcon 
M m a d t c  
Xcnolimc 

Avcngc soil znd rock 

Normalized c d l r c i i ~ ~ c  rffrcr i~r  d a t e  
[mnn SI. (GU'n)-'l 

Concmiraiir~n 

(BY m-') 

AMW/ rffccriru dose ' 
6l.71 J 

Tolal (rounded) 

Gar 

10 
40 

C I  d c c  
( ~ F L *  p n  ~q h m-) 

Gar 

3.0 
48 

12M 

L127X ccnccnirorion (Rq k f l )  

60-2DO 
10Q).1300 
600.6000 
1 0 0 0 ~ 9 0 0  
<6M-4000 
2000-3000 

60M00-9M(YIO 
160(KlO 

40 

EEC 

8 
16 

Cur 

0.17 
0.17 

EEC 

130 
1MO 

1.9 
2 3  

7horcm 

=U c m c m a i m  (Bq kg-') 

40 
<IM) 

~ 1 0 0 - 4 0 0  
250-bU) 
~100-YO 
~ 0 0  

1DMO-10000 
Moo0 

40 

EEC 

9 
9 

T d a l  (roundcd) 

10 
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Table 28 
Avcrngc nnnual clli.ctive dosc Lo adults from nnturnl sources of ionizing radiation 

Sowcc I ~ n n w l l  pa rupw c f f c c f i  dose ~ISI,) 

Coal 

Mining 
Elcclncal energy p r d u c t i m  
Danwt ic  usc 
Uu d fucl ash 

0.0001-0.002 
2 

0.4-8 
5 

CompncM of crpmurc 

Cosmic rays 
Cnsmogcnic ndionuclidcs 
Tcrrcskial radiation: utcrnal cxposurc 
Tcrrcstrial radiation: internal exposure (excluding radon) 
'Tenatrial radtation: inlcrnal cxposurc f r a n  radon and its decay products 

Inhalatian d Rn.222 
Inhalation d Rn-220 
Ingestion of Rn-222 

Total 

Othcr  nnn-nuclear awrrn d clcrtricol r n r w v  p rvduc t iw~  

Annual cffccrh,~ dose ( d v )  

011 
Natural gas 
Gcothcrmal 

In  mcor of normal background 

0.38 
0.01 
0.46 
0.3 

1.2 
0.07 
0.035 

2 4  

0.01 
0.001 
0.001 

I n  mens of dn,ared aposwcc 

2.0 
0.0 1 
4.3 
0.6 

. I0 
0.1 
0.1 

Explni~sl ion of phnrphstc rock 

Indulnal operations 
Fcr~i l izns 
By-products and waslcs 

0.04 
2 
I0 
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Figure IV. 
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INTRODUCTION 

1. Scvcral practiccs and activitics of man invol\ling 
Ihc production and use of radionuclidcs havc rcsul~cd 
in rclcascs of radioac~ivc matcrials to tllc cnvironnicnt. 
Somc of thcsc activities havc ccascd, such as tcsting 
of riuclear weapons in the atmosphcrc, and son~c  arc 
continuing, such as clcctrical cncrgy gcncration by 
nuclcar rcactors and radicisotopc production and 
usagc. In carrying out thcsc ac~ivitics, scvcral 
accidents havc occurrcd at riuclcar i~lstallations and 
wastc storage sites and in Ihc transport of wcapons or 
nuclcar matcrials, causing in sonic cascs significant 
contamination of the local environnirnt. The purpose 
of this Anncx is to cvaluatc and comparc the 
collcctivc doscs to the local and global populatioris 
from thcsc various man-made sources of radiation 
cxposurcs. 

3. Most of thesc subjects have hccn dcalt with in 
dic past hy thc Committee in scparatc asscssmcnts. 
Ataiosphcric nuclcar testing and ~~uc lca r  powcr 
production. in particular, havc bccn cxtcnsivcly 
analyscd. In this Anncx, the evaluation procedures arc 
summarizcd, and the dose calculations arc cxtcndcd. 
For nuclcar powcr production, cstimatcs of avcrage 
rclcascs per unit clcctrical cricrgy gcncratcd arc 
conihincd witti data on energy gcncratcd by a l l  

rcactors to cvaluatc thc total relcascs of radionuclidcs 
worldwide and the collec~ivc dose frorn t11c bcginning 
of this practice. For Lhc first timc since thc Comniit~cc 
began its assessments of cxposurcs from nuclcar 
powcr production, there is complete reporting of 
radionuclidcs rclcascd from all rcactors in operation in 
all countries for the latcst cvaluation pcriod. Thc 
Committcc acknowlcdgcs the cooperation of a grcat 
many scicntisls and oflicials who havc niadc thcsc 
data available for this cvaluation. 

3. A number of sources cannot bc so systc~iiatically 
cvaluatcd. Thcsc include rclcascs from thc usc of 
radioisotol)~~ in industrics or hospitals, i n  which only 
trace costamination arid very low doscs rcsult, and in 
the military fucl cyclc, for which data havc bccn 
rcstrictcd arid the dose evaluations havc thercforc 
rcmaincd incomplete and uncerlain. In this Anncx thc 
Committcc considers thcsc various sourccs to thc 
cxtcnt possiblc to providc a coniprchcnsivc asscssnicnt 
of cxposurcs from man-made sourccs. 

4. Exposures from accidcnls of cnvironmcntal 
significance are sumrnarizcd hcrc. Most of thc doscs 
resulting frorn thcse sources wcrc cvaluatcd in dclail 
at the tinic of occurrcncc, in particular dlc doscs 
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throughout thc northcrl~ hc~nispl~crc from thc Cllcrno- 
by1 accident, prcscntcd in thc UNSCEAR 1988 Rcport 
(UlJ .  Howcvcr, furdlcr data arc hcco~uing available on 
somc accidcr~ls that occurrcd many ycars ago, whcn 
tllc full disclosure of details was not possible. This 
information is considcrcd here to providc indic a t' lons 

a 1011s of the population doscs tl~at wcrc rcccivcd. Evalu t '  
of doscs lo populations living near nuclcar tcst sitcs 

havc bccn undcrtakcn. and sonlc dosc cstimatcs havc 
bccn providcd in published rcporLs. Thcsc rcsults arc 
also includcd ir~ this Anncx. For thc various sourccs, 
the collcctivc doscs cvaluatcd arc lhosc committed by 
thc spccific rclcascs. If lcss than thc complctc dosc 
commitments have bccn cvaluatcd, the integration 
times arc spccificd in the discussions for cacl~ typc of 
source. 

I. ATMOSPI-IERIC NUCLEAR TESTING 

5. A very important conccrn of the Conllnittcc 
sincc its inccption has bccn to cvaluate the cxposurcs 
causcd by nuclear explosions in the atmosphcrc. The 
first atmosphcric nuclcar explosions took placc in 
1945. Subscqucnt testing of nuclcar weapons in tltc 
atmosphcrc occurrcd until 1980, with periods of 
intensive testing in the years 1952-1954, 1957-1958 
and 1961-1962. A limitcd nuclcar tcst ban trcaty 
preaty Banning Nuclear Wcapon Tests in the 
Atmosphcrc, in Outcr Space and Under the Water) 
was signed in August 1963, and much less frequent 
tcsting in the atmosphcrc occurrcd subsequently. 

6. Exposures from nuclcar wcapons tests in the 
atmosphere have been rcvicwcd by the Committee in 
all its previous reports until the cessation of the 
practice [U3-UlO]. As there havc bccn no tests in the 
atmosphcrc since October 1980, thc most recent 
analysis prcparcd by thc Committee, in thc UNSCEAR 
1982 Rcport [U3], rcniains complctc and valid. Thcsc 
rcsults and the gcncrally applicable mcthodologics of 
exposure assessment arc summarized here. 

7. Thc basic quantity of radiation dose evaluations 
for radionuclidcs rclcascd to thc cnvironmcnt is the 
dose commitment. Dosc commitnicnts are calculatcd 
from the input of radionuclides into thc cnvironmcnt, 
using transfer cocfficicnts relating appropriate 
time-integratcd quantities in cnviro~~nicntal  
compartments and in man. Schematic reprcscntation of 
the methodology uscd by the Committee for evaluating 
cxposurcs from radionuclidcs rclcased in nuclcar 
testing is illustrated in Figurc I. Transfer cocfficicnls 
are used to rclatc input, intcgratcd concentrations of 
radionuclidcs and dosc in successive cnvironn~cnlal 
comparlmcnt~. For example, thc transfcr coefficicnt 
from dict to tissue is the ratio of the intcgratcd 
concentration of the radionuclidc in tissuc to that in 
dict and is designated P34. Transfcrs linking input to 
dose are detcrmined by the sequential multiplication of 
transfcr cocfficicnts. Transfers by parallel pathways 
are assumcd to be indcpcndent and are thus additive. 

For thc transfers indicated in Figurc I, thc dose 
commitment for a spccific radionuclidc and a given 
tissuc, D,, duc to an cnvironmcntal input A,, into the 
atmosphcre is given by 

8. In this fonnula the transfcr coefficicnt Pol is thc 
integratcd concentration of a radionuclide in air at a 
specified locat-ion or averaged for a broader region, 
divided by the anlount released. The first term in the 
brackets relates thc subsequent transfcr to deposition, 
diet, tissue and dose via ingestion. The second tern1 
(P14 P45) is the transfer from h e  atmosphcre to tissue 
and dose via inhalation. The third tern1 (PIS) accounts 
for direct (cloud gamma) irradiation from the radio- 
nuclidc in air. Thc fourh term is the component of 
cxtcn~al irradiation from radionuclides dcpositcd on 
the ground. Some minor pathways (e.g., resuspcnsion) 
havc not been indicated in Figure I, but thcsc are 
taken into account in determining thc inlegrated 
conccntrations in the compartments. To &is extent, the 
model indicatcs companmcnt interrelationships rathcr 
h a n  mechanical transfer pathways. Although thc tcr- 
minology was developed for evaluations of doses from 
radionuclidcs produced in atmosphcric nuclcar testing, 
the methodology is gcncrally applicable to any source 
of rclcase of radionuclidcs to the air or terrestrial 
environment 

A. ENVIRONMENTAL INI'UT 

9. A nuclcar device derives its explosive cncrgy, 
usually exprcsscd in kilotonncs or mcgatonrics of TNT 
cquivalcnt, from one or both of two nuclcar rocesscs: S fission of the hcavy nuclidcs x S ~  and 9 ~ u  in a 
chain reaction and fusion of the hydrogen isotopes 
deuterium and tritium in a thermonuclear process. 
Fission produces a whole spectrum of diffcrcnt 
radioactive nuclides, while fusion in principle crcatcs 



only tritium. Howcvcr, bccausc a thcrmonuclcar dcvicc 
needs high prcssurcs and tcnlpcralurcs to igliilc it, in 
practicc a fission dcvicc is nccdcd as a primary stage 
to providc thcsc conditions. Also in practicc, thc 
nuclcar rcactions do not procccd to ultimatc complc- 
tion, so  solnc rcsidual amounts of tritium will also 
rcrnain. Thus, thc explosion of a fusion chargc always 
i~nplics that at least some rcsidual radioactivc rnatcrial 
is rclcascd. Many thcmmonuclcar dcviccs also producc 
largc amounts of radioactivc dcbris in a sccond fission 
stagc, whcrc high cncrgy ncutrons froni thc fusion 
rcactions arc utilizcd to split tlic atoms of a ' 3 8 ~  

blarlkct In some fission chargcs a small thcnnonuclcar 
stagc is uscd primarily to make ncutrons and boost the 
utilization of the fissilc rnatcrial. 

10. Thc cxact composition of products of thc fission 
proccss dcpcnds on thc mixture of fissioning nuclides 
( 2 3 5 ~ ,  2 3 9 ~ u  and u g ~ )  and on thc neutron cncrgics 
involvcd. Howcvcr, for thc purposc of cstimating dosc 
commitmcnts, it is sufficient to use avcrage production 
valucs pcr unit fission yicld. Thcsc are dominated by 
LIIC 2 3 8 ~  high-cncrgy neutron fission modc, as this 
typc of fission was thc predominant onc in past amo-  
sphcric testing. 

11. Neutron activation products are produccd in 
significant amounts in fusion cxplosions from - 

reactions of ncutrons with surrounding matcrials, such 
as nitrogcn in the air and thc construction matcrials of 
thc dcvicc. One vcry im ortant such product is 14c, 
which is made in the L N ( n , p ) t k  rcaction in the 
atmosphcrc. Thc fusion yiclds arc thus of interest for 
estimating doscs froni certain radionuclidcs. Fusion 
yiclds are also important, as thcy are the sccond part 

13. l'llcrc wcrc two 111;lin pcriods wllcn most of LIlc 
radioactivc dcbris produccd in nuclcar cxplosions was 
injcctcd illto thc at~nosphcrc, namcly 1952- 1958 and 
1961 -1962. About 42% of all fission yicld in thc 
atmospl~crc was cxplodcd in the fonilcr pcriod and 
47% in t l ~ c  I;~ttcr, adding up to 89% for tllc 11-ycar 
pcriod from 1952 Ihrough 1962. Thc corresponding 
nun~bcrs for fusion yicld are 25% and 72%, 
rcspcctivcly, giving a total of 97% for thc 1952-1962 
pcriod. Lcss than 0.5% of tllc total fission yicld and 
con~plctcly insignificant amounts of fusion yicld wcrc 
cxplodcd bcforc 1952, leaving 11% and 3%, 
rcspcctivcly, for thc pcriod sincc 1962. About 90% of 
thc fission yicld was duc to cxplosions in the northcrn 
hcmisphcrc. 

14. Thc tolal cxplosivc yicld from past atmospheric 
nuclcar wcapons tcsts amounts to 545 Mt, consisting 
of 217 MI from fission and 328 Mt from fusion. The 
contributions of local, tropospheric and stratospheric 
fallout to total fallout arc 12, 10 and 7 8 1 ,  
rcspcctivcly. Local fallout, which is looscly defined as 
that part of the dchris that dcposits on thc ground in 
the vicinity of thc tcst sitc, has not previously bccn 
considcrcd by the Committee in its dosc assessments 
bccausc nuclcar wcapons tests wcre conducted in 
isolatcd arcas. 

15. Thc major radionuclidcs produccd in ahospheric 
nuclear tcsting from the standpoint of doscs dclivcrcd 
are listcd in Table 1 ,  along with h e  basic data of 
radioactivc half-life, modc of decay, fission yield and 
amounts rclcascd into the atmosphcrc (local fallout 
excluded). 

of thc total yicld, which govcrns thc altitude to which 
thc nuclcar cloud rises and, as a rcsult, the tirnc dclay 
bcforc the dcbris rcachcs man. B. DEI'OSITS ON THE FXRTH'S SURFACE 

12. A total of 520 atmosphcric nuclcar cxplosions 
(including 8 undcrwatcr) havc occurred at a numbcr of 
locations [D2, D8, Zl]. Bascd on a survey of 
published cstimatcs of nuclear yiclds of diffcrcnt tcsts 
and mcasurcments ofdcposited amounts of radioaclivc 
niatcrials, Bcnnctt [BS] compilcd a list of individual 
yiclds of atmosphcric nuclcar cxplosior~s arld thc 
partitioning of dcbris bctwccn diffcrcnt parts of thc 
atmosphcrc. As accurate data on individual tcsk havc 
not gcncrally bccn availablc, this information is of 
course somewhat uncertain. Summcd yiclds during 
ccrlain pcriods of time, howcvcr, do agrcc with 
rcportcd total yicids for thesc tinlc intervals, and tlrc 
intcgratcd depositions of long-lived fission products 
are reasonably consistent with the cstimales. Thc 
estimates of fission, fusion and total yiclds exploded 
in the ahosphere for each year sincc 1945 arc 
illustrated in Figure 11. 

16. Thc Committee has traditionally estimated 
collcctivc cffcctivc doscs committed to t t~c populations 
of thc 40"-50" latitudc bands in ihc northcrn and 
southcm hcmisphcrcs (zoncs of maxinlum fallout), to 
thc population of thc wholc northcrn hcmisphcrc and 
Lhc wholc southcm hcmisphcrc, and to the entire 
world's population. Fission products, residual 
radionuclidcs of thc wcapons materials and activation 
products haw bccn considcrcd in the dosc asscssmcnt. 

17. Thc committed collcctivc cffcctivc dosc to thosc 
populations from past atmosphcric tcsting ariscs 
mainly fro111 cxtcmal irradiation Gom thc radionuclidcs 
deposited on the carh's  surface and intcrnal cxposurc 
from radionuclidcs incorporalcd into ingcstcd foods. 
Since the doscs from these pathways arc strongly 
related to tile amounts of radionuclidcs dcposilcd on 
the ground, the first step in the dosc asscssmcnt 
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! consists in cstimating thc dcpositiol~ dcnsitics in the 
latitudc bands col~sidcrcd for UIC radior~uclidcs of 
intcrcst. For this purposc, thc Committee has rclicd 
up011 extcnsivc rncasurcmcnts of S 9 ~ r  and "zr 
for t l~c  asscssmcnt of thc activities of all radionuclidcs 
prcscnt in thc cnvironmcnt in a solid forni. This is thc 
casc for all radior~uclidcs col~sidcrcd in this Section, 
with Ihc cxccption of 3~ and I4c. 

18. Thc dcposition of ? S r  has bccn monitored 
worldwide in a nctwork of bctwccn 50 and 200 sta- 
tions opcratcd by and in cooperation with thc Environ- 
nicntal Mcasurcmcnts Laboratory (EML), formcrly thc 
Hcalth and Safety Laboratory- (HASL) [H7]. - ~ h c  
global dcposition of % ~ r  has also bccn cstimatcd by 
others, such as the Unitcd Kingdom Atomic Energy 
Authority [C2], with a nctwork of 8 stations in the 
Unitcd Kingdom, and 18 stations clscwhcrc. When 
r c s u l ~  of these two nctworks arc comparcd, thc annual 
values are found to differ by up to SO%, but the 
intcgratcd and cumulative depositions agree to within 
2% [L2]. Because thc Unitcd Statcs nctwork has bccn 
the largest and most widcly distributed, UIC data 
collcc~ed by it have becn adopted by the Committee. 
The total hcmisphcric annual dcposition valucs arc 
calculatcd by averaging the dcposition dcnsity ovcr all 
collecting stations in cach 10" latitude band, 
multiplying by the arca of thc rcspcctivc band and 
thcn summing all ninc bands of thc hcn~isphcrc [L2]. 

19. Data on tbc time-integrated dcposition of g O ~ r  in 
cach 10' latitudc band of thc globc arc given in 
Table 2. Because the last atmosphcric nuclcar weapons 
tcst occurred in 1980, and dcposition of radioactivc 
acrosols takes placc within a fcw ears, it can bc 
considcrcd that the dcposition of 'Sr produced by 
past atmosphcric tcsts is essentially complctc. Also 
shown in Tablc 2 are the areas of t h ~  latitudc bands 
and thc population distribution in these rcgions. Thc 
latitudinal population distribution is uscd to calculate 
the population-weightcd deposition dcnsitics, wtiich 
are thcn uscd as thc basis for estimating thc pcr caput 
doscs and dose commitments Cram %r. Owin to i ~ s  
rathcr wcll-known geographical distribution, 'Sr is 
uscd as a fallout indicator for all long-lived radio- 
nuclidcs (dcfincd here as thosc radior~uclidcs with a 
radioactivc half-life greater than 100 days) frorn past 
nuclear tests; g O ~ r  dcposition valucs are thcrcfore the 
basic information for estimating dose commitnicn~s 
from a numbcr of radionuclidcs. For long-livcd 
nuclides that deposit ovcr scvcral ycars, thc mcthod of 
using %r as an indicator and applying a production 
ratio corrcctcd for decay can be cxpcctcd to yicld 
adequate estimates of dcposition dcnsitics. The unccr- 
tainlics atlachcd to the deposition estin~atcs i~rcrcasc as 
the physical half-life of the radionuclidc considcrcd 
decreases. 

20. Short-livcd radionuclidcs (in this col~tcxt, 
nuclides with h;~lf-lives from 8 to 100 days) show 
diffcrc~lt fallout pattcrns. These vary not only wid] thc 
I~alf-lifc of thc radionuclide but also w i u ~  its dccay 
chain and thc chcmical propcrtics of thc e l c n ~ c n ~ r  
involved, bccausc tt~cy dctcnninc thc typc of particles 
h a t  thc radionuclidc will tcnd to bc incorporated into 
and thus its subscqucnt dissclnination pattcrn. As thc 
dcposition of all short-livcd nuclidcs that might be of 
intcrcst was not lncasurcd globally during thc periods 
of atmos )lleric tcsling, a pattcrn drawn mainly fro111 
data on "Zr and 8 9 ~ r  has becn used to infer dcposi- 
tion of all short-lived radionuclides [U3, U4]. 

21. Thc population-wcightcd deposition dcnsitics of 
" ~ r  in past t a t s  arc given in the last column of 
Tablc 2. Zirconium-95 bas bcen chosen as the indi- 
cator for short-livcd nuclidcs bccause it is a compara- 
tivcly well-mapped radionuclide with a suitable half- 
life and it is conlmonly used in studies of fractionation 
(deviations of actual radionuclidc ratios in fallout 
comparcd to what can be calculatcd from production 
yields and dccay). The corresponding deposition dcnsi- 
tics of othcr short-lived nuclidcs are calculatcd by 
multiplying by an empirical factor that accounts for 
the diffcrcnce in half-life and possible fractionation 
phenomena. However, the error introduced can be 
quite large, as the empirical factors in most cases are 
based on rather limited data and dcposition patterns 
have varied among tests. 

22. The ratios used to derive the population-weighted 
dcposition dcnsitics of thc radionuclides formcd in 
atmosphcric nuclear tcsts (bascd on %r for the 
long-livcd radionuclides, with thc exception of 3~ 
and "c, and on 9 5 ~ r  for the short-livcd radionuclides) 
arc prcscntcd in Tablc 3, along with thc popula- 
lion-wcightcd avcrage dcposition densities obtained by 
this mcthod lor thc 40"-50" latitudc bands of cach 
hcn~isphcre, for each hcmisphcrc and for the world. 

23. This method has not bccn used for 3~ or 14c, 
bccausc thcsc radionuclides arc rcadily recycled in the 
biosphcrc and become hon~ogcncously disseminated in 
the hcrnisphcrc in which they are rclcascd within a 
time that is short in comparison to thcir radioactive 
half-lives. The intcrhcmisphcric transfer of radio- 
nuclidcs o~hcr  tl~an isotopes of the inert noblc gases is 
very limited bccause of tropospheric wind patterns and 
efficient scavenging by precipitation in the tropical 
latitudes. The dose commitments from 3~ and " C  arc 
bascd on a con~parison with thc doses and production 
rates of these radionuclides in thcir natural occurrcncc. 

24. The quoticnt of Lhc dcposition dcnsity (intcgratcd 
dcposition dcnsity rate) to the production amount 
(intcgrated release rate) of the radionuclidc forms the 
transfer cocfficicnt Pm. These values may be 



dctcrmincd from UIC dala in Tablcs 1 and 3. Thc 
relationship of Pm valucs to the half-livcs of thc 
radionuclidcs is illustratcd in Figurc Ill for thc 
tcmpcratc zonc of thc northcm hcmisphcrc. Owing to 
thc pattcm of atnlosphcric testing, the dcposition 
dcnsitics and thus thc Pa valucs arc highcr by a factor 
of about 4 in the northcnl hemisphcrc than in thc 
southcm hcmisphcrc. The values in thc tcmpcratc 
7ones arc about 1.5 times highcr than thc hc~nisphcric 
avcragcs. Since thc rcsidcncc time ofparticulatc debris 
injcctcd into the stratosphcrc is of the ordcr of onc to 
a fcw ycars, most of thc longcr-lived radionuclidcs are 
dcpositcd wiihout apprcciablc dccay. The Pa valucs 
in tl~is case are approximately 5 kBq m-' pcr EBq 
rcleascd. Radioactivc dccay before dcposilion 
appreciably lowcrs the valucs of PE for radionuclides 
with half-lives of lcss than one ycar. Thc variations 
seen in Fi ure 111 of Pm values for a few radio- B nuclides (l ' ~ b ,  2 4 1 ~ u )  illustrate the uncertainties in 
production and deposition cstimatcs. 

C. TRANSFER FROM DEPOSITION 
TO DOSE 

25. The assessmcnh of doses from different 
radionuclides wcrc prcsented in detail in the 
UNSCEAR 1977 Report [U4].and the UNSCEAR 
1982 Rcport [U3]. Mcasurcmcnts rcportcd in the 
scicntific litcraturc on which the estimates were bascd 
and the computational techniques applicd to dcrivc 
doses were listed and described. The results can be 
summarizcd in terms of the transfer cocfficicnts P5, 
which link thc time-integatcd dcposition density on 
thc carth's surface to thc dosc commitments in the 
rclevant organs and tissues of man. Three principal 
pathways are considcrcd: external irradiation, 
inhalation and ingestion. 

26. The ingcstion pathway is of significance for 
radior~uclidcs that arc cflicicndy transfencd through 
lhc chain formed by deposition to plant uptake to 
grazing animals (in many caws)-dictary intakc and are 
absorbcd from thc gastro-intestinal tract to blood. 
Somc delay may bc introduccd in these transfcn. Orlc 
important exce tion to this, however, is the short-lived 
radionuclide ''I, which can ralher quickly be trans- 
fcncd via the pasture-cow-milk chain to man. For 
most radionuclidcs, the intakc amounts by ingestion 
result primarily from the initial rctcntion by crops and 
pasturc during dcposition and only secondarily from 
dclaycd root uptake. 

27. To make reliable asscssmcnts of doscs through 
the ingestion pathway, thcre is a need for cxtcnsivc 
empirical data on the conccntrations of the rclevant 
radionuclides in different types of food and the various 
dicLs in different population groups. Analyses of this 

kind l~nvc bccn made in previous rcporls of thc 
Committee, cs ccially for and 1 3 7 ~ s ,  which 
toptllcr with lgC, are the primary contributors to the 
ingestion dosc conin~itmcnts [U3, U4]. TO cvaluatc thc 
P2S t ra~~sfcr  cocfficicnts, rcgrcssion analysis has bccn 
applicd to rllodcls rclating rncasurcd radionuclidc 
conccntrirtions in dict to thc annual dcposition dcnsity 
rates and thc mcasurcd conccntrations in rclcvant 
organs. 

28. T l ~ c  transfer of 9 0 ~ r  and I3'cs from dcposition 
to dict has bccn modellcd by a Ihrcc-component 
modcl: 

where Ci is thc concentration of the radionuclidc in a 
food conlponcnt or in thc total dict in the ycar i due to 
thc dcposition density rate in the ycar i, F ~ ,  in the 
previous ycar, Fiel, and in all prcvious ycars, reduced 
by expo~lcntial dccay. The exponcntial decay with 
dccay constant A rcflects both radioactive dccay and 
cnvironmcntal loss of thc radionuclide. Thc 
cocficicnki bi and the paramctcr A arc determined by 
regression analysis of mcasurcd dcposition and diet 
data. 

29. The tra~isfcr cocfficicnt from dcposition to diet 
is givcn by 

From thc above model, the transfcr coefficient can bc 
exprcsscd as 

where bi arc thc transfer components per unit annual 
dcposition: b l  is thc transfer in thc first year, primarily 
from dircct dcposition: b2 is the transfcr in  the second 
vcar from Iirggcd use of storcd foods and uptakc from 
h c  surfacc dcposit: and b3 is the transfcr via root 
uptake from Ihc accumulated dcposit. The units of Pz3 
and bi arc Bq a kg-' per Bq n ~ - ~ .  In the exponcntial 
term, A has units a-' and m is a constant equal to onc 
ycar. 

30. Rcsults of regression fitting of this fallout modcl 
to monitoring data have bccn prescntcd in prcvious 
UNSCEAR Rcporls [U3, U4, US]. Furthcr analysis of 
Lhc available data is presentcd in Table 4. The fils to 
the long-tcrm monitoring results in Dcnmark are 
shown in Figure 1V. Relativcly minor adjustmcnh in 
paramctcr values arc ncedcd in the fib to cxtcnded 
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monitoring data, indicating, in particular, that tlrc 
projections of long-tcr111 transfcrs arc corrfirmcd. 

31. Adcquatc rcprcscrrtations of tralrsfcrs to thc total 
dict or to scparatc components of thc dict arc obtaincd 
for rclativcly unifor111 dcposition during thc ycar, as 
occurrcd for fallout from atnlosplrcric wcaporLc tcsting. 
For dcposition occurring within a much shorter timc 
pcriod, such as following thc Chcrnobyl accidcnt, thc 
transfcr is dcpcndcnt on t l ~ c  particular agricultural 
conditions a t  thc til~lc of deposition and on short-tcrnl 
restrictions on certain foods in thc dict that nlay bc 
in~poscd. Thus, thc first-year and sccond-year lagged 
transfcrs of 13'cs to dict in mcasurcd conccntrations 
in 1986 and 1987 arc much lowcr than would bc 
cxpcctcd from the fallout modcl. The discrepancy may 
have bccn less in other countries, dcpcnding on thc 
agricultural conditions, than is shown for Dcnmark in 
Figurc IV. In contrast to wcapons fallout, the 
deposition of %r from the Chcnlobyl accidcnt was 
much lcss sipificant than that of 1 3 7 ~ s .  

3 2  From the rcsults of the transfer factor analysis 
given in Table 4, i t  is sccn that transfers from 
widcsprcad but relatively norn~al arcas of transfcr rnay 
vary by 250% for total dict, with cvcn grcatcr 
variations for somc specific food groups. The foods 
included in each major group diffcr in the various 
locations, as do the consumption anlounts of thcsc 
foods. 

33. Thc transfcr cocfficicnts, Pv3, for 9 0 ~ r  and I3'cs 
are summarized in Table 5. T ~ S S C  arc the averaged 
rcsults from Argentina, Denmark and thc Unitcd Slatcs 
of thc transfers to the five food catcgorics wcightcd 
for consumption amounts. Because they come from 
only three locations. the average valucs with standard 
dcviations are only gcncral indications of the transfcrs 
and variations to bc cxpccted. Thc rcsults are similar 
to the previous1 adoptcd valucs of P, 4 mBq a kg-' 56 2: er Bq m-2 for Sr and 9 mBq a kg per Bq m-? for 
h c s  [U,, 

34. Figurc V shows the contributions to transfcr in 
the various pcriods. For * ~ r ,  the major component of 
P7 (50%) ariscs from transfcr from the deposit. For 
ldCs, thc major transfcr is within thc first year of 
dcposition (45%), with diminishing transfcr in thc 
sccond and subscqucnt ycars following dcposition. Thc 
contributions to transfcrs by thc various food groups 
arc indicated in Tablc 5. For milk and rain 

IF7 products are Lhc niost significant foods. For Cs, 
thcsc categories, along with mcal, accourrt for the 
major part of the transfcr. I t  is rccognizcd that much 
wider variations in transfcr occur in certain areas for 
particular soil conditions and foods. This includes the 
Arctic food chain (lichen-rcindccr-man) and arcas 
where the cacsium-binding clay content of soils is low, 

thus allowing higl~cr and nlorc pcrsistcnt uptakc of 
1 3 7 ~ ~  to plants. 111 thcsc cascs, ordcr of rnagnitudc 
difkrcnccs in transfcr may rcsult. Morc dclailcd 
cvaluations of tlrc cxtcnt of these conditions arc 
ncccssary to dctcrnlinc thc addcd conlributior~s that 
lrray bc madc to thc collcctivc doscs. 

35. Thc tralisfcr coeflicicnts PU, linking conccntra- 
lions of radionuclidcs in dict to those in thc body and 
PjS, linking conccntrations in the body to dose, havc 
bcen cvaluatcd and the rcsultc publishcd in thc 
UNSCEAR 1982 Rcport (U3) and the UNSCEAR 
1977 Report [U4]. For some radionuclidcs, b c  
intcgratcd dictary intake ratcs have been dctcrmincd 
dircctly. Rclating thcse valucs to thc dcposition of the 
radionuclide forms thc transfcr cocfficicnt P24. The 
units of h i s  cxprcssion arc Bq per Bq m-?. Values of 
Pv may be transformed to this by multiplication by 
thc consumption rate of foods, which is in effect the 
transfer cocfficicnt P34. AS this is a convcnicnt form 
for estimating dose, all radionuclides considered in h e  
ingestion pathway evaluation are included in the listing 
of P24 valucs in Table 6. 

36. Thc valucs of the dosc pcr unit intakc of 
radionuclidcs arc, in fact, the transfer coeflicients P45. 
Thesc have becn or are being re-evaluated, based on 
the latest metabolic data, and compilations are 
available [I13, Nl].  It is ncccssary to state the specific 
assumptions of absorption and retention of the 
radionuclidcs; therefore, the P45 valucs used in Lhe 
evaluations given here are included in Table 7. The 
valucs of effective dose use the weighting factors 
dcfincd by thc ICRP in 1990 [I12]. 

37. The overall transfer cocfficients Px, linking the 
dcposition to thc dose from radionuclides produced in 
atmospheric nuclcar tcsting, arc compilcd in Table 8. 
Tbc rcsults for the ingestion pathway have bcen 
obtaincd by niultiplication o l  the transfcr cocfficients 
P2j in Table 6 and P45 in Table 7. The valucs of P3 
arc considcrcd to apply as averagcs to large 
populations in ttrc world. Adjustments arc nccdcd if 
applications arc to be made to smallcr groups for 
which dict or local conditions of transfer may bc 
diffcrcnt. 

38. For thc ir~lralation pathway, the association is 
bctwcen alrnosphcric concentrations and dose, PIS, but 
bccause there is a direct relationship bctwcen atmo- 
spheric concentration and dcposition, thc association 
with dosc fronl inhalation can also be nladc from thc 
dcposition anlounl The cxprcssion used is 

wl~crc PI4  is the avcragc breathing rate of thc 
individual in Lhc population, PdS is the dosc pcr unit 
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intake factor for the organ or tissue considcrcd and 
P12 is the deposition vclocity averaged ovcr all 
wcadicr conditions, including prccipitation. Thc value 
of PI4  has bccn taken to bc 20 ni3 d-l, or 7,300 m3 a-I 
for all populations. The valucs of P45, i n  nGy B ~ - ' ,  
arc listcd in Table 7. Thc transfcr cocfficicrlt PI2 
varics with thc prccipitation retc at various locatio~is 
and also with the physical and chcniical naturc of the 
radionuclidc considcrcd. The avcragc valuc of P12 for 
particulate material has bccn estimated to be 
1.76 cm s-l, or 5.56 1 6  m a-l. Although this valuc is 
based on observations in New York City ovcr several 
years [B5], measurements in the United Kingdom [C3] 
and Sweden [B6, D l ]  are in reasonable agrcement, 
aftcr normalization to the samc annual precipitation. 
Furthcrmorc, since the pearly rainfall in New York 
City is fairly close to the population-wcightcd average 
for the wholc world, the New York valuc is con- 
sidered adequate for global average calculations. The 
transfcr coefficients Pa evaluated for the inhalation 
pathway are listed in Table 8. 

39. In addition to experiencing internal irradiation 
from inhalcd or ingestcd radionuclidcs, people are also 
irradiatcd externally from gamma-emitting nuclides 
dispcrscd in the air and deposited on the ground. As 
the dcbris normally spcnds much more time deposited 
on thc ground than dispersed in ground-lcvcl air, the 
cxtcrnal dose due to irradiation from the earth's 
surface is nornially much highcr than thc dose due to 
irradiation while the dcbris is airborne. The avcragc 
ratio of h e  absorbed dose from ground surface 
contamination to that frorn air immersion is propor- 
tional to thc half-Iifc of thc radionuclidc and is, for 
cxamplc, of thc order of 100 for short-livcd 1 4 0 ~ a  and 
1,000,000 for long-lived 137~s .  

40. The Pv transfer coefficients for external irradia- 
tion have becn calculated by multiplying the dosc rate 
convcrsion factors for radionuclidcs dcposiled on the 
ground, derived from Beck [B3], by the mcan lifctime 
of thc radionuclide (half-life ; In 2) and by an avcrage 
factor assuming 80% indoor occupancy in buildings 
with a shielding factor of 0.2. The lattcr factor is 
0.7 Sv per Gy (equivalent dosc ratc in thc body pcr 
unit absorbed dosc ratc in air) timcs 0.36 (0.2 outdoor 
occupancy plus 0.8 indoor occupancy times 0.2 build- 
ing shielding). The Committcc has in the past [U3, 
U4] rounded this product to 0.3; the procedure hcre, 
howcvcr, is to postponc the rounding to the final dosc 
cstimatc. For short-lived radionuclidcs (all cxcept 
1 3 7 ~ s ) ,  the dosc-rate conversion factor applying to a 
plane source is used. For 1 3 7 ~ s ,  thc dosc-ratc convcr- 
sion factor applying to an exponential concentration 
profilc in the ground of mean depth 3 cm is used. The 
indoor occupancy, as well as the shielding factor, 
varics a great deal among different populations of the 

world, arid this is a source of uncertainty in thc dosc 
assessnicnts for cxtcrnal irradiation. Also, the different 
dynariiic t)cllaviours of radionuclidcs dcpositcd i l l  

urbari and in rural cnvironmcnts havc not bccn takcn 
into account for thc dose cstimatcs from radionuclidcs 
produced in atrnospllcric nuclcar testing. The tri~nsfcr 
coefficic~its P2.j arc givcri in Tablc 8 for thc cffcctive 
dosc cornriiitmcnt. The samc numerical values call be 
cxpcctcd to apply more or lcss to the absorbcd doscs 
in individual organs in the body: howcvcr, sincc the 
absorbcd doscs per unit deposition dcnsity havc not 
bccn specifically evaluated, there are no values given 
in Tablc 8. 

D. DOSE ESTIMATES 

1. Regional and  global exposure 

41. The effcctivc dosc commitments from individual 
radionuclidcs in past atmospheric testing ( 3 ~  and 14c 

cxccptcd) can be calculated by multiplying the 
population-weighted integrated deposition density of 
Ihe radionuclidc in the region of interest (Table 3) by 
the appropriate P2.j transfcr coefficient (Tablc 8). As 
an example, the effective dose commitment due to 
ingestion of I3'cs in Ihe population of the 40"-50" 
latitude band in the temperate zone of the northern 
hemisphere is 5,200 Bq m-2 times 54.6 nSv per 
Bq m-2 = 280 pSv. The rcsults for each radionuclidc 
and for all pathways arc givcn in Table 9. 

42. As indicated previously, the dose commi~mcnts 
from 3~ and 14c arc dcrived from comparisons with 
the natural doses and production rates by cosmic rays. 
The dose calculations make use of the fact that the 
dose commitrncnt to production ratios for those 
radionuclides arc equal to the annual natural dose to 
production ratios. The annual absorbcd dose in tissue 
from natural tritium has bccn cstimatcd to be 10 nGy, 
resulting frorn ari annual production per hcmisphcrc of 
37 PBq [U3]. Assuming a total relcasc from 
atmospheric nuclcar tcsting of 190 EBq to thc 
atmosphcrc of thc northcrn hcmispherc and 50 EBq to 
that of the soud~cni hcmisphcrc [U3], thc absorbcd 
dosc commitmcnls in tissue from fallout tritium arc as 
follows: northcrn heniisphcre, 1.9 1 p B q  x 
(loa8 Gy a-') + (3.7 lot6 Bq a-l) = 51 pGy, and 
southern hcmispllcrc, 0.5 10" Bq x (10.' Gy a-I) i 
(3.7 1016 Bq a*') = 14 pGy. I t  has not bccn possiblc 
to account for latitudinal variations in the tritium 
distribution. Thc simplification is made in assuming 
fairly rapid mixing of tritium throughout the hcmi- 
sphcrc. The effective dose commitmcnls from 3~ arc 
51 pSv (northcrn hcn~ispherc), 14 pSv (southcrn hcmi- 
sphere) and 47 pSv (world). The global value is the 
population-weighted cstimate, taking into account h a t  
89% of the world population resides in the northcrn 
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hcmisphcrc and 11% i n  the sou(llcrn hcn~isphcrc. On 
Lhc basis of thc intake ralcs of hydrogen in watcr 
[NU], thc dosc cotn~ni~ucnt  can bc apportioned as 7% 
arising from inh;llatior~ and al~sorptior~ througl~ thc skill 
and 93% from ir~gcstion IU3]. 

43. Carbon-14 is produced naturally by cosmic ray 
ncutrons in~p ing i~~g  on nitrogen in thc upper atmo- 
sphcrc. This means that thc dosc colntiiitnicnt from 
14c injected into thc atmospllcrc by nuclcar tests can 
be calculated in the samc way as the dosc commitmcnt 
from tritium produced in atniosphcric tcsts. Thc annual 
natural production of 14c of about 1 PBq and the 
resulting cquilibrium spccific activity in man yields an 
annual dose to thc gonads of 5 pGy [U3]. Bascd on 
this, it can be concluded that the 220 PBq from 
nuclear explosions have givcn a dosc commitmcnt to 
the gonads of all populations of (5 pGy ael) + 
(1 PBq a-l) x 220 PBq = 1,100 f l y .  In the samc way, 
dose commitments to the lungs, bonc lining cells, red 
bonc marrow, thyroid and other tissues can be 
assessed as 1,300, 4,800,5,300, 1,300 and 2,900 pGy, 
respectively [U3], yiclding an cffcctivc dose commit- 
mcnt of 2,600 pSv. Thc corresponding collective 
cftcctivc dose per unit rclcasc is 120 man Sv per TB 
assuming an equilibrium world population of 10 % 
peoplc reached in thc next century and maintained 
over the ncxt thousands of ycars. Other published 
cstimatcs range bctwccn 67 and 159 rnan Sv per TBq 
[BlO, 12, K2, K4, K5, M2, Sl]. 

44. The 14c doscs arc duc to ingestcd and inhalcd 
carbon. On the basis of thc rclalivc intakc and rctcn- 
lion of carbon in these pathways, thc dose commit- 
ments from ingestion arc cstimatcd to bc lo4 times 
larger than thosc arising from inhalation [K4]. The 
dose commitments from 14c arc dclivcrcd over a very 
long time period. From calculations based on an 
cnvironmcntal compartmcnt model for "C that com- 
priscs 25 discrctc carbon rcscnroirs (Figure VI) and 
bkcs into account thc dilution o f 1 4 c  by stable carbon 
rclcascd during fossil fuel combustion, i t  is cstimatcd 
that only 5% of the dose commitmcnt is dclivcrcd in 
thc first 100 years aftcr thc rclcasc of "c; about 71% 
of the dosc conimitmcnt will havc been delivered 
during lo4 ycars aftcr h e  rclcasc of I'c [M2]. Thc 
dccp ocean, dividcd inlo 18 cornparlnlcnls, accounts 
for the slow recycling of I4c into thc biosphcre. 

45. The cffcctivc dosc con~mit~iicnls frorn atnio- 
sphcric nuclcar tcsting for irll of Uic 22 radionuclidcs 
considcrcd for thc populations of thc world and of the 
40"-50" latitudc hands of cach hcrnisphcrc arc prc- 
scnted in Tablc 9. The tot;tl cffcctive dosc comn~it- 
mcnts are 4.4 and 3.1 mSv in the 40"-50" latitude 
bands of the northcrn and southcrn hcniisphcres, 
respectively, and the global average is 3.7 mSv. 

46. Thc summary listing in Tablc 10 for thc world 
population shows that "C is the dominant contributor 
to lhc tcltal cffcctivc dose cornmitmcnt, accounting for 
70% of thc cffcctivc dosc con i~ i i i~ icn t  lo the world's 
pol)ulation. Howcvcr, i f  only 10% of the I'c dosc 
conimitmcn~ is i~~cludcd in Ihc coniparison, U~at is, if 
Ihe dosc commitnicnts arc truncated approximately to 
the year 2200, at which linic all othcr radionuclidcs 
will havc dclivcrcd almost all of their dose, I4c 
contributcs only 19% to the truncated cffcctive dosc 
comniitmcnt to thc world's population. Besides I'c, 

the most important contributors lo the effective dose 
comniitmcnt to the world population are 1 3 7 ~ ~ 1  

9 S ~ r - 9 5 ~ b ,  " ~ r ,  1 0 6 ~ u ,  5 4 ~ n ,  1 4 4 ~ c ,  1 3 1 ~  and 3 ~ .  

47. Including all of the 14c  dosc, 16% of the total 
effective dose commitment to the world population is 
delivered through external irradiation, 4% through 
inhalation and 80% through ingestion. Including only 
10% of the 14c dose, the corresponding numbers arc 
44%, 10% and 46%. respectively. Thus, ingestion is 
the most important pathway, if I'c is fully included, 
while ingestion and external irradiation are about 
equally important, if only 10% of effective dose 
commitn~ent from 14c is included. In both cases 
inhalation contributes substantially less. 

48. As the explosive power in past atrnosphcric tcsts 
has been cstimatcd to be 545 Mt, it may be concluded 
that the past tests have given an average completc 
cffcctivc dosc conimitmcnt of about 7 pSv MI-' to the 
world population. Of this, about 5 pSv Mt" is due to 
14c and about 2 p S v  Mt-l to fission products. The 
transuranium clcnients havc contributed about 
0.1 f i v  ~ 1 - l .  Normalizing the fission product dose 
commitmcnt to the total fission yield explodcd of 
217 MI givcs an cstimatc of about 5 pSv Mt-l fission. 

49. A summary of the global collcctivc cffcctivc 
doscs committed Gom past atrnosphcric nuclear tcsts 
is givcn in Tablc 11. For these calculations, somc 
assumptions about thc global population havc bccn 
made. For inhalation cxposure and othcr cxposurcs 
from radionuclidcs with half-livcs of less than a fcw 
years, the population of the world has bccn taken to bc 
3.2 lo9 pcrsons, as i t  was in the early 1960s during 
maximum rallout. For 3 ~ ,  %r, 1 3 7 ~ ~  and 2 4 t ~ u ,  a 
global population of 4 lo9 pcrsons has bccn applicd, 
and for the very long-livcd I4c,  2 3 9 ~ u  , 2 4 0 ~ u  and 
2 4 1 ~ m ,  UIC projcctcd global population has bccn 
assumed to bc 1 10" pcrsons. 

50. In Tablc 11 the radionuclidcs arc listed in order 
of their decreasing contributions to the collective 
effective dosc. The order is cssc~~tially the same as in 
Table 10, with 14c bcin the dominant contributor and 
1 3 7 ~ s ,  " ~ r  and '"Ru following. The total global 
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impact of all atrnosphcric nuclcar cxplosions canicd 
out for tcst purposes in the past is 3 10' Illan Sv. 

2. h c n l  exposure 

51. Populations living near thc sitcs whcre nuclcar 
wca pons tests took place rcccivcd rclativcl y higher 
doscs than thc avcragc valucs assessed above. In the 
Unitcd States, about 100 surface or near-surface tests 
wcrc conductcd at the Nevada tcst site bctwcen 1951 
and 1962, with a total explosive fission yield of 
approximatcly 1 Mt Dose reconstructions have becn 
undcrtaken for the populations living in the vicinity of 
the Nevada tcst site during the pcriod of atmosphcric 
testing [C7, Wl]. The local population size was 
180,000 pcrsons. Preliminary results indicate that 
thyroid doscs of up to 1 Gy may havc been rcceived 
by children. The collective dose from external 
cxposurc has been estimated to be approximately 
500 man Sv [As]. Ninety per cent of the collective 
dose was received during the years 1953-1957. 

52  Following thc nuclear test Bravo at Bikini in Lhc 
Pacific tcst site of the United States, rcsidcnts of 
Rongelap and Utirik Atolls wcre exposed to 
uncxpcctcd fallout. The islands are 210 and 570 krn, 
rcspcclively, cast of Bikini. Eighty-two individuals 
wcrc cvacuatcd from Rongclap 51 hours after the 
cxplosion and 159 pcrsons wcre rcmovcd from Utirik 
within 78 hours. External exposures, mainly from 
short-livcd radionuclides, ranged from 1.9 Sv on 
Rongclap (67 persons, including 3 in utcro), 1.1 Sv on 
nearby Allingnae Atoll (19 pcrsons, including 1 in 
utcro) and 0.1 Sv on Utirik (167 pcrsons, including 8 
in utcro) [L3]. The collcctivc dosc was thus of the 
ordcr of 160 man Sv. Doscs to the thyroid, causcd by 
scvcral isotopes of iodine, tellurium and by cxtcnlal 
gamma radiation, wcre estimatcd to bc 12, 22 and 

5 2  Gy on avcragc and 42, 82  and 200 Gy maxinlunl 
to adults and children of 9 ycars and 1 ycar, rcspcct- 
ivcly, on Rongclap I W]. 

53. At tllc Scn~ipalatinsk test sitc in the Kazakh 
rgion of thc f o n ~ ~ c r  USSR, atmosphcric tcsts wcrc 
conducted lro~ri 1949 through 1962, and about 300 
underground tcsts wcrc conductcd from 1964 until 
1989 ITS]. 111 total, 10,000 people in scttlcmcnts 
bordcring thc tcstirlg sitc wcrc exposed to sonic cxtcnt. 
The collcctivc dosc due to cxtcnial irradiation was 
estirnatcd to bc 2,600 man SV, 80% of which rcsulting 
from tcsting in thc period 1949-1953, due to cxtcrnal 
irradiation and 2,000 man SV duc to internal exposurc 
from the ingestion intake of radionuclides ITS]. The 
collcctivc absorbcd dose to the thyroid was of the 
ordcr of 10,000 man Gy. 

54. Thc Unitcd Kingdom conductcd a prograrnmc of 
nuclcar warhead dcvclopn~cnt tcsts between 1953 and 
1963 in Australia, at the Montc Bello Islands and at 
Emu and Maralinga on the mainland. In all, twclve 
major nuclcar tcsts involving atonlic explosions with 
total yiclds of about 100 kt, 16 kt and 60 kt wcrc 
performed at thc thrce sitcs, respectively [D3]. The 
collective cffcctivc dose to the Australian population 
from these tcst series has been estimated to be 
700 man Sv [W3]. In addition, several hundred 
smaller scale cxpcrimcnts wcre performed at 
Maralinga ID31 which resulted in the dispersal of 
about 24 kg of 2 3 9 ~ u  over some hundreds of squarc 
kilomctrcs. This arca remains contaminated and 
potential doscs to future inhabitants of the Maralinga 
and Emu arcas havc bccn assessed with a view to 
rehabilitation of the two sitcs [D3, H3, W2]. Annual 
effective doscs of scvcral millisievert would bc 
expectcd to rcsult from continuous occupancy within 
the two arcas, with n~axinlums of scveral hundred 
millisicvcrt in thc in~n~cdiatc vicinity of thc two sitcs. 

11. UNDERGROUND NUCLEAR TESTS 

55. About 1,400 nuclear tcst explosions have been 
carricd out beneath the earth's surface. Particularly 
since 1963, whcn thc limitcd nuclcar tcst ban treaty 
banning atrnosphcric tcsts was agrccd, tllc practicc 
bccamc more frcqucnt. Prohibiting atmosphcric tcsts 
was a crucial stcp in lessening Ihc doscs to thc world's 
population from tcsts of weapons. I n  fact, a wcll- 
contained under-ground nuclcar cxplosion dclivcrs 
extrcmely low doses or dose con~mitments to any 
group of people. Howcver, therc have becn occasions 
whcn, owing to venting or the diffusion of gases. 

radioactivc materials leaked from underground tcsts, 
rcsulting in the dissemination of radioactivc dcbris 
over at lcast regional distances. 

A. WEAI'ONS TESTS 

56. Estin~atcs of alirlual yiclds and nunibcrs of 
underground tcsts have bccn compilcd froni data 
collected by thc National Dcfcnce Research Establish- 
ment in Swcdcn [NlO] .  Thc total annual yiclds arc 
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prcscnlcd in Tablc 12. Thc basis for tl~csc csti~natcs 
arc cithcr announccrticnts madc by t l~c  tcsting nation 
or simple calculations cniploying a formula of thc 
followi~~g form: 

yicld (kt) = 10("-a)h (()I 

whcrc M stands for UIC scisniic surface or body wavc 
magnitudc and a and b arc constants d ~ a t  vary wilh 
wavc typc, explosion location and observing labora- 
tory. The total yicld of undcrground tcsts is cstimatcd 
to bc 90 MI, or about onc sixth of d ~ c  total yicld 
cxplodcd in thc atmosphcrc. 

57. More than 500 tcsts wcrc conductcd undcrground 
at thc Ncvada tcst sitc in thc Unitcd Statcs, but only 
32 are rcportcd to havc led to off-sitc contamination as 
a result of vcnting [H4]. Tablc 13 shows, as an 
cxample, h e  atrnosphcric rclcascs of l3lI from hcsc 
32  underground tcsts. The t o ~ l  amount of 13'1 
rclcascd into thc atmosphcrc was about 5 PBq, which 
is five orders of magnitude smallcr than the amount 
produccd by atrnosphcric tcsting (6.5 10' PBq, from 
Tablc 1). Thc amount of 1311 or of any other radio- 
nuclidc rclcascd into the atrnosphcre by underground 
tcsts carricd out at sitcs othcr than thc Ncvada tcst site 
is not available. 

58. The collcctivc cffcctivc dose pcr unit rclcase of 
13'1 would bc cxpcctcd to bc much grcatcr for the 
vcnting of undcrground tests than for atmospheric 
tcsts, bccausc thc rclcasc from undcrground tcsts 
occurs at ground lcvcl instcad of higher in the 
atniospherc. Estimates of collcctive cffcctivc dosc pcr 
unit rclcasc to thc lowcr laycrs of thc atmosphcrc wcre 
made in thc UNSCEAR 1988 Rcpor~ Ul];  these I cstirnatcs arc 1 10-l3 man Sv per B Tor 'I rclcascd 
in the Chcrnobyl accident and 4 10') man Sv per Bq 
for 1311 rclcascd from nuclcar powcr stations. In ordcr 
to account for the low population densities in the 
vicinity of wcapons tcsts sitcs, it is assumed that a 
lowcr figurc, 1 10-l4 man Sv per Bq, is appropriate 
for rclcascs of 1311 from undergrour~d tcsts. This 
figurc, combincd with a rclcasc of 5 PBq. lcads to a 
collcctivc cffcctivc dose hom 1311 rclcascs from 
venting undcrground tcsts carricd out at thc Ncvada 
tcst sitc of 50 man Sv. Extrapolating to h e  total 
numbcr of undcrground tcsls (1.400) at all localions 
would indicatc that 15 PBq, in total, of l3ll has becn 
rclcascd, and the collcctivc dosc is of lhc ordcr of 
150 man Sv. I n  comparison, thc concsponding 
collcctivc cffcctivc dosc from 13'1 from past 
atmosphcric tcsls is cstimatcd to bc 164,000 man Sv 
(Tablc 11). 

59. Olhcr than thcsc rather unusual events, where 
amounts of radioactive matcrials have been collcctcd 
on filtcrs, it  is rcasonablc to assume that a few high- 
yicld undcrground tcsts havc leaked radioactive gascs 

such as tritium or noblc gascs such as 1 3 3 ~ c .  Thcrc 
havc bccn suggestions that obscntcd pcak concentra- 
tions in atnios hcric tritium (HT or HTO) and 3 7 ~ r  
(produced in 'Ca(n,c~)~~Ar rcaclions underground) 
could havc bccn duc to lcakagcs from undcrground 
cxplosions [B7, 15, MI 1. Traccs of short-lived radio- 
nuclidcs resulting from tcsls in the USSR wcrc ob- 
scrvcd in Finland and Swcdcn in 1966 [ K l ,  P21 arid in 
1971 [E l ,  K6]. Thc collcctivc dosc lo thc population 
of Swcdcn was cstimatcd to be 3 man Sv from thc 
venting of an undcrground test at Scmipalatinsk in 
1966 and 0.1 man Sv or lcss on scvcn othcr occasions 
when radionuclidcs from undcrground tests wcrc 
detected in that country [DIO]. 

60. Thc tobl ')'I produccd in the undcrground 
cxplosions could be estimatcd to bc 90 Mt total yicld 
times the normalized fission production of 4,200 PBq 
MI-' (Tablc l), which is 380 EBq. The fractional 
rclcasc is thus 4 lo-' of thc amount produced. This 
same estimate of the release fraction may bc applied 
to the noble gascs, of which 1 3 3 ~ e  is the predominant 
radionuclidc. The normalized fission production of 
1 3 3 ~ e  is 14.5 EBq MI-' (6.54% fission yicld [Rl] ,  
adjustcd for the half-life and yicld of " ~ r  production 
given in Tablc 1). Total production of 1 3 3 ~ e  in 
underground tests is thcn cstimatcd to be 1,300 EBq, 
of which 50 PBq may have bccn rclcascd (90 Mt x 
14.5 EBq MI-' x 4 lo-'). The nonnalizcd collcctivc 
dose from noblc gascs cstimatcd for surface rclcases 
(applicd to rclcascs from nuclear powcr rcactors) is 
0.1 man Sv P B ~ - '  [UI]. The collcctive dose due to 
noble gascs rclcascd from underground tests is then 
50 PBq x 0.1 man Sv P B ~ "  = 5 man Sv. This esti- 
mate is vcry uncertain. The collcctive dose per unit 
rclcasc may be ovcresrimated hecause of the remote 
locations of the test sites: howcver, thcrc is even 
greater uncertainty in the rclease fraction. 

61. The same estimation procedures applied to 3~ 

produccd in underground testing would indicate a total 
release of lo4 PBq and a collcctive dose of 0.001 
man Sv. This is a negligible componcnt of the collec- 
tive dose undcr the assumptions made. The analysis 
indicates thal rclcascs of 13'1 arc of the most 
significance and that thc total collcctive dosc from 
rclcased radioactive matcrials from the 1,400 undcr- 
ground tests conducted thus far is of the ordcr of 
200 man Sv. Evaluations havc not yet bccn made of 
potential exposures resulting froni rcsidual dcbris 
underground at the sites of thc explosions. 

B. PEACEFUL NlJC1,FAR EXI'1,OSIONS 

62. It is to be expected thal shallow underground 
explosions conductcd for excavation purposcs or 
deeper underground explosions i n  mining operations 
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also involve rcleascs of radioactivc matcrials to the 
cnvironnicnt. Programmes to dcvclop applications of 
pcaccful nuclcar cxplosions wcrc carricd out during 
thc 1960s in IIIC Unitcd Statcs and USSR. About 100 
tcst cxplosioris wcrc pcrfornlcd. Thc prcsunicd 
advantages of nuclcar cxplosions havc, howcvcr, bccn 
outwcigllcd by thc rcsidual contan~ination and othcr 
disadvantages. 

63. Doscs to local or global populations from 
pcaccful nuclcar cxplosions have rcsultcd primarily 
from cratering cxperimcnts. Thcrc wcre 6 such tcsts at 
thc Ncvada Test Site between 1962 and 1968 and a 
rcportcd 9 cxpcrimcnrs worldwide [US]. The collcctive 
dosc to thc local population (180,000 pcrsons) living 
ncar thc Ncvada sitc has bccn cstimatcd to be 
3 nian Sv from the Sedan 104 kt cratcring cxpcrinicnt 
in 1962 [AS]. The total from all tcsts, pcaccful and 
military, conducted at the Ncvada sitc fro111 1961 to 
1975 was 5.7 man Sv [AS]. Thcrcforc the total local 
collcclivc dosc from peaceful nuclcar explosions can 
be estimated to be no more than 5 man Sv at Ncvada 
and perhaps 10 man Sv worldwidc. 

64. Thc long-range dose commitment from thc 
Schooncr cratcring cxpcrimcnt in the Unitcd Statcs in 
1968 was cstiri~atcd in the UNSCEAR 1972 Rcport 
[U5]. Tungsten- 181, formcd in thc ncutron sliicld uscd 
to rnininlizc tllc formation of activation products, was 
dctcctcd in scvcral locations in Europe aftcr this cvcnt. 
Thc crfcctivc dosc coninlitmcnt was cstimatcd to bc 
12 nSv froni radionuclidcs othcr than 3~ in rhc popu- 
lation of thc 40"-50" latitude band of the northcrn 
bcniisphcrc (630 niillion persons at thc time) [Us]. 
Thc cstimatcd rclcasc of H of 15 PBq [U5] would 
have rcsultcd in a dose commitment of 4 nSv (0.27 
nGy P B ~ ' ~  from cornparison with natural 3~ dosc and 
rclcasc in thc northcrn hcmisphcrc) in the population 
of thc northcrn hcmisphcre (3,160 million pcrsons at 
the time). Thc collcctivc dose from this tcst is thus 
cstimatcd to bc 20 man SV. If it may be considcrcd 
that this rcsult is rcprcscntative of thc othcr cratcring 
experirncnls, ttlc collcctivc dosc worldwidc froni 
cratering cxperirncnts is 180 man Sv. Thc collcctive 
dosc fronl pcaccful nuclcar explosions is thus 
cstimatcd to be the samc ordcr of magnitude as that 
from vcnting undcrground military tests. 

111. NUCLEAR WEAPONS FABRICATION 

65. Thc production of radioactive matcrials for 
military use and the fabrication of wcapons has 
involved routinc and accidental rclcascs of 
radionuclidcs and exposures of local or rcgional 
populations. Tbcse dose commitments and collcctive 
doses have not becn estimated bcforc by the 
Committee because no data wcrc available. Some of 
the secrecy of this industry is bcing rcduccd, howcvcr. 
and information on discharges and doscs frorn rcccnt 
(and, in some cases earlier) opcrations is being 
provided. With this information and some rough 
cstimatcs of thc total amounts of radioactive niatcrials 
produced, thc doscs from the wcapons industry can bc 
estimated. 

66. The radioactive com ncnts of nuclcar wcapolu 
arc the Tssile nuclides 'Pu and ='u; tbc fertile 
nuclide 2 3 6 ~ ,  which fissions only if irradialed by 
high-cncrgy neutrons; tritium; and in sonic prcsuniably 
oidcr constructions sniall amounts of matcrials such as 
'lOpo, which arc used to initiatc thc chain rcaction ill 

thc fission bomb. Tritium is uscd in boostcd fission 
bombs, whcre the efficiency is incrcascd by ncutrons 
from a comparatively small thcrmor~uclcar rcaction 
fuclled by tritium. Tritium is probably also uscd in the 
main thermonuclear stage of some types of hydrogen 
bombs. 

67. Doscs arisc in scvcral stages of thc nuclcar 
wcapons production line. As in the nuclear cncrgy fucl 
cycle, production starts with thc mining and milling of 
uranium. Aftcr that thcrc is the need to convert thc 
uranium to uranium hcxafluoride gas, which is the 
form of urariium uscd at the gas diffusion or ccntri- 
fugation plant whcre the 2 3 5 ~  contcnt is cnrichcd. If 
h i s  process is carricd to enrichments of the ordcr of 
90%, wcapons-grade uranium is produccd, which can 
be uscd directly to fabricate rluclcar weapons conipo- 
ncnts. Altcrnativcly, thc emichmcnt can be omittcd or 
camcd to only a fcw pcr cent. The uranium is lllcn 
uscd to fucl reactors, which couplcd to rcproccssing 
and purification yiclds plutonium and tritium for lhc 
wcapons. Soriic doscs also derive froni thc wcapons 
fabrication arid asscnibly, as well as from the 
maintcnancc, transportation and recycling of wcapons. 
Doscs rcsultirlg from routine rclcascs are considcrcd in 
this Chaptcr. 

A. 1'llOl)lJCTION AMOIJNTS 

68. Thc total amounts of radioactive matcrials 
produced for wcapons use are not known from directly 
reported information. An assessment has bccn made of 
plutonium in prcscnt wcapons stockpiles by considcr- 



ing thc amounts of long-livcd fission products in high- 
lcvcl waste in thc Unitcd Statcs and by analysillg t l~c 
global atmosphcric irlvcntory of "I;, [HS). 
Krypton-85 is a noblc gas and a long-livcd fission 
product that is rclcascd to UIC atmosphcre whc~i 
rcactor fucl is rcproccsscd, for cxamplc, to cxtract 
plutonium. Correcting the global invcntory mainly for 
UIC hihcrto modcst civilian rcproccssing yiclds a 
numbcr that may bc sccr~ to bc a mcasurc of t l~c  
global plutonium stockpilc. Thc cstimatcd stockpiles in 
thc Unitcd Statcs and thc fonncr USSR wcrc cstimatcd 
to bc around 100 tonncs in cach country. 

69. Accordirlg to Unitcd Nations studics in 1981 and 
1990 on nuclcar wcapons, the nuclcar arscnals 
comprise more than 40,000 wcapons with a total 
explosive yield of 13,000 Mt [ U l l ,  U121. If it is 
assumed that the first fission stage in all these 
weapons is bascd on plutonium, a total invcntory of 
weapons plutonium of 200 tonncs implies that, on 
average, 5 kg is used in cach dcvice. Tbis is a reason- 
able figure [ E l ,  which thus lends sonic credibility lo 
the estimated total production. 

70. Tritium is also produccd for wcapons usc. It 
dccays with a half-life of 12.32 years, which mcans 
that tritium must bc produccd continually to prcscntc 
Lhc wcapons stockpilc. It has bccn estimated for thc 
Unitcd Statcs that an annual production of 3 kg of 
tritium is just enough to balance thc dccay [C l l ] ,  and 
from this the total amount of tritium in the Unitcd 
States stockpilc can be easily calculated to be about 
55 kg. The world tritium stockpilc can thcn bc 
assumcd to be twice as much, or around 110 kg. If i t  
is assumed that this tritium was first produccd in thc 
early 1960s and has bccn maintaincd since thcn, a 
total tritium production of 110 t 30 x 6 = 290 kg 
results. If a furthcr reasonable assuinption is made, 
that is, that tritium is produccd at the same (a1om)rale 
as plutonium in the rcactor. thcsc 0.29 tonncs of 
tritium are equivalent to a production of (23913) 0.29 
= 23 tonnes of plutonium. 

B. HELFASES AND 1)OSE ESTihlATES 

71. In the Unitcd States, wcapons production 
activities have bccn ccntrcd at locations reporting 
mainly through four regional officcs of thc Dcpartn~cnt 
of Energy: Albuquerque, Oak Ridge, Richland and 
Savannah River. Doscs reported from Uiesc ccntrcs 
between 1976 and 1982 are considered to contribute 
about 90% of the population dose from activities 
rclated to wcapons rcscarch and production. Little 
information is available on doses or releases bcfore 
1976. Efforts are being made, howcver, to reconstruct 
doscs to the public living ncar nuclcar installatio~is, 

and some data from carlicr pcriods arc bccorning 
availablc. 

72. Thc Hanford nuclear wcapons facility in thc 
Unitcd Slatcs rcleascd substantial quaatitics of 
radioactive materials into the atmosphcrc and the 
Columbia Rivcr from its plutoniunl production rcactors 
and fucl rcprocessing facilitics. Two plutonium 
production rcactors startcd operating at Hanford in 
Deccmbcr 1944. Two fucl rcproccssing plants began 
extracting plutonium in the same month, and a third 
production rcactor was added in 1945 [C5]. Thc 
atmospheric rclcases of 13'1 from reprocessing 
facilitics were estimated from the quantity of rcactor 
fucl rcproccsscd and the time interval bctwecn 
removal from thc rcactors and rcprocessin . Table 14 
prcscnts the cstimatcd annual relcascs of 15'1 into the 
atmosphere from 1944 to 1956 [C5]. Thc largcst 
rclcases of l3'1 occurred between 1944 and 1946 
during the effort to dcvclop and produce the first 
arsenal of nuclcar weapons. At that time, fuel rods 
were reprocessed soon after their removal from the 
rcactors in ordcr to maximize plutonium production, 
and there was no filtering or chemical processing of 
1311 bcforc atmospheric release. About 18 PBq of 13'1 
was rcleascd into the atmosphere between 1944 and 
1946, while the rclcasc from 1947 to 1956 amountcd 
to about 2 PBq (Table 14). The total atmospheric 
relcasc of 13'1 was 20 PBq between 1944 and 1956. 
Prcliminary calculations indicate that the maximum 
thyroid doses were of the ordcr of 10 Gy in 1945 
[O-1. The collective effective doscs, bascd on a value 
of 4 man Sv. per Bq of 13'1 rcleascd from 
nuclcar installations and a population density of 25 
persons per km2 [Ul,  W4], are roughly estimated to 
be 7,000 man Sv for 1944-1946 and 1,000 man Sv for 
1947-1956. These figures do not include the contri- 
butions from other radionuclides in the airborne dis- 
charges, which have not yet bccn rcportcd, or from the 
liquid rcleascs to the Columbia Rivcr. The dose recon- 
struction effort, which is scheduled to bc finishcd in 
1994, will produce more complete and accuratc dose 
cstimalcs. 

73. Thc Chclyabinsk-40 ccntrc, located ncar thc town 
of Kyshtym, was the first Sovict nuclear installation 
dedicated to the production of plutonium for military 
purposes. A uranium-graphite rcactor with an opcn 
cooling water system was commissioned in Junc 1948, 
and a fucl rcprocessing plant startcd opcrating in 
Deccmbcr 1948 INS]. Liquid rclcascs to the Techa 
Rivcr from 1949 to 1956 amounted 10 100 PBq, with 
95% olthis release being discharged from March 1950 
to November 1951 [K7]. Thc main contributors to the 
activity associatcd with the radioactive materials 
rcleascd were 8 9 ~ r  (8.8%), (11.6% , 13'cs 
2 . 2 % )  rare-earth isotopes (26.8%). "Zr-"Nb 
(13.6%) and ruthenium isotopes (25.9%) [K7]. These 
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largc rcleascs appear to havc rcsultcd in largc part 
from a lack of waste treatment capability and from the 
storage of radioactive wastes in open, unlillcd carthcn 
reservoirs [T4]. A hydrological isolation system, 
including a small reservoir callcd Lake Karachay, was 
built after 1952 to contain thc low- and intcmicdiatc- 
lcvel wastes. 

74. Thc population along thc Tccha Rivcr was 
cxposcd to both external and intcrnal irradiation. 
External irradiation was causcd by gamma radiation 
from 13'cs, l o 6 ~ u  and OSzr in the flood-plain areas, in 
vcgctable gardens ncar the houses, arid inside the 
houses. Intcrnal irradiation was mainly due to the 
consumption of water and of local foodstuffs 
contaminated witb a 9 ~ r ,  %r, 1 3 7 ~ ~  and sonic other 
radionuclidcs. Tissue and effective doscs, prcscntcd in 
Table 15, havc becn estimated for the populations 
living along the 240-km-long Techa Rivcr [A4]. 
Average cumulative cffective doses are cstimatcd to 
have ranged up to 1,400 mSv in the village of 
Mctlino, located 7 km downstream from the point of 
discharge. The evacuation of the population of that 
village started in 1953: from 1955 to 1960, inhabitants 
of another 19 settlements were moved away from the 
river. Altogether, 7,500 persons were evacuated [2(7]. 
It appears from Table 15 that all villagcs along the 
Tccha River within about 50  km of the plutonium 
production centre wcre evacuatcd. The collcctive 
effective dose can be assessed from the distribution of 
estimated cumulative effective doscs to individuals, 
which are as follows [A4]: 0-50 mSv, 10% of 
population; 50-100 mSv, 44%; 100-200 mSv, 18%; 
200-250 mSv, 15%: 250-500 mSv, 2%; 500- 
1,000 mSv, 3%; and >1,000 mSv, 8%. Assuming that 
the 11% of the exposed population who received 
cumulative cffective doses greater than 500 mSv is 
identical with the 7,500 persons who wcre evacuated, 
the collcctivc effective dose rcccivcd by the population 
living along the Tccha River is about 15,000 Inan Sv. 
This value docs not include the contributions from the 
airborne discharges, which have not bcen rcportcd, or 
from the contamination of the Isct Rivcr, illto which 
thc Tccha Rivcr discharges its waters. 

75. Thcse data from Hanford and Chelyabinsk give 
some indications of doses from the carlicr practice of 
nuclcar wcapons fabrication, but it  is difficult to extra- 
polate this information to the total weapons industry. 
Another method of estimating dose is to relatc the 
radioactive material production amounts to thc doses 
involvcd i n  producing and utilizing nuclcar fuels in the 
civilian fucl cyclc. Plutonium production reactors, 
which are optimized for the purposc, produce about 
1 g of U 9 ~ u  per MW d (thermal powcr), which, if a 
lbcrmal conversion of 0.33 is assumcd, can be 
expressed, for comparison, as 1.1 tonne pcr GW a of 
electrical power. This means that the plutonium and 

tritium in present arscnals conespond to (200 + 
23)ll.l = about 200 GW a (clcctrical powcr) of 
reactor operation. According to the UNSCEAR 1988 
Rcport [Ul ] ,  1 GW a of electrical powcr in the 
civilian filcl cyclc yiclds a collective dosc of 4 man Sv 
locally and regionally and 200 man SV globally. Thc 
total collcctivc cffcctivc dosc committcd fro111 wca- 
pons plutonium and tritium production may thus be 
cstimatcd to be 800 man Sv locally and regionally and 
40,000 man Sv globally. 

76. TIic estimated annual collcctivc doses from 
weapons production activities in the Unitcd Statcs, as 
reflcctcd in reports of the Department of Energy for 
the four niain locations between 1976 and 1982, wcre 
5.8, 8.2,5.2,2.2,2.4,2.3 and 1.7 man Sv, rcspectivcly 
[D7]. The Unitcd Statcs nuclear weapons stockpile 
grcw by the mid-1960s to somewhat abovc 30,000 
weapons [C12]. Since thcn, as older weapons bavc 
been retired, the stockpile has decreased, to some 
25,000 weapons. Howcvcr, some of the rctircd 
weapons have bccn replaced, and tritium has becn 
produccd continually to balance the radioactivc dccay. 
From the rcportcd variation with time of the annual 
doses since 1976, it can be assumed that the collective 
dose per year of practice increases as one goes back 
in time. Assuming Uiat the mean annual population 
dose commitment fro111 1965 to 1990 was 10 man Sv 
and that during this period, on average, 1,000 wcapons 
were produccd annually, an average population dosc 
con~mitnicrit of 0.01 nian Sv for each weapon pro- 
duced is cstimatcd. With a total Unitcd States produc- 
tion of 30,000 + (20 x 1,000) = 50,000 weapons, the 
total estimate would be 500 man Sv. With similar 
doscs from wcapons production in the Soviet Union, 
the collective dosc committed to the local and regional 
population from nuclcar wcapons production in the 
world would become 1,000 man Sv, in agrccmcnt with 
the estimate bascd on plutonium and ~ i t i u m  produc- 
tion in the previous paragraph. 

77. This cstiniate of about 1,000 man Sv for the 
local and regional collective dose from the global 
nuclear wcapons industry in more recent practice is 
admittedly uncertain, as i t  is bascd on many assump- 
tions and few data. Tllc global componcnt of the col- 
lective effective dosc is also rather uncertain, as it 
mainly arises from radon releases from mill tailings in 
the next 10' years. The amounts of enriched uranium 
produccd for wcapons purposes arc not known, and 
this part of tllc military fucl cyclc has not yet bcen 
asscssed. Howcvcr, even if the committcd collective 
dosc from nuclcar wcapons research, development arid 
production is takcn to be roughly 100,000 man Sv, 
this rcprescnls less than 1% of the committed col- 
lective dosc from atniosplieric testing, which according 
to Table 11 was about 3 lo7 man Sv. 



1V. NUCLEAR POWER PRODUCTION 

78. Tlrc generation of clccbical crrcrgy by nuclcar 
reactors has contirrually increased since tlrc beginning 
of this practice in the 1950s. In 1989, thc clcctrical 
cncrgy generated by nuclcar reactors amounted to 
212 GW a, representing 17% of the world's clcctri~il  
cncrgy generated in that year and 5% of the world's 
cncrgy consumption 1171. 

79. The nuclcar fucl cyclc includes the mining and 
milling of uranium orc, its conversion to nuclcar fucl 
material, which usually includes the enrichment of the 
isotopic content of 2 3 5 ~ ,  the fabrication of fucl ele- 
ments, the production of cncrgy in the nuclcar reactor, 
the storage of irradiated fucl or its reprocessing wilh 
h e  recycling of the fissilc and fertile matcrials 
rccovcrcd, and the storage and disposal of radioactive 
wastes. Radioactive materials are transported between 
installations in the entire fucl cycle. 

50. Radiation exposures of members of the public 
resulting from effluent dischargcs of radioactive 
materials from installatiorls of the nuclear fuel cycle 
were assessed in previous UNSCEAR Rcports [Ul,  
U3, U4, U5], in which discharge data for 1970-1974, 
1975-1979 ar~d 1980-1984 were included. In this 
Annex, similar data are prcsentcd for the years 1985- 
1989, as well as the trend with time of the normalized 
annual releases since 1970. The doses are cstiniatcd 
using the same environmental and dosimctric models 
as in the UNSCEAR 1988 Report [Ul]. In this 
Chaptcr doses to the public from routine cfflucnt 
discbarges are considered. 

81. The doses to the exposed individuals vary widely 
from installation to installation and from one location 
to another, and the individual dose generally dccrcascs 
rapidly with distance from a given source. In  this 
Annex, an indication is given of the range of 
individual doses associated with each type of 
installation. To evaluate the total impact of 
radionuclides released at each stage of the nuclear ft~cl 
cycle, results are normalized in temis of the collcctivc 
effective dose pcr unit quantity of clcclrical cncrgy 
produced, expressed as man Sv per GW a. The 
estimated amounts of natural uranium, uranium oxidc 
(U308), fuel, and units of enrichment required to 
generate 1 GW a of electrical energy arc prcsentcd in 
Table 16 for several reactor types [ 0 2 ,  031. 

A. hIININC AND MILLING 

82. Uranium mining operations involve the removal 
From the pound of large quantities of ore containing 
uranium and its decay products at concentrations of 

bctwccu a tenth of a per cent and a few pcr cc~rt. In 
con~parison, tlrc avcragc conccnbatior~s of uranium in 
soils of normal natural background arcas arc of the 
order of I ppm. Uranium is nii~rcd using underground 
or open-pit tecl~niques. The a ~ ~ ~ r u a l  quantitics of 
urarriuni produccd in 1975-1989 arc prcscntcd in 
Table 17 [02].  The total amount of uranium produccd 
worldwide remained fairly stable between 1985 and 
1990, at about 50,000 tonncs, extracted from about 20 
million tonncs of ore. Milling operations involve thc 
processing of these large quantitics of ore to extract 
the uranium in a partially refined form, known as 
yellow cake. 

83. Radon is Lhc most important radionuclidc 
released from uranium mines. Data on radon emissions 
from mines in Australia, Canada and the German 
Democratic Republic for the period 1985-1989 are 
collected in Table 18. Releases normalized to the 
production of uranium oxidc (Ug08) ranged konl 1 to 
2,000 GBq t" and were, for most mines, much greater 
in Canada and in the German Democratic Republic 
than in Australia. The production-weighted average of 
the normalizcd radon release is 300 GBq t1 of 
uranium oxide. Since about 250 t uranium oxide are 
required to produce 1 GW a of electrical energy 
(Table 16), the average radon release, normalized to 
the generation of clcclri-cal energy, is approximately 
75 TBq (GW a)-'. This is greater, by a factor of al- 
most 4, than the value adopted in the UNSCEAR 1982 
Report and the UNSCEAR 1988 Report. Previous data 
have bccn both limited and variable. The present 
database is somewhat more extensive, and a produc- 
tion-weighted average has been calculated. 

84. Releases of natural radionuclides in uranium 
rnilling have becn reported for mills in Australia and 
Canada. Results for airborne rclcascs are shown in 
Table 19. The releases normalizcd to electrical cncrgy 
generated are comparable to values adopted in the 
UNSCEAR 1982 Report and the UNSCEAR 1988 
Report. Some variability is inherent, given the limited 
data available. Mill sites in dry areas give rise to 
effectively no liquid effluents. The run-off water of 
mills in wct climates. however, will conbirr 
radionuclides and may need treatment before release 
into watercourses. Liquid rcleascs have becn reported 
for two Canadian uranium niills and are presented in 
Table 20. There is no obvious explanation for the 
relatively large amounts of uranium in releases, 
compared to the other radionuclides of that decay 
series. 
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85. Thc cxlraction ofuraniurii during niilling is niadc 
as coniplctc as possiblc but cannot rcach 100%. Typi- 
cally, thc rcsidual tailings from t l~c  mill will contain 
from 0.001% to 0.01% uraniuni, dcpcnding on ~l ic  
grade of orc and tile cxtraction proccss. Morc import- 
antly, mill tailings contain thc totality of t l~c  dccay 
products of 2 3 4 ~  that wcrc prcscnt i n  t l~c  orc cxtrartcd 
fro111 the milic. Bccausc thc two precursors of 2 2 2 ~ n  
arc prcscnt in thc mill tailin s, namcly 2 2 6 ~ a ,  with a 
half-life of 1,600 ycars. with a half-life of 
80,000 ycars, mill tailings constitute a long-tcnn 
sourcc of atmospheric 222Rn. Tailings arc discharged 
from mills into opcn, unconklincd pilcs or bchirid 
cnginccrcd dams or dikes with solid or water covcr. 
All tailings pilcs act as sourccs of airbornc rcleascs of 
711 
---Rn, although thc rclcasc ratcs can be low if thc 
tailings arc covcrcd with walcr. 

86. Mcasurcnicnts ovcr barc tailings pilcs A8, B8, 
571 

C8, S8] show that the exhalation ratc of ---hi is 
about 1 Bq m-' s-' per Bq g-l of ' ' )6~a.  Since the 
concentralion of 2 2 6 ~ a  in uranium ore with 1% U30R 
is approximately cqual to 100 Bq g-I, the rclcasc ratcs 
of 222Rn ovcr barc tailings rcsulting from chc 
trcatment of uranium ore wilh 0.1%3% U 0 arc 
cxpcctcd to range bcaccn  10 and 300 Bq L-' s-I; 
taking the current avcrage ore radc to bc 0.2% U308. 
the average exhalation rate of '"Rn is cxpcctcd to be 
20 Bq m-' s-l. Rcportcd emission ratcs of 222Rn for 
1985-1989 Goni mill tailings in Argentina, Australia, 
Canada and the German Democratic Republic arc 
prcsentcd in Tablc 21. Thc emission ratcs per unit arca 
range from 0.1 to 43 Bq m" s-l, with most of thc 
valucs centred on 10 Bq m-' s- ' ,  which is an 
improvcmcnt ovcr the cmission ratcs expcctcd from 
barc tailings. Assuming, as in chc UNSCEAR 1988 
Report, that the production of a uranium minc 
gcncrates tailings of about 1 ha (GW a)-1 and that the 
rclease rates of '22Rn rcmain unchangcd during fivc 
ycars, a typical emission ratc pcr unit arca of 
10 Bq m-2 i1 concsponds to a noniializcd rclcasc of 
"'Rn of about 20 TBq (GW a).'. This applics to mill 
tailings of an operating mill. 

87. It is likcly that furthcr trcatmcrit will be carricd 
out to rninimizc thc rclcascs of222Rn from abandoncd 
tailings pilcs. As rcported i n  thc UNSCEAR 1988 
Report, scvcral tcchniques wcrc analysed in a study by 
thc Nuclear Encrgy Agency of the Organization for 
Economic Coopcration and Dcvclopmcnt (OECD) 
(01 ] for a numbcr of sites. Thc radon cxhalariori ratc 
varicd by factors of more than lo6, accordilig to thc 
trcatment assumcd, showing that this is clearly a 
crucial parametcr in the asscssmcnt of the impact of 
tailings piles. I n  the UNSCEAR 1988 Rcport. i t  was 
assumed that some reasonably impcrmcable covcr 
would be uscd and that Ihe radon cxhalation ratc froni 
abandoned tailings piles would be 3 Bq m-2 s-l. 

Bccausc of tlic assu~ncd protection against crosion and 
of tlic long radioactivc half-lilc of 23()Th, thc radon 
cxhalation rate would rcniain essentially unchangcd 
ovcr at Icast 10,000 ycars and would only dccrcasc by 
a factor of 2 over the ncxt 80,000 ycars. Furthcr 
trcatmcrit of d ~ c  aha~~doncd tailings pilcs by futurc 
gc~icratio~is in lhc ncxt niillcnnium would probably 
causc a variation in ttic cxhalation ratc, which could 
bc cid~cr a dccrcase or an increase. Two cxtrcmc 
options can bc cnvisagcd: 

(a) to ulicovcr the tailings pilcs so that thc radon 
cxhalatio~i ratc would be incrcascd to its initial 
valuc of about 20 Bq m-' s-I; 

@) to trcat the tailings in such a way that h c  
rcsulting exhalation rate is dccreascd to 0.02 Bq 

-1 s , which is the avcrage valuc concspond- 
ing to soils in noniial background areas. 

88. In this Annex, it  is assumed that thc avcragc 
"'Rn cxhalation rate from abandoncd tailings piles is 
3 Bq m-* sml [corrcspondin to a normalizcd crnission P ratc of 1 TBq am' (GW a)- ] and that chis value will 
rcmain unchangcd over the ncxt 10,000 years. These 
assumptions of the long-tcrm releasc of radon arc the 
same as i n  the UNSCEAR 1988 Report [Ul]. I t  is, 
howcvcr, recognized that the u'~n cxhalation ratc 
could range bctwccn 0.02 and 20 J3q rn-' s-' any time 
in the ncxt 10,000 ycars and beyond. Normalized 
relcascs of radionuclidcs assumed for the mining and 
milling operations arc summarized in Tablc 22. 

2. Dose estimates 

89. In the dose estimation procedurc uscd in the 
UNSCEAR 1988 Report, a refcrencc minc and mill 
sitc was considcrcd with population densities of 
3 km-' at 0-100 km arid 25 k ~ i i - ~  at 100-2,000 km. 
Thc collcctivc doses rcsulting from airbornc discharges 
wcrc thcri calculated using an atmospheric dispersion 
modcl with the characteristics of a semi-arid arca and 
an cffcctivc rciease hcight of 10 m. The resultant 
collcctivc cffcctive doscs per unit release arc shown in 
Tablc 22, along with the collcctivc cffcctivc doscs per 
unit electrical cncrgy gcncratcd for the radionuclidcs 
rclcascd during the operation o r  the modcl mine and 
mill and from the abandoned tailings pilcs. The toial 
collective cffcctive dose pcr unit clcctrical encrgy 
gcncratcd is estimated to bc 1.5 man Sv (GW a)-' 
during Ihc opcration of thc riiinc and niill ;~nd to be 
essentially duc to thc radon rclcascs. This is greater by 
a factor of 3 than the estimate given in thc UNSCEAR 
1988 Rcport, since additional dara havc indicated 
highcr avcrage normalized rcleascs. The unccriainties 
cxist not only from normalized rclcases but also from 
conditions of the model sitc and the population 



distributions. Thcrc may bc widc deviations fro111 thc 
abovc assumptio~is for actual sitcs. Thc dmcs from 
liquid cfflucnts arc ncgligiblc in coml)arison to thc 
doscs Sro~ii airbornc cfflucnts. 

90. Thc collcctivc cffcclivc dosc pcr uriit clcclrinl 
cncrgy gcncratcd that is duc to thc rclcascs of radon 
from abandoncd tailings pilcs is csti~natcd to hc 
dclivcrcd at a ratc of 0.015 man Sv (GW a)-' pcr ycar 
of rclcasc. Thc ratc of rclcasc as a function of timc is 
assumcd to bc constant, and givcn thc vcry long radio- 
active half-livcs of thc radon precursors, thc normal- 
ized collcctivc cffcctivc dosc committed is propor- 
tional to thc assunicd duration of thc rclcasc. Taking 
this pcriod to bc 10,000 years for thc sake of illustra- 
tion, the result is an cstimatcd 150 man Sv (GW a)-'. 
This figure is highly dcpcndcnt on future management 
practiccs; its estimated range is from 1 to 1,000 
man Sv (GW a)-'. 

13. URANIUM FUEL FABRICATION 

91. Thc uranium orc conccntratc produced at the 
mills is furthcr proccsscd and purificd and convcrtcd 
to uranium tctrafluoridc (UF4), and thcn to uranium 
hcxafluoridc (UF6) i f  i t  is to be cnrichcd in the isotopc 
2 3 5 ~ ,  bcforc bcing convcrtcd into uranium oxide or 
nictal and fabricatcd inlo fucl clcnicnts. Ura~iiurn 
cnrichmcnt is not nccdcd for gas-cooled, graphite- 
niodcratcd rcactors (GCRs) or heavy-watcr-cooled. 
hcavy-watcr-modcratcd rcactors (HWRs). Enrichments 
of 2%5% arc rcquircd for light-watcr-modcratcd and 
coolcd rcactors (PWRs and BWRs) and for advanced 
gas-coolcd, gaphitc-modcratcd rcactors (AGRs). 

92. Available data on airbornc and liquid dischargcs 
from installations of this stagc of the fucl cyclc arc 
givcn in Tablc 23. Emissions of radionuclides from 
the convcrsion, cnrichmcnt, and fucl fabrication 
proccsscs arc gcncrally small and consist csscntiallv of 
the long-lived uranium isotopes, ' 3 4 ~ ,  2 3 5 ~ ,  and 2 i 8 ~ ,  
along with 234Th and 2 3 4 m ~ a ,  which are the short- 
livcd dccay products of 2 3 8 ~ .  Thc long half-life of 

prcvcnts thc activity build-up of any othcr 
radionuclidc of the 2 3 8 ~  scrics. Tbc solid wastcs 
arising during uranium fucl fabrication arc trivial in 
quantity by con~parison with thosc from thc uranium 
mines arid mills. 

93. The normalized cfflucnt discharges from niodcl 
fucl convcrsion, cnrichmcnt and fabrication facilities, 
which are takcn to be the same as in (he 1988 
UNSCEAR Report, are prescntcd in Table 24. 

94. Collcctivc doscs resulting froni thc a irhornc 
rclcascs wcrc csti~lialcd for lllc niodcl facility specified 
in UIC UNSCEAR 1988 Rcport, with a corlstant 
population dcrisity of 25 km-2 0111 to 2,000 km. l l i c  
nornializcd collcctivc cffcctivc dosc is csti~natcd to bc 
2.8 man Sv (GW a)-', with inhalation thc niost 
important pathway of cxposurc. Tlic collcctivc doscs 
duc to liquid discl~argcs arc much lcss lhari thosc froni 
airbornc dischagcs, as was asscsscd in t l~c  UNSCEAR 
1982 Rcport for thc sarnc rclativc rclcascs. 

C. RFACTOH OPERATION 

95. Nearly all thc clcctrical cncrgy gcncratcd by 
nuclcar means is produccd in thcrmal rcactors. Thc 
fast ncuuons produced by the fission proccss are 
slowcd down to thermal cncrgics by usc of a modcra- 
tor. The most common matcrials used as modcrators 
are light water (in PWRs arid in BWRs), hcavy watcr 
(in HWRs) and graphite (in GCRs and light-watcr- 
coolcd, graphite-modcratcd rcactors [LWGRs]). The 
electrical encrgy gencratcd by thcsc various typcs of 
reactors from 1970 to the end of 1989 is illustrated in 
Figure VII. During this pcriod thc nu~nbcr of nuclcar 
rcactors incrcascd froni 77 to 426: thc installed 
capacity, from 20 to 318 GW; and the cncrgy gcncra- 
tcd, from 9 to 212 GW a [IlO]. Basic dala on nuclcar 
rcactors in opcration in 1985-1989 arc prcscntcd in 
Table 25. 

96. The uranium fucl for thc nuclcar rcactors is 
contained in discrcte pins, which prevent Icakagc of 
the radioactivc fission products into the coolant circuit. 
The heat gcncratcd in thc fucl pins by the slowing 
down of the fission fragnicnts is rcmovcd by forccd 
convection, the most usual coolants bcing light watcr 
(in PWRs, BWRs and LWGRs), hcavy watcr (in 
HWRs). and carbon dioxide (in GCRs). Thc thermal 
energy carried by the coolant is thcn transformed into 
electrical energy by means of turbine generators. 

97. In addition to lhc rcactor typcs mcntioncd abovc, 
thcrc arc fivc fast brccdcr rcactors (FBRs) in opcration 
in thc world. In that typc of rcactor, fission is induccd 
by fast neutrons, thcrc is no niodcrator and thc coolant 
is a liquid mct:iI. Thc nlain advantage of thc FBR lics 
in its ability to producc morc nuclcar fucl than it 
consurncs. 

98. During thc production of power by a nuclcar 
rcactor, radioactivc fission products arc formcd within 
h e  fucl and ricutron activation products in structural 
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and cladding matcrials. Radioactive contamination of 
thc coolant occurs bcrausc fission products diffusc 
into the coolant from ttic small fraction of fucl with 
dcfcctivc cladding, and particlcs arising from the 
corrosion of stn~clural and claddilig matcrials arc 
activated as lllcy arc rarricd through thc corc. All 
rcactors havc trcatrncnt systcms for thc removal of 
radionuclidcs from gascous and liquid wastcs. 

99. Thc aniounls of diffcrcnt radioactive matcrials 
rclcascd from thc rcactors dcl)cnd on thc rcactor lypc, 
iLs dcsign and tllc spccific wastc trcatmcnt plant 
installed. As in thc prcvious UNSCEAR Rcports, 
annual rclcasc data havc bccu conlpilcd for cach typc 
of rcactor. Annual rclcascs arc rcportcd in this A~ulcx 
for thc period 1985-1989. Thcsc includc: 

(a) noble gascs (argon, krypton and xcnon) rclcascd 
to atmosphcrc (Tablc 26): thc radionuclidc 
compositions of the noblc gascs dischargcd from 
PWRs and BWRs in the Unitcd States in 1988 
are givcn in Tables 27 and 28, rcspcctivcly; 

(b) tritium in airbornc effluents (Tablc 29); 

(c) carbon-14 rclcascd to thc atmosphere, available 
for a fcw rcactors (Tablc 30); 

(d) iodine-131 in airbornc cfflucnts (Tablc 31): 
rclcases of othcr radioactivc isotopes of iodinc 
from PWRs and BWRs in the Unitcd Statcs in 
1988 arc prcscntcd in Tablc 32; 

(c) particulatcs in airbornc cfflucnts (Tablc 33); 

( f )  tritium in liquid cfflucnts (Tablc 34); 
(g) radionuclidcs othcr than tritium in liquid 

effluents (Tablc 35); the radionuclide compo- 
sitions of thc activities rclcascd in liquid 
effluents from PWRs and BWRs in the Unitcd 
Statcs in  1988 arc givcn in Tablcs 36 and 37, 
rcspectivcl y. 

100. For cach effluent category, the rcportcd 
discharges from individual reactors in a givcn ycar 
vary ovcr scvcral orders of magnitude according to 
design, type of wastc treatment, and levcl of irregular 
operations and maintcnancc. Evcn for rcactors of the 
samc type, thc variations arc enormous. As an 
cxample, thc statistical distribution of the 1311 rclcascd 
from P W b  in the Unitcd Statcs during 1988 is 
illustrated in Figure VIII. For thc distribution assumcd 
to be lognornial, a very largc gcomctric standard 
deviation of 13 is obtained. Ncithcr the amount of 
clcctrical cncrgy gcncratcd nor thc age of the rcactor 
appcars to havc a clear cffcct on the quantities of 
radioactivc matcrials released in a givcn ycar. The 
normalized rclcascs of radionuclidcs in airbornc 
cfflucnts from PWRs in Lhc Unitcd Statcs i n  1988 arc 
illuslratcd in Figurc 1X. Both ttlc total and normalizcd 
rclcascs sccm to be indepcndcnt of the amount of 
clcclrical cncrgy generated in that ycar or of thc age 
of the rcactor. This may indicatc that cfflucnt 
tmtments in all rracim are maintahlcd to cunrnt standards. 

101. The lrcnds in normalizcd rclcascs from all 
rcactorj worldwide of Ulc major cornpollenis of 
radiol~uclidcs in airborne and liquid cfflucn~r are 
illustralcd ia Figurcs X to XVI. Deviatiolls from thc 
gcllcral p;illcr11s nlay rcflcct abnormal opcration, 
spccial l l~aintcna~~cc or thc likc in spccific rcactors. 
Some variability may also rcflcct data that arc too 
incomplctc to providc rcprcscntativc avcragcs. Thc 
data bccomc increasingly incon~plctc for ycars before 
1985. For the pcriod 1985-1989, although somc 
components of dischargcs arc not mcasurcd, thc 
reporting of available d a u  is nearly complctc for all 
reactors in  opcration in thc world. 

102. Bccause of thc variability in annual releases, 
normalized rclcascs have becn averaged ovcr five-year 
periods in ordcr to asscss the collective doscs. Thc 
nornializcd rclcascs for the data availablc since 1970 
arc prcscntcd in Tablc 38. Data are availablc for all 
typcs of rcactors and cfflucnt catcgorics for 1985 
1989, cxccpt I3l1 discharged from FBRs. A release 
equal to that from PWRs is assumed. Estimated values 
only arc available for 3~ rclcascs from LWGRs [IlJ]. 
For sornc carlicr pcriods thc data arc less complete for 
somc rcactor typcs. In ordcr to includc estimates for 
those pcriods as well, the morc recent data or the data 
for PWRs are used. 

103. Thc trcnds in tlic principal components of 
rclcascs from rcactors, averaged ovcr all rcactor typcs 
and ovcr five-year time pcriods from 1970 to 1989, 
arc shown in Figure XVII. Atrnosphcric dischargcs of 
noblc gascs and iodincs, as well as liquid discharges 
of radionuclidcs other than tritium, have bccn dcacas- 
ing, and thcrc havc bccn lcss obvious changcs for thc 
othcr conlponcnts. The downward trcnds no doubt 
rcflcci in~provcmcnts in  thc quality of nuclcar fucl as 
well as in  the pcrforniancc and standards of rcactors 
in opcration. 

104. Tllc cstiniatcs of normalized rclcasc of 
radionuclidcs from rcactors may be combincd with the 
clcctrical cncrgy gcncratcd to obtain cstiniatcs of the 
total relcascs from all rcactor operations in the world. 
A record of cncrgy gcr~cration by reactors worldwide 
is conipilcd by thc International Atomic Energy 
Agcncy (IAEA) [IlO]. Since this record is not 
coniplclc, especially for carlicr ycars of operating 
cxpcric~~cc in some countrics, data providcd separately 
to thc Cornrnittce and a few estimated valucs havc 
bccn added to providc tllc summary listing givcn in 
Tablc 39. The avcrage nor~nalizcd rclcasc valucs ill 

Tablc 38 are assumcd lo hc thc most rcprcscntativc 
and arc applicd Ihroughout cach five-ycar pcriod. Thc 
total rclcascs from all rcactors for Qe cntirc pcriod of 
their usagc, during which time 1,844 GW a of clcctri- 
cal energy was gcncratcd, and the avcrage nonnalized 
rclcascs arc givcn in Table 40. 
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2. 1~)clrl and n.gionnl dose estinlates 

105. Natiollal authorities usually rcquirc that 
c~~vironmcntal nionitorillg progranilncs hc carricd out 
in LIIC vici~lity of a nuclcnr rcactor. 111 gcncral, thc 
activity conccntrations of radionuclidcs in cfflucnt 
dischargcs arc too low to bc ~ncasurahlc cxccpt close 
to dlc point of discharge. Dosc csti~natcs for the 
population thcrcforc rcly on modclli~lg thc 
cnvironmcnbl transfcr and transport of radioactivc 
materials. 

106. In the UNSCEAR 1982 Rcport and the 
UNSCEAR 1988 Rcport, thc Committee uscd a modcl 
sitc h a t  is most rcprcscntativc of northcrn Europe and 
thc north-castcrn Urlitcd States, sincc those arcas 
contain a largc proportion of all powcr-producing 
reactors. The cunlulative population within 2,000 km 
of the modcl sitc is about 250 million, giving an 
avcragc population dcnsity o r 2 0  km'2. Wi~hin 50 tan 
of thc site, thc population dcnsity is taken to be 
400 km-' in ordcr to rcflcct siting practices. This 
modcl sitc has also bcen uscd in this Annex, along 
with thc cnvironmcntal and dosimetric models of the 
UNSCEAR 1988 Rcport. With thc cxccption of 3~ 
and 14c,  most of the collcctivc doscs arc dclivcrcd to 
populations in local and rcgional arcas surrounding thc 
modcl sitc. Thc collcctivc cffcctivc dosc per unit 
rclcasc for thc radionuclidcs or for the radionuclidc 
con~positions rcprcscrltativc for cach rcactor typc arc 
prcscntcd i n  Tablc 41. 

107. Esliniatcs of collcctivc cffcctivc dose pcr unit 
clcctrical cncrgy gcncratcd rcsulting horn cfflucnt 
discharges lronl rcactors in 1985-1989 arc given in 
Tablc 42. Thcsc are obtaincd by n~ultiplying the 
normalizcd rclcascs (Tablc 38) by thc collcctivc 
cflcctivc dosc pcr unit rclcasc (Tablc 41). Thc total for 
all rcactor opcration is 1.4 man Sv (GUr a)-I. 

108. A similar proccdurc may be used to cvaluatc the 
collcctivc dosc from thc entire pcriod of reactor 
opcration. The avcragc normalizcd rcleascs in 
five-ycar pcriods (Tablc 38) arc multiplicd by thc 
annual cncrgy gcncration of the diffcrcnt rcactor types 
(Tablc 39) and by h e  factors of collcctive dose per 
unit rclcasc (Tablc 41). Thc rcsulb for cach rcactor 
typc are comhincd in Tablc 43. Thc total collcctivc 
cffcctivc dosc from all rcactor operations through 1989 
is cstimatcd to havc bccn 3,700 man Sv. Thc 
contributions by cach rci~ctor typc (not indicated, but 
dctcrniincd from thc calculation) arc 45% fro111 
HWRs, 29% from BWRs. 14% from PWRs, 9% from 
LWGRs, 4% from GCRs and 0.3% Croni FBRs. 

109. The estimated collcctivc cffcctivc doses from 
el'fluent dischargcs from reactors have changcd over 

Ihc course of t i~nc ,  as thc a r l ~ o u ~ ~ t s  of clcctrical crlcrgy 
gcncratcd and the rclcascd aniounts pcr unit cncrgy 
gcncratcd havc changcd. Figurc XVIII shows thc 
trcnds for d ~ c  various cfllucrll catcgorics. Thc 
collcctivc doscs from at~nospllcric dischargcs of l~oblc 
gascs and of iodinc and from liquid dischargcs of 
radio~luclidcs othcr tl~arl tritiunl dccrcascd or rcn~aincd 
stablc from bcforc 1970 through 1985-1989. Thc othcr 
compoacnts of tlrc local and rcgional collcctivc dosc 
incrcascd with t i~nc  as thc qua~~lity of clcctrical cncrgy 
gcncratcd incrcascd. also shown in Figurc XVIII. 

110. individual doscs rcsulting fro111 routine rclcascs 
of radioactivc cCflucn& from rcactors arc usually lour. 
For the modcl sitc, thc annual cffcctivc doscs to most 
exposed individuals are cstiniatcd to be 1 pSv for 
PWRs, 7 ~ S V  for BWRs, 10 pSv for HWRs, 10 p!Sv 
for GCRs, 20 pSv for LWGRs and 0.1 pSv for FBRs. 

D. FUEL KEI'KOCESSING 

111. At the h c l  rcproccssing stagc of the nuclear fuel 
cycle, the elements uranium and plutonium in thc 
irradiatcd nuclear fuel arc rccovered to be uscd again 
in fission reactors. Spent fuel clcmcnts arc preferably 
stored under watcr for a niinimum .of four to five 
months, in ordcr to cnsurc that thc short-livcd 1 3 1 ~  

decays to a very low Icvcl. Sincc one rcproccssing 
plant can serve a largc number of nuclear reactors, the 
quantities of radionuclidcs passing through thc plant 
are high in absolute terms. 

112. Rcproccssing is, a t  prcscnt, carricd out in only a 
fcw countries and is lilnitcd to a small portion of thc 
irradiated fucl. Known rcprocessing capacities, as 
summarized in Table 44, amount to about 3,300 t of 
uranium pcr annum. Thc annual throughputs of 
irradiated fuel from civilian power programmes to fucl 
rcprocessing plants in France. Japan and the United 
Gngdom are illustrated in Figure XIX. In the 1980s 
the total throughput at these plants ranged from an 
equivalent of 5 to 8.5 GW a of clectrical cncrgy, 
rcprescnting 5% of the annual worldwidc nuclear 
clcctrical cnergy production in that pcriod. The 
fraction of irradiatcd fuel that is rcproccsscd has bccn 
dccrcasing slightly with time. as cncrgy production has 
expandcd somcwbat morc than thc throughput of fucl 
at the rcprocessi~~g plants. Thc fractional amounts 
rcproccsscd in tcnns of cncrgy production cquivalcrlt 
wcrc 0.078, 0.066 and 0.04 during 1975-1979, 
1980-1 983 and 1985-1989, rcspcctivcly. Thc data for 
ycars bcforc 1975 arc i~~coruplctc. 

113. Scvcral countrics havc bkcn dccisio~a not to 
rcproccss fucl. In thcsc countrics, the fucl will cirhcr 
be disposcd of or storcd rctricvably; i n  the latter casc 
h e  possibility of rcproccssing at sonic latcr date 
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would not bc prccludcd. Thc current stratcgy for thc 
managcnicnt of spcrit ft~cl in diffcrcrit cou~~trics is 
surnniarizcd in  Tablc 45: in cach casc thc amount of 
inadiatcd fucl produccd in  1990 is indicatcd. hascd on 
Ihc amount of nuclcar clrcrgy gcncratcd in that ycar. 
For thc countrics includcd in Tablc 45, thc gcncration 
of s p c ~ ~ t  oxidc fucl in 1990 was about 11,000 t of 
uranium. 

114. Thc radionuclidcs of principal concern in 
cfflucnts from re roccssing lants are h e  long-livcd 
nuclidcs: 'H, C "10, '"1, 13'~s,  1 3 7 ~ s  and 
isotopcs of transuranium elements. The reported 
rclcascs of radionuclidcs to the atmosphere and to the 
sea from UIC Scllaficld, Cap de La Hague and 
Tokai-Mura rcproccssing plants for 1985-1989 are 
listcd in Table 46. In this Tablc, thc valucs for the 
electrical energy gcneratcd that correspond to tbc 
annual throughput of fucl wcre cstimatcd from the 
85k discharges, using production rates of 14 PBq 
(GW a)" for GCRs and 11.5 PBq (GW a)-' for 
PWRs. The variations with time of h e  normalized 
rclcascs of 3~ and 1 3 7 ~ s  in liquid effluents from the 
Cap dc La Hague and Scllaficld rcprocessing plants 
arc illustrated in Figurc XX. Thc annual total releases 
follow a similar pattcrn. Discharges of tritium havc 
becn increasing slightly, but 13'Cs rclcascs have bccn 
dccrcasing. Strictcr controls on rclcascs from the 
Scllaficld plant havc, sincc the early 1980s, reduced 
thc 13'cs rclcascs to lcvcls comparablc to thosc from 
h c  Cap dc La Haguc plant. Thc normalized rclcascs 
from tbc Tokai-Mura plant havc bccn comparable to 
thosc from h c  Europcan plants for 'H but several 
ordcrs of magnitude lcss for 1 3 7 ~ ~ .  

115. The data in Table 46, along w i h  those quotcd in 
prcvious UNSCEAR Rcports [ U l ,  U3, UJ] and addi- 
tional data lrom Japan [N13], havc bccn used to 
dctcrmine ~ h c  avcragc normalizcd rclcases of radio- 
nuclidcs during chc five-ycar pcriods. The limitcd data 
prior to 1975 havc bccn combincd with latcr data to 
provide cstimatcs lor 1970-1979. Thc valucs arc givcn 
in Tablc 47. Thc normalization is rclcvant to the cqui- 
valcnt cncrgy production of thc fucl rcprocessed. 
Tritium rclcascs in liquid cfflucnb inncascd in the 
most rcccnt five-year pcriod, but thcre have bcen 
dccrcascs for most othcr radior~uclidcs, particularly for 
1 3 7 ~ s  (by a factor of 80), for %r (by a lactor of 13) 
and for '06Ru (by a liictor o l  9). 

116. The tohl aniounls of radionuclidcs rclcascd from 
fucl rcproccssing can bc cstimated by cor~iplcting thc 
record of amounts of lucl rcproccsscd prior to 1975. 
For h i s  purposc the ratio of 0.078 tirncs the a~lrlual 
clcctrical cncrgy gcncratcd by rcactors has been used. 

The cncrgy gcricratcd by rcactors was b' 71vcn in 
Tablc 39. Thc fucl rcproccsscd (cncrgy cquivalc~~t) 
tirncs thc avcragc normalizcd rclcascs ofTablc 47 givc 
estir~iatcs of UIC tol;ll annual rclcascs, which arc shown 
in Tablc 48. Whcncvcr tllc rncasurcd rcsults from all 
thrcc rcproccssiag p l a ~ ~ t s  in Francc, Japa~l and thc 
Unitcd Kingdo~n wcrc available, thosc rcsults, instcad 
of csti~riatcd values, wcrc uscd in Tablc 48. Mcasurcd 
results wcrc available for 3~ and "1(r i n  airbornc 
cfflucnts and 3 ~ - ~ ,  9 0 ~ r ,  I o 6 ~ u ,  1 3 7 ~ s  in liquid cfflucnts 
since 1975, for lZ9l in airbon~c cfflucnts in 1980-1984 
and in liquid cfflucnts in 1983-1986. Thc avcrage 
normalizcd rcleascs for tbc cntirc pcriod of fucl 
rcproccssing operations givcn in Tablc 48 corrcspond 
to 1,844 GW a of electrical cncrgy gcneratcd and an 
amount of fuel rcproccsscd equivalent to 101 GW a. 

2. Local and regional dose estimates 

117. Thc collcctive doscs from the rcproccssing of 
nuclear fuel arise from local and regional exposurcs 
and from cxposurcs to the globally dispersed radio- 
nuclides. Estimates of tbc local and regional dosc 
commitments arc givcn in chis Section and the global 
contribution in Section E. Thc local and regional 
collective doscs per unit rclcasc of radionuclidcs wcre 
evaluated in tlie UNSCEAR 1988 Rcport [Ul]. Thcsc 
valucs arc includcd in Tablc 49 along with the 
normalizcd rcleasc amounts dcrived in Tablc 46. Thc 
product of these two quantities gives chc collcctivc 
effective dosc pcr u ~ ~ i t  cncrgy cquivalcnt of fuel 
rcproccsscd. Sincc the total fucl rcproccsscd in 
1985-1990 was 4% of the total, h e  collcctive dosc 
normalized to the total cncrgy generated in h e  pcriod 
is lcss by the factor 0.04. The total normalizcd 
collective cffectivc dose (relative to tokl encrgy 
gcncratcd) is 0.05 man SV (GW a)-' from airborne 
cfflucnts and 0.2 man Sv (GW a)-' from liquid 
efflucnls. 

118. The evaluation of the collcctive dose for thc 
entire pcriod of fucl rcproccssing is straightforward 
from the estimates of annual rclcascs of radionuclidcs 
prcscntcd in Tablc 48. The quantities in h i s  table arc 
multiplied by the factors of collcctive dose per unit 
rclcase in Table 49. Tbc rcsults arc prcsentcd in 
Tablc 50. The collcctive dose lrom the start of the 
rcprocessing practicc is cstiniatcd to be 4,600 man Sv. 
The main cornponcnts (ovcr 90%) o l  thc dosc arc 
13'cs and lo6Ru in liquid cKluc11ts. 

119. Annual individual doscs to critical groups have 
been evaluated for the thrcc rcproccssing plants for 
which rclcasc data arc availi~ble. Individual doscs for 
Sellafield havc bccn dcrivcd lrom environmental 
monitoring data, con~bincd with information on thc 
habits of local critical groups IC4). The main path- 



ways considcrcd arc tllc consumptio~~ of locally caught 
fish and shcllfisl~, wholc body cxtcrnal irradiation fron~ 
intertidal arcas and cxlcn~al irradiation of thc skin of 
fishcr~ncn whilc handling nets and pots. Annual 
individual doscs to critical groups by thc ingestion 
pathway pcakcd a t  about 3.5 rnSv in thc carly 1980s 
and latcr dcclincd, to about 0.2 mSv in 1986. Tile 
cstimalcd annual individual doscs to thc critical group 
for wholc body cxposurc lo cxtcrnal irradiation also 
pcakcd in thc carly 1980s at about 1 rnSv and 
dccrcascd to ahout 0.3 mSv in 1986. Finally, thc 
nicasurcd bcta dosc ratcs from ncb arid pots have 
suggcstcd that skin cxposurc to fishcrrncn would bc no 
morc than 0.1 mSv a-I [C4]. Thc cxposurc pathways 
for critical groups arc siniilar for thc fucl rcproccssing 
plant at Cap dc La Hague. The cstimatcd annual 
individual doscs for 1986 arc O.2mSv for the 
consumption of fish and shellfish and 0.05 rnSv for 
wholc body cxtcmal irradiation. Thc annual doscs to 
critical groups ncar the Tokai-Mura rcproccssing plant 
arc of the ordcr of 1 pSv (S31. 

E. GLOUA1,LY DISPERSED 
R4DIONUC1,IDES 

120. Thc radionuclidcs giving rise to global collcctivc 
doscs arc thosc that arc sufficicnlly long-livcd and that 
migratc rcadily through t l ~ c  cnvironmcnt, achieving 
widcsprcad distribution. The radionuclidcs of intcrcst 
arc 3 ~ ,  I 4 c ,  85Kr and 1 2 9 ~ .  Thc vcry long-lived 1 2 9 ~  

poscs a spccial problcm bccausc of the unccrtaintics 
involvcd in thc prediction of population size, dictary 
habits and cnviror~rncnt~l pathways ovcr pcriods of 
tcns of millions of ycars. In this Anncx, the global 
dosc commitmcnb arc trur~catcd at 10,000 ycars. By 
that timc, 3~ and %r have dccaycd to insignificant 
lcvcls and "C has dccaycd to about 30% of ils initial 
valuc. Rcsults for altcmativc intcgration pcriods wcrc 
prcscntcd in the UNSCEAR 1988 Report [UI]. Thc 
lirnit of 10,000 ycars was choscn to corrcspond to thc 
maximum pcriod of integrity of tailings pilcs from 

733 
which 23% continua to support ---Rn emanation. 
Bcyond 10,000 ycars cithcr complctc crosion or 
massive covcring of thc tailings would occur due to 
lbc cxpcctcd intcrvcntion of an ice age. The 
unccrtaintics of dosc calculations bccornc cxcccdingly 
great as intcgration pcriods arc cxtcndcd over 
thousands of ycars. 

121. Thc collcctivc cffcctivr dosc pcr u l l i t  clcctrical 
cncrgy gcncratcd is cvaluatcd i n  Tablc 51. The 
nornializcd rclcasc from rcactors and rcproccssing 
plants. thc lattcr lcss by a factor of 0.01 whcn 
normalii.cd for UIC total cncrgy gcncratcd, rcprcscnting 
the fraction of fucl rcproccsscd, is multiplicd by the 
factors of collcc~ivc dosc pcr unit rclcasc. For triliuni, 
thc collcclivc dose pcr unit rclcase to air is takcn lo 

corrcspond to thc quoticilt of tlic annual dosc rate to 
the hcmisphcric production ralc of nalural tritium (10 
nSv a-' i 37 PBq) ~ i r ~ i c s  tllc world population of ~ h c  
nortllcrn hen1isl111crc (5 lo9 x 0.89). nit r r s ~ ~ l t  is 
0.0012 man Sv TB~. ' .  For rclcasc to sca, calculations 
with ;I global circulatior~ modcl havc shown tllat ~ h c  
normnlizcd collcctivc dosc is a faclor of 10 less [N8]. 
For I 4 c ,  I ic collcclivc dosc pcr unit rclcasc is takcn to 
bc 85 man Sv TB~. ' ,  which ovcr thc 10,000-ycar 
pcriod is 71% of thc normalizcd collcctivc dosc 
committed for all tirnc (scc paragraph 44). For 
and 1 2 9 ~ ,  thc collcctivc dosc factors arc Lakcn to bc as 
cvaluatcd in thc UNSCEAR 1988 Rcport [Ul]. Thc 
normalizcd collcctivc dosc, truncarcd at 10,000 ycars, 
from globally dispcrscd radionuclidcs is 5 3  man Sv 
(GW a)-' and is duc almost cntircly to I4c. 

122. The total collcctivc cffcctivc dosc from globally 
dispcrscd radionuclidcs for thc cntirc pcriod ofnuclcar 
power production can be cvaluatcd by nlultiplying thc 
total rclcasc of thcsc radionuclidcs by the collective 
dosc pcr unit rclcasc. Thc rcsulls of this calculation 
are given in Tablc 52. Thc total is 123,000 man Sv, 
ovcr 99% of which is due to I4c. 

F. SOLID WASTE DISPOSAL 
AND TR4NSI'ORT 

123. The solid waslcs that arisc fiom reactor 
operations as wcll as from thc handling, proccssing 
and disposal of spent fucl arc gcncrally characterized . 
as low-level wastes, intcm~cdiatc-lcvcl wastcs, and 
high-lcvcl wastcs. Low-lcvcl wastcs and intcrmcdiatc- 
lcvcl wastes arc gcncrally disposcd of by shallow 
burial. Burial facilities rangc froni simplc trcnchcs or 
pits containing untrcatcd wastcs and cappcd with soil 
(typically used for low-lcvcl wastes) to concrete 
structures containing conditioned wastcs and cappcd 
with soil (typically uscd for intcrmcdiatc-lcvcl wastcs). 
Some l~w- lc \~c l  wastcs wcrc disposcd of at sea at 
morc than 50 sitcs froni 1946 to 1982 111 I] .  Various 
solutions arc cnvisagcd for thc disposal of high-lcvcl 
wastcs, hut nonc havc yct hccn implcmcntcd. 
Dccomrnissioncd rcactors will bccoinc part of solid 
waste managcnicnt programrncs in thc future. Scvcral 
rcactors havc bccn shut down, hut rionc havc ye[ bccn 
dismantlcd or transfornicd into a waslc disposal site as 
yct. 

124. Doscs from solid waslc disposal arc usually 
assumed lo rcsull from thc migration of radionuclidcs 
through Ihc burial site in10 groundwater. The 
normalizcd collcctivc cffcctivc dosc attribuhblc to 
wastcs from reactor operation is alrtiost cntircly due to 
"C and rouchly amounts lo 0.5 man Sv (GW a)-'; the 
corresponding value for waslcs from thc handling and 
processing of spcnl fucl is 0.05 man Sv (GW a)-'. 
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Thcsc cstin~atcs arc highly uncertain as thcy dcpcnd amounts to about 200 man Sv (GW a)" and is mainly 
critically on tbc assuln])lions uscd for thc co~~tainmcnt duc to thc rclcasc of radon from mill tailings and to 
of thc solid waslcs and for Ihc sitc charactcristics. Ihc rclcasc of 14c from fucl rcproccssing plants and 

from rcactors. 

125. Malerials of vi~rious lypcs arc transported 
bctwccn thc installations i ~ ~ ~ o l \ l c d  in tlic nuclcar fucl 
cyclc. Mcnihcrs of UIC public in the vicinity of thc 
trucks, boals or trains carrying thc radioactivc 
materials arc cxposcd 10 small doscs of external 
irradiation. 011 thc basis of fragmcntary data, thc 
nornializcd collcctivc cffcctivc dosc was cstimatcd to 
be 0.1 man Sv (GW a)-' in the UNSCEAR 1988 
Rcport. Tbc samc valuc is uscd in this Anncx. 

126. A summary of thc main contributions to thc total 
collcctive cffcctivc dosc, nornializcd per unit clccrical 
cncgy  gcncratcd, is shown in Tablc 53. Thc local and 
rcgional normalizcd collcctivc cffcctivc doses, which 
are cffcctivcly rcccivcd wilhin one or two ycars of 
discharge, amount to 3 man Sv (GW a)-' and are 
principally due to routine a~nosphcric rclcascs during 
rcactor and mining opcrations. Evcn though the 
contributions from thc various conlponcnk of the 
nuclcar fuel cyclc arc diffcrcnt from thosc rcportcd in 
thc UNSCEAR 1988 Rcport, UIC total rcniains the 
same, as Ihc dccrcascs in thc dosc cstimatcs from 
rcaclor opcration and fucl rcproccssing havc bccn 
compcnsatcd by incrcascs in tllc dosc cstimatcs from 
mining and milling. Globally dispcrscd radionuclidcs 
in cfflucnts from tbc nuclcar fucl cyclc and long-term 
rclcascs from solid wastc disposal rcsult in small 
cxposurcs to nicn~bcrs of thc public ovcr a vcry long 
time (10,000 ycars or niorc). The normalizcd collcc- 
tivc cffcctivc dosc rcccivcd within 10,000 ycars 

127. Tbc asscssmcat of tllc local and rcgional 
collcaivc dosc for thc cr~tirc pcriod of l~uclcnr powcr 
production has bccn dctcr~iii~icd for rcactor opcration, 
3,700 rnan Sv (Tablc 43), and for fucl rcproccssing, 
4,600 man Sv (Tablc 50). It can bc assunicd that the 
nornializcd collcctivc cffcclivc dosc froni mining and 
milling, given as 1.5 rnari Sv (GW a)-' in Tablc 53, is 
also rcprcscntativc of carlicr pcriods. Thc total collcc- 
tivc dosc froni this ortion of the fucl cyclc is thus 7 1.5 man Sv (GW a)- x 1,844 GW a = 2,700 man Sv. 
The total for the cntirc fucl cyclc is 2,700 + 3,700 + 
4,600 = 11,300 man Sv. Thc avcragc nornlalizcd col- 
lective dosc for thc entire pcriod of thc praclicc is 
estimatcd to bc 11,000 mall Sv t 1,844 GW a = 
6 man Sv (GW a).'. This long-tcrm average is higher 
than the value for present practice owing to the 
declining rclcascs from rcactors and fucl rcproccssing 
opcrations. 

128. The cstirnation of collcctivc cffcc~ivc doscs from 
globally dispersed radionuclidcs and from long-tcrm 
rclcascs from solid wastc disposal is rather 
speculative, as it  dcpcnds hcavily on future waste 
managcrnent practices and OII thc evolution of thc 
world's population ovcr tllc next 10,000 years. 
Multiplying the figure of 200 man Sv (GW ayl  
obtaincd in this Anncx as wcll as in Ihc UNSCEAR 
1988 Rcport by 1,844 GW a yiclds a collcctivc 
cffcctivc dosc froni thcsc sourccs of about 
400,000 man Sv. About 25% of thc total is due to 14c 

rclcascd from rcactors and rcproccssing plants 
(Tablc 52) and thc rcmaindcr to radon rclcascd froni 
mill tailings. 

V. RADIOISOTOPE PRODUCTION AND USE 

129. Radionuclidcs arc uscd for a varicty of purposes 
in industry, nicdicinc and rcscarch 1161, and both thc 
numbcr of uscs and thc quantities uscd havc bccn 
continually incrcasing. For example, in Japan, the 
numbcr of cslablishmcn~s using radionuclidcs andlor 
radiation gcncrators has grown ovcr thc ycars, from 
about 100 in 1960 to about 5,000 in 1990 [JZ]. 
Exposurcs of t11c public may rcsult from acrivitics 
associated with Ihc production, usc and wastc disposal 
of thc radioactivc rnatcrials. Thc doscs from ll~c use o l  
radioisotopcs in consulllcr produck wcrc coi~sidcred in 
the UNSCEAR 1982 Rcport IU3j. Thc doscs cvaluatcd 
in this Chaptcr arc thosc resulting from rcleascs to the 
cnvironmcnt, which may occur durilrg production, use 

or disposal. Radionucl idcs produccd for scalcd sources 
arc not considcrcd, since thcy arc not nomially 
rclcascd. Radiopharniaccuticals, 14c and 3~ arc 
usually cvcntually rclcascd, and with somc 
approximation UIC total production can givc an 
cstiniatc of thc tot;~l rclcasc. 

130. The aniourils of radioisotopcs produccd for 
comnicrcial or mcdical purposcs arc not wcll 
documcntcd. Likcwisc, thc rclcascs during production 
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or use are not widely rcported. The evaluation of 
doses nlust Lherefore remain rather approximate, with 
only preliminary, very uncertain results having becn 
used. Statistics on radioisotopc production and use are 
available only for Japan [J2]. Table 54  gives the 
annual uses of radioisotopes in 1989 in hospitals, 
schools, research institutions arid industries. From the 
population of Japan (118.9 million) the usage per lo6 
popula~ion nlay be determined: for exaniple, 5.2, 6.1, 
14 and 34 GBq per lo6 population for 14c. 12'1, 3~ 

and l3'1, respectively. 

131. The production of compounds labelled with I 4 c  
has been estimated for the United States in 1978 to be 
about 7 TBq [N9], corresponding to 30 GBq per lo6 
population. This is six times the normalized usage in 
Japan. The production amount of 14c in the United 
Kingdom is not available, but the reported releases in 
airborne and liquid effluents from the commercial 
production plant were reported to be 3.2 TBq in 1987 
[H6]. This corresponds to 55 GBq per lo6 population. 
The net production must be substantially greater. It is, 
however, supporting users in many other countries as 
well as in the United Kingdom. By assuming that 10% 
of the ''c is lost at production and normalizing to the 
population of Europe (roughly 10 times that of the 
United Kingdom), the estimate of normalized produc- 
tion bccomes 50  GBq per lo6 population. 

132. To obtain approximate figures of 
1BrodUction~ usage and ultimate release amounts, the C estimate 

of the United States is assumed and applied at the 
rates of 100% to the population of developed countries 
(1.2 lo9 population) and 10% to the population of 
developing countries (3.7 lo9 population). The annual 
production and release of radioisotopes relative to 14c  
are determined from the values given in Table 54 for 
Ja an. Thus, for example, the production of 3~ and 
13r1 is three and six times greater, respectively, than 
the production of 14c. 

133. The annual global production and ultimate 
rclcase of these radionuclides may be estimated to be 
30 GBq per lo6 population (I4c) times an equivalent 
world population of 1.6 lo9 persons times the relative 
production fractions. The results for several radio- 
nuclides are given in Table 55. Other radionuclides not 
included in this Table, especially those in solid form, 
are unlikely to be released or widely dispersed from 
the end-uses. 

134. Additional data on the production and release of 
radioisotopes are available for l3'1 administered to 
patients in medical facilities. The total amount of 
produced for medical purposes in Sweden during 1986 
was 0.9 TBq [N15]. Radioactive discharges of 
from hospitals in Australia in 1988-1989 have been 

rcported as 2.9 TBq [A9]. These amounts, corres- 
ponding lo 110 and 190 GBq pcr lo6 population, give 
sonlc corroboratio~~ to the value used in Table 55 
(200 GBq per lo6  population). About two thirds 01 
orally administered is excreted via the urine of 
treated patients in Uie first day [E2]: howcvcr, only 
very low concentrations of have been measured in 
surface waters in Gcmiany [A71 and in the sewage 
systems of cities in Sweden [E2] and in the United 
States [SS]. Waste treatment systems in hospitals with 
hold-up tanks may reduce the amounts of 13'1 dis- 
charged in liquid effluents to 5 of amounts 
administered to patients [J3]. 

B. DOSE ESTIhiATES 

135. Since the environmental levels of radioisotopes 
used for medical, educational or industrial purposes 
are in general undetectable, only approximate, cal- 
culated estimates can be made of the collective doses. 
The results are given in Table 55. The estimates 
assume no partial retention of the radionuclides in 
end-products and no hold-up prior to wide dispersion 
and the exposure of local, regional or global 
populations. This could result in overestimated doses, 
significantly so  for radioiodines that have short half- 
lives. The dose coefficients listed in Table 55  are 
those derived and used for radionuclides produced and 
released in nuclear power production. Tritium and the 
noble gases are assumed to be released to the atmo- 
sphere, 14c to be released in both airborne and liquid 
effluents and l3'l and "'I to be released to rivers. 
There could be occasional release of iodine in airborne 
effluents, for example from incineration of waste 
materials. This would be easily detected, but since it 
is so seldom reported, it can be assumed that this is 
not an in1 rtant source of release. The dose coeffi- 
cient for ''1 is based on age-weighted dose-per-unit- 
intake values [ N l ]  and the 12'1 half-life of 13 hours, 
with other model parameters the same as for 13'1. 

. 136. The total local and regional collective efTective 
dose from releases of radioisotopes used in one year 
in medical and industrial applications is of the order of 
100 man Sv. If i t  can be assumed that the practice of 
these radioisotope uses has becn building up over the 
past 40 years, the collective dose committed from all 
past releases would be 20 times the present annual 
value, or 2,000 man SV in total. The global component 
of the collective effective dose, arising almost entirely 
from 14c, is 4,000 man Sv from one year of 
radioisotope usage and 80,000 man Sv committed 
from the entire practice to date. The contribution of 
this source to man-made exposures in general is thus 
relatively unimportant on an annual basis. The doses 
from 14c  are at low dose rate but extend over a long 
period of time. 
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VI. ACCIDENTS 

137. A number of accidcnts havc occurred at both 142. The total release of radioactive tt~aterials is 
civilian and n~il ihry nuclear installations and in the estiniatcd to have bccn 1-2 EBq [I3 , the principal 
transport of nuclear materials. In some cases, there radionuclides being "'1 (630 PBq), "Cs (35 PBq) 
was subslitntial contamin;ition of the environment. and 1 3 7 ~  (70 PBq) [I15]. The proportional amounts 
These accidents are discussed in this Chapter, and the dispersed bcyond the USSR were detcmiined to be 
magnitude of population doses incurred are estimated. 34% for l3'l and 56% for 1 3 7 ~ s  (1151. 

143. About 115,000 residents were relocated from a 
A. CIVILIAN NUCLEAR REACTOKS 30 km exclusion zone surrounding the reactor. The 

external radiation doses to most of those evacuated 
138. The two principal accidents involving installa- was less than 0.25 Sv, although a few in the most con- 
lions of the civilian nuclear fuel cycle took place at taminated areas might have received doses up to 
the Three Mile Island reactor in the United States in 0.3-0.4 Sv. The collective dose from external radiation 
March 1979 and at Chernobyl in the USSR in April to the evacuees is estimated to have bccn 16,000 
1986. man Sv. Individual thyroid doses to children may have 

been 2.5 Gy and higher in some cases, with an 

1. Three Mile Island 

139. The accident at Three Mile Island has been the 
subject of many reports, particularly from the United 
States Nuclear Regulatory Commission and the Presi- 
dent's Commission [K3]. The cause of the accident 
was the failure to close a pressure relief valve, which 
led to severe damage of uncooled fuel. The accident 
re eased large amounts of radioactive materials from 
failed fuel to the containment, but the environmental 
releases were relatively small (about 370 PBq of noble 
gases, mainly 1 3 3 ~ e ,  and 550 GBq of 1 3 1 ~  into the 
atmosphere). 

140. Individual doses averaged 15 @v within 80 km 
of the plant, and the maximum effected dosc that any 
member of the public could have received is estimated 
to have been 850 pSv from external gamnia irradia- 
tion [K3]. The collective effective dosc due to the 
rclcasc has bccn estimated to be 20 man Sv within 
80 km of the plant [U]. The contribution to the 
effective dose commitment due to 1 3 3 ~ e  dispersion 
bcyond 80 km may have bccn equal to that within 
80 km [ ~ 3 ] ,  which givcs a total of 40 man Sv. 

2. Chernohyl 

141. The worldwide exposures from the Chernobyl 
accidcnt were evaluated in detail in the UNSCEAR 
1988 Rcport [Ul]. In the course of a low-power engi- 
neering test, uncontrollable instabilities developed and 
causcd explosions and lire, which damaged the reactor 
and allowcd radioactive gases and particles to be 
reicascd into the environment. The fire was extin- 
guished and the releases slopped by the tenth day after 
the accidcnt. The death toll within three months of the 
accident was 30, all o l  them members of the operating 
staff of the reactor or of the fire-fighting crew. 

average thyroid dosc of 0.3 Gy and a collective 
thyroid dose of 400,000 man Gy [ClO]. 

144. The radiation situation bcyond the 30 km zone 
surrounding the reactor was determined primarily by 
the wind directions. When rainfall occurred at the time 
that the radioactive cloud was passing, the deposition 
density of 1 3 7 ~ s  and other fission radionuclides was 
enhanced. In the USSR, an area of about 10,000 km2 
was contaminatcd with 1 3 7 ~ s  to levels in excess of 
560 kBq m-', and an area of 21,000 km2 received 
upwards of 190 kBq m-2 pl5]. A government 
commission determined that 786 settlements, located 
in Bclarus, the Russian Federation, and Ukraine, with 
a population of 270,000, were to be considered as 
"strict control zones". Protective measures preventing 
the consunlption of contaminatcd foodstufk were 
applied in the strict control zones. Tbe average 
effective dose received by the populations in the strict 
control zones is estimated to havc been 37 mSv in the 
year following the accident and 23 mSv in 1987-1989 
[IlS]. An international review project was conducted 
in 1990 to investigate environmental levels, doses and 
the health of residents of unevacuated settlements [Ill. 
The project corroborated results of measurements and 
dose evaluations. Diet and body measurements showed 
that agricultural practices and protective measures 
were effective in limiting exposures. The doses 
determined by whole body counting were less than 
expected from calculation by cnvironmenlitl models. 
Estimation of thyroid doses requires interpretation of 
early direct measurements and calculation of presumed 
I3'l intakes; these doses are thus subject to 
considerable uncertainties. 

145. Detailed information on environmental 
contamination levels and radiation doses received by 
populations in the northern hemisphere was made 
available to the Committee by many countries, either 
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dircctly to thc UNSCEAR sccrctariat or in published 
rcports. This i~~formation cnablcd Ulc Conm~ittee, in 
the UNSCEAR 1988 Rcport [Ul],  to calculate 
first-year radiation doscs in thc USSR, all othcr 
Europcan countries and a fcw otlicr countries in the 
northcrn hcmisphcre. The projcctcd doscs beyond the 
first car wcrc bascd on UIC cnvironnicntal bchaviour 
of "CS determined in many years of measurements 
following atmospheric nuclcar testing. 

146. The colleclive cffcctive dosc from the Chernobyl 
accident was estiniatcd to be approximately 600,000 
man Sv [Ul]. Of this amount, 40% is expected to be 
received in the territory of the former USSR, 57% in 
the rest of Europc and 3% in other countries of the 
northern hemisphere. 

I3. hllLITARY INSTALLATIONS 

147. There have been two accidents at military plants 
that arc known to have caused measurable exposures 
of the public: an accident at Kyshtym in the southern 
Ural Mountains of the USSR in September 1957 and 
the Windscale reactor accidcnt in the United Kingdom 
in Octobcr of thc same year. 

1. Kyshtym 

148. In the early 1950s high-level radioactive wastes 
from the Chclyabinsk-40 plutonium production centrc 
near Kyshtym were stored in watcr-cooled tanks 
encased in concrete. Thc corrosion and failure of 
process monitoring equipment led to a breakdown in 
the cooling system of a 300 m3 tank, allowing the 70- 
80 tonnes of waste, stored mainly in the form of 
nitrate and acetate compounds and containing about 
1 EBq of radioactive materials, to heat up. The water 
in the tank evaporated, and as the sediments dried out, 
they reached temperatures of 330-350°C. On 29 
September 1957 the contents of the tank exploded 
with a power estimated to have been equivalent to 70- 
100 tomes of TNT [W]. About 90% of the 
radioactive materials contained in thc tank deposited 
locally, while the remainder (about 100 PBq) was 
dispersed away from the site of the explosion [A4, 
B11, B12, N2, N3, R3, TI ,  T4]. The main contributors 
to the total activity associated with the radioactive 
matcrials released were 1 4 4 ~ e  + ' "~r  66%), 9 5 ~ r  t 6 " ~ b  (24.9%), m ~ r  + (5.4%) and 6 ~ u  + lo6~h 

o). In addition. 1 3 7 ~ s  (0.036% 8 9 ~ r  (traccs), "g (traces), "'EU (traces) and Jbv2aPu (traces) 
were also rclcascd [Bl l ] .  With the exception of 
caesium, the radionuclide composition is similar to 
that of fission products that had been cooled for about 
one year. Waste treatment at the reprocessing plant 
involved concentrating the radionuclides by means of 

precipitation with sodium hydroxide. Cacsiun~ was 
practically thc only elcnicnt with radionuclidcs that 
remained in the solution; it was later conccntratcd 
scparatcly [W]. 

149. Thc radioactive cloud rcachcd a height of about 
1 km. Wind conditions wcrc rclativcly stablc during 
the dispersion of thc cloud over a relatively flat 
surface, and thcrc was no prccipilation. This rcsultcd 
in an oblong fallout arca, cxtcnding to about 300 knl 
from the plant, with a clearly dcfincd axis and mono- 
tonic decrease in the dcposition dcnsity along the axis 
and pcrpcndicular to it. Virtually all of thc dcposition 
occurred within 11 h. The boundarics of the contanii- 
nated area were taken to concspond to a dcposi- 
tion dcnsity of 4 kBq m-?, twice the lcvcl of global 
fallout. 

150. Redistribution of thc deposited radionuclides 
occurred to some cxtent, most noticeably in the first 
few days after the accidcnt. The main sources of the 
redistribution were the crowns of trees and the soil 
surfaces. On the whole, the delineation of the fallout 
area was practically complete by 1958, whcn wind 
migration was redistributing less than 1% of the 
original fallout Over the next 30 years, wind transfer 
did not affect appreciably the distribution of the con- 
tamination [TI]. The contaminated arca was estimated 
to comprise betwccn 15,0d0 and 23,000 km2, with a 
population of about 270,000, in thc provinces Chclya- 
binsk, Sverdlovsk and Tyumen B11, N3]. Therc were 
1,154 people in areas with a 'Sr deposition density 
greater than 40 MBq m-2, 1,500 in areas with a 
deposition greater than 4 MBq mv2 and 10.000 in areas 
with a deposition greater than 70 kBq mm2 [ B l l ,  N3]. 

151. External irradiation was the main route of 
exposure during the rust few months after thc acci- 
dent; subsequently, the ingestion of m ~ r  in foodstuffs 
became predominant. During the inidal period, the 
dose rate in air was about 1.3 pGy h-' trom gamma 
emitting radionuclidcs in areas with a %r deposition 
dcnsity of 40 kBq m-?, with maximum values of about 
5 mGy h" ncar the plant, whcrc the dcposition dcnsity 
of %r rcached 150 MBq m-2 [Bll]. Within 10 days 
of the accident 1,154 persons [ B l l ,  B12, N3, R3] 
were evacuated from the settlements in the most 
severely affectcd area, which had a m ~ r  dcposition 
density greater than 40 MBq m-*. Subsequently, moni- 
toring of the radioaclive contamination lcvcls in 
foodstuffi and agricultural produce was carried out to 
assurc that an annual m ~ r  intake of 50 kBq a-I would 
not be exceedcd. A ban on foods was imposcd with 
concentration limits of W ~ r  relative to the mass of 
calcium in foods of 7.4 Bq g-' initially and 2.4 Bq g-' 
at a subsequent period. This led to the destruction of 
more than 10,000 tonnes of agricultural produce in the 
first two years following the accident and to the 



decision to carry out a further syste~uatic evacuation of 
the population froni areas will a %r deposition dcn- 
sity greater than 150 kBq m-2 IR3]. The resettlement, 
which began 8 months after the accidcnt, was com- 
pletcd 18 months after the accidcnt. Altogcthcr, 10,730 
pcrsons werc evacuatcd [Bll] .  The collective dose is 
evaluated in Table 56. The average dose received by 
the population group evacuatcd widiin 10 days of the 
accident was 170 mSv from external irradiation and 
1,500 mSv to the gastro-intestinal tract; the average 
effective dose was 520 mSv. The collective dose 
received by the evacuated individuals amounted to 
about 1,300 man Sv. 

152. The doses received by the populations that were 
not evacuated are also presented in Table 56. About 
half of the effective dose had bccn delivered within 
one year, more than 90% within 10 years and nearly 
all within 30 years of the accident. The effective dose 
per unit deposition density was estimated to be 320 
pSv per kBq m'2 over 30 years, with just over 20% 
due to external irradiation. The collective effective 
doses received by the non-evacuated population (about 
260,000 pcrsons) have been reported to be 1,100 
man Sv [N3] and about 5,000 man Sv [Bl]. It is diffi- 
cult to judge the validity of these fi ures, as the 
information on the correspondence of 'Sr deposition 
densities with populations is very coarse. However, it 
is indicated that average effective doses received over 
30 years are estimated to have been 20 mSv for a 
g o u p  of about 10.000 people living in areas with a 

Sr deposition density between 40 and 70 kBq m-* 
and 4 mSv for a group of 2,000 people living in areas 
with a deposition density between 4 and 40 kBq m-' 
[Bl l ] .  On the basis of the relationship between popu- 
lation and the deposition density of 9 0 ~ r  desciibed 
above, it can be assumed that the number of people 
living in areas with deposition densities between 40 
and 70 kBq m-2 was 10,000 and that the number of 
people living in areas with deposition densities 
bctwecn 4 and 40 kBq m'2 was 250,000, resulting in 
a collective effective dose over 30 years of 1,200 
man Sv. 

153. A less serious accident occurred in 1967, as a 
conscqucnce of the disposal of radioactive wastes 
containing 4 EBq of %r and 13'cs radioactive wastes 
in Lake Karachay [A3, N4, T41. On that occasion. 
dust Gom the lake bed or the shore-line, containing 
about 20 TBq of%r and 1 3 7 ~ ~ ,  was dispersed by the 
wind over an area of 1,800 km2 and to a distance of 
up to 75 km. The contaminated territory included 
portions under the radioactive plume of the 1957 
accident. The maximum deposition density of was 
0.4 MBq m'2, and the 1 3 7 ~ s p ~ r  activity ratio was 3. 
Specific infornlation on the doses resulting from that 
accident is not available; i t  is expected that they are 
included in the doses From the much more serious 

accident that occurred in 1957 a t  the same site. 
However, because the 137~s/%r activity ratios were 
very different in the 1957 and 1967 accidcnlr, it would 
be possible, as evidenced by recent measurements 
IA.31, to separate the contributions from the two 
accidents by analysing soil samples. 

2. Windscale 

154. The accident at Windscale in Octobcr 1957 
began during a routine release of the Wig~ier energy 
stored ill the graphite of the gas-cooled reactor. Owing 
to errors in operation, the fuel became overheated and 
caught fire. The fire lasted for about three days. Major 
releases of radionuclides occurred mainly in two 
periods: when the air flow was re-started dirough the 
core soon after the accident started, in an attempt to 
cool it ,  and when water was pumped into the reactor 
to extinguish the fire on the second day of the acci- 
dent [C13]. The release of 131~ is estimated to have 
been 740 TBq, accompanied b 22 TBq of 13'cs, 
3 TBq of l o 6 ~ u  and 1.2 PBq of E3Xe [CIO]. In addi- 
tion to the fission products, other radionuclides were 
released, the most notable being 210~o,  which was 
being produced by neutron irradiation of bismuth 
ingots in the core. The release of 2 1 0 ~ o  amounted to 
8.8 TBq [ClO, C14]. The Windscale reactor has not 
been used again since. 

155. The contamination of pasture land was wide- 
spread, the majority of the released radioactive 
materials having passed south-south-east of Windscale, 
in the direction of London, and eventually over Bel- 
gium before having turned northwards, to Norway. At 
the time of accident, the radionuclide identified as 
being of principal concern was 1311, and the main 
pathway to man was identified as the ingestion of 
cow's milk. The prompt imposition of a ban on milk 
supplics had the effect of reducing 1311 intakes via the 
pasture-cow-milk-pathway [ClO]. Extensive environ- 
mental measurernents werc made in the United King- 
dom at the time of the accident Maxirnunl doses to 
persons close to the site were estimated to have been 
of the order of 10 mGy to the thyroid of adults and 
perhaps 100 mGy to tbe thyroid of children IB2, C9]. 
Thyroid doses to adults in Leeds and London were 
estimated from measurements of 1311 in the thyroids to 
have been 1 mGy and 0.4 mGy, respectively [B2], 
with young childrcn having received doses twice as 
great. 

156. The collective eflective dose received in the 
United Kingdom and in Europe from all radionuelides 
and pathways was estimated to have bcen 2,000 
man Sv, of which about 900 man Sv was due to inha- 
lation and 800 man Sv was due to the ingestion of 
milk and other foodst~ffs. External irradiation from 
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ground deposits of radionuclides was estimated to 
have contributed 300 man Sv. The niain contributors 
to file collective effective dosc wcrc 13'1 (37%) and 
'loPo (37%), followcd by I3'cs (15%) [ClO]. 

C. TRANSI'ORT OF NUCLEAR WEAPONS 

157. Fourteen accidents involving aircraft carrying 
nuclear wcapons or components of nuclear weapons 
arc known to have occurred, the two most publicized 
being the aircraft crash near Palomares, Spain, in 
January 1966 and the crash at Thule, Greenland, in 
January 1968. Appreciable amounts of 2 3 9 ~ u  were 
released locally to the environment. A number of 
nuclear weapons have also been lost at sea. 

158. The accident at Palomares, on the Mediterranean 
coast, occurred on 17 January 1966, when two United 
States military planes collided in the process of a mid- 
air refuelling operation. The parachutes of two of the 
four thermonuclear weapons carried by one of the 
planes failed to deploy, resulting in the detonation of 
their conventional explosives and the release of their 
fissile material upon hitting the ground. Partial ignition 
of the fissile material fomicd a cloud that contami- 
nated 2.26 krn2 of uncultivated farm land and urban 
land with 2 3 9 ~ ~  and 2"~u [I16-1201. The other two 
bombs were recovercd intact, one in a dry river bed 
near the mouth of the Almanzora River and the other 
in the sea. 

159. Where the deposition density of alpha emitters 
was greater than 1.2 MBq rn-* (an area of 22,000 m2), 
the contaminated vegetation and a surface layer of 
soil, approximately 10 cm deep, were collected, sepa- a 
rated and disposed of as radioactive waste. Arable land 
with levels below 1.2 MBq mm2 was irrigated, 
ploughed to a depth of 30 cm, harrowed and mixed. 
On rocky hillsides, where ploughing was not possible, 
soil with a plutonium level greater than 0.12 MBq m'* 
was removed to some extent with hand tools [117]. 

160. Estimates of the doses from inhalation and from 
ingestion have been derived from measured 
concentrations of 2 3 9 ~ u  and 2 4 0 ~ u  in ground-level air, 
in agricultural foodstuffs and in people. The urine and 
lungs of Palomares inhabitants have been sampled and 
measured for plutonium since 1966. Of the 714 people 
examined up to 1988, only 124 showed concentrations 
of plutonium in urine greater than the minimum 
detectable activity. Iranzo et al. p18] estimated that 
the 70-year commined effective doses for 55 of these 
people ranged from 20 to 200 mSv owing to the acute 
inhalation of radioactive particles at the time of tbe 
accidcnt or immediately afterwards. The highest 
estimated 70-year committed effective dose was 

240 mSv to a one-year-old child [I18]. From data in 
this refcrcncc, the collccdvc effective dosc due to 
acute i~lhalation of radioactive particles immediately 
after the accidcnt can be estin~ated to have bccn about 
1 man Sv. 

161. The rcsuspcnsion of soil particles has been 
monitored since 1966 at four locations [117]. The 
average annual concentrations of 2 3 9 ~ u  and "OPU 

during the period 1966-1980 wcrc 5.5 pBq nlJ at the 
location representative of the urban centre and 52 
pBq m-3 at the location representative of the most 
exposed farming arca p17]. The corresponding 50- 
year effective dose per year of intake by inhalation of 
radioactive particles rcsuspcnded from soil arc 4 and 
35 pSv per year of intake for people in the urban arca 
and in the most exposed farming area, respectively. 
Assuming that (a) the total number of persons exposed 
is 714; (b) 90% of that exposed population resides in 
the urban area and the remainder in the most ex osed 
farming area; and (c) L e  amount of 2 3 9 ~ u  and e40Pu 
available for resuspension decreases exponentially with 
a half-time of 100 years, the collective effective dose 
due to the resuspension of radioactive particles is 
roughly estimated to be 1 man Sv. 

162. The main crops in the cultivated area of the 
Palomares region are tomatoes, barley and alfalfa 
[I20]. From the plutonium concentrations in those 
products, it can be inferred that resuspension of the 
plutonium particles in soil plays a more important role 
than absorption through root uptake in the contami- 
nation of agricultural products cultivated in the area 
[I20]. Iranzo et al. [I201 estimated that the individual 
committed effective dose due to a yearly consumption 
of unwashed contaminated tomatoes would be 1.5 pSv 
and that the collective effective dose from a yearly 
consumption of tomatoes grown on one hectare of 
contaminated soils would be lo4 man Sv. Assuming 
that (a) the cultivated area used for the production of 
tomatoes is 100 hectares (1 km2) and @) the amount 
of plutonium available for the contamination of agri- 
cultural crops decreases exponentially with a half-time 
of 100 years (reflecting the predominant role of resus- 
pension), the collective effective dose due to the 
ingestion of tomatoes contaminated as a result of the 
accident is crudely estimated to be about 1 man Sv. 
The contamination of barley and alfalfa also results in 
the contamination of products used for human con- 
sumption (milk and meat), but the doses due to 
ingestion of those products are much lower than those 
due to the ingestion of tomatoes because of the filter- 
ing effect of the animals. 

163. Some of the plutonium deposited on land was 
transferred to the Mediterranean Sea when the 
Almanzora River, which flows through the village of 
Palomares, flooded [GI]. This transfer, however, is not 
significant from a radiological point of view. 
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164. Near Thule, the high-explosive components of 
four weapons detonated in an airplane crash, contami- 
nating about 0.2 km2. About 10 TBq of plutonium was 
recovcrcd in the surface laycr of the snow pack, and 
about 1 TBq was esti~~iatcd to be trappcd in the ice 
[Ll]. A radioecological i~~vcqtigation conductcd during 
the summer of 1968, when the ice had broken up, 
showcd that the accidcnt had measurably raised the 
plutonium level in the marine environment as far as 
20 km from fie point of inlpact. The highest concen- 
trations were found in bottom sediments, in bivalves 
and in crustacca. Larger animals such as birds, seals 
and walruses showed plutonium levels hardly different 
from the fallout background [Al ,  A2]. 

165. Accidents have also happened during the 
transport of nuclear wcapons by sea. At least 48 
nuclear weapons and 11 reactors have been reported to 
be lying on the ocean floor [E3]. The most serious 
losses wcre two nuclear-powered submarines, each 
carrying several nuclear wcapons; one sank off the 
coast of Bermuda in Octobcr 1986 and the other in the 
Norwegian Sea in April 1989. Another loss occurred 
near the coast of Japan in 1965, when an airplane with 
a 1 Mt hydrogen bomb rolled off an aircraft carrier. 
No information has been reported on the number of 
deaths or on the extent of environmental contamina- 
tion associated with those accidents that resulted in the 
loss of nuclear weapons. However, some information 
is available about an accident that took place aboard 
a missile-carrying nuclear submarine in July 1961 in 
the Atlantic Ocean [Kg]. In that accident, a depres- 
surization in the primary coolant of one of the two 
riuclear reactors led to substantial radioactive 
contamination in the subniarine and to a reactor shut- 
down. To prevent reactor meltdown, a temporary 
cmcrgency cooling system was fabricated; this 
required welding work to be carried out in the reactor 
compartment itself, which led to eight deaths within a 
few weeks of the accidcnt [Kg]. 

D. SATELLITE REENTRY 

166. In 1964, when a SNAP-9A satellite containing 
2 3 8 ~ u  as a power source re-cntcrcd the almosphere and 
h e n  burned up, about 600 TBq of that radionuclide 
wcre injected into the stratosphere [HI]. A similar 
device re-entered the atmosphere intact, produced no 
releases and fell into the Pacific Ocean in April 1970. 
Another generator fell into waters off the coast of 
California in May 1968, when a wealher satellite 
exploded during launch. I t  was recovered in Octobcr 
1%8. In January 1978, the Cosmos 954 satellite 
re-cntered the atmosphere, partially burned and 
scattered debris in the Northwest Territories of 
Canada. Detailed information on the characteristics of 
the radioisotopes and reactor-powered devices used in 

satellites, as well as on the nialfunctions that have 
occurred, has been gathered by OECD [04]. 

167. The collective dose froni the SNAP-9A re-entry 
may bc evaluated by applying transfer coeIIicicnts to 
the relcascd anlotint. The transfer coeflicicnt PZ from 
deposition of 2 3 8 ~ u  to dose via the ingestion pathway has bccn estimated to be 0.6 nSv er Bq m- (Table 
8). The transfer coefficient P, for '38Pu, which has a 
half-life 87.7 years, would bc expected to be 5 kBq 
rn-2 per EBq released (Figure 111) for temperate lati- 
tudes. The dose commitment for these latitudes would 
then be estimated to be 0.6 PBq x Pm x PZS = 1.8 
nSv. The hemisphere average is less by a factor of 1.5 
and the opposite hemisphere average is less by a fac- 
tor of 4. Since re-entry was in the southern hemi 
phere, the averages for the hemispheres are 1.2 nSv 
(south) and 0.3 nSv (north). The population-weighted 
world average is 0.4 nSv (89% of the population lives 
in the northern hemisphere). For the relatively long 
half-life of 238~u ,  a world population of 6 lo9 may be 
taken to apply to this exposure [U3]. The collective 
effective dose from the ingestion pathway due to the 
re-entry of the SNAP-9A is thus estimated to be 2.4 
man Sv. 

168. The transfer coefficient PZ5 for the inhalation 
pathway has an estimated value of 800 nSv per 
Bq rn-2 (Table 8). The dose commitment for the 
southern hemisphere temperate region is thus 0.6 PBq 
x P, x Pu = 2,400 nSv. The average values for the 
hemispheres are then 1,600 nSv (southern hemi- 
sphere), 400 nSv (northern hemisphere) and 530 nSv 
(world). The collective dose from the inhalation 
pathway, with a population of 4 lo9 applicable at the 
time of re-entry, is 2,100 man Sv. The inhalation 
pathway is the dominant contributor to the collective 
dose. This is com arable to the collective effective 2' dose derived for ' 'PU produced in atmospheric nuc- 
lear testing, which released 0.33 PBq, about half the 
total of the satellite re-entry, but with injection mostly 
into the atniosphere of the northern hemisphere. 

169. Similar procedures may be used to estimate thc 
collective dose from the Cosnios 954 re-entry. The 
fuel core was estimated to contain 20 kg of enriched 
uranium [G3]. With a steady power output of 100 kW 
over the 128 day lifetime of the satellite, the bum-up 
of the fuel was estimated to be 2 1018 fissions per 
gram of uranium [G3]. The estimated radionuclide in- 
ventory in the core at re-entry is presented in Table 57 
[T6]. From analysis of recovered debris, it has been 
assumed that 75% of the radionuclide amounts were 
dispersed in the high atmosphere on re-entry of the 
space craft and 25% was deposited on the ground in 
the uninhabited impact area. The absence of the 
volatile elcments iodine and caesium in surface 
samples indicates that 100% of the radionuclides of 
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these elements were dispersed on burtl-up of the hrel and was noticed by a passer-by, who took it home. 
core in the aln~osphcrc. The collective dose is Eight persons, an entire family, dicd from the radiation 
estimated in Table 57 from the widely dispcrscd over-exposure, havi~lg suffered doses of 8-25 Sv [I4, 
material using the transfer factors of Figure LII and SlO]. Estimates of doses to the individuals arc un- 
Table 8. The result is 16 man Sv, main1 lo thc available, so only a rough approximation can be made 

opulation of the northern hemisphere from 'lCs and of the collective dose. ksumillg 10 SV 011 average to 
'Sr and over a longer term from 2 3 9 ~ u .  each person, the collective dose to those who died 

would have bcen 80 man SV. 

E. INDUSTRIAL AND MEDICAL SOURCES 

170. Three notable accidents involving small scaled 
sources used for industrial or medical purposes have 
occurred since 1982 [Ul]. In December 1983, at Ciu- 
dad Juarcz, Mexico, a non-licensed teletherapy source 
containing 16.7 TBq of M l ~ o  was sold to a scrapyard 
[M4]. It is believed that the source was broken and 
that its 6,000 pellets began to be dispersed during 
transport [M4]. The consequences of this accident 
were the contamination of thousands of tomes of 
metallic products that were sold in Mexico and the 
United States, as well as the contamination of several 
foundries and streets and hundreds of houses. About 
one thousand people were exposed to substantial levels 
of radiation. I t  is estimated that seven persons received 
between 3 and 7 Sv; 73 persons received between 0.25 
and 3 Sv, and 700 persons received between 0.005 and 
0.25 Sv [M4]. There were no deaths. 

171. In 1984, at Moharnmedia, Morocco, a source of 
192~r used to make radiographs of welds at a construc- 
tion site became detached from the take-up line to its 
shielded container. The source dropped to the ground 

172. In Sc  tcmber 1987, at Goiania, Brazil, a f' 50.9 TBq ~ C S  source was inadvertently removed 
from a therapy unit and dismantled by junk dealers 
[C6, 15, R4, Vl]. The therapy unit was located in the 
abandoned and partly demolished Goiania Radio- 
therapy Institute. The dismantling of the source 
resulted in localized contamination of an inhabited 
area of the city. As the result of the direct handling of 
the source or parts of it, either during its dismantling 
or subsequently, 129 people were exposed, either ex- 
ternally or internally. Some suffered very high external 
contamination owing to the way they had handled the 
caesium powder, such as having daubed their skin. 
Internal exposures resulted from eating with contami- 
nated hands. The dose estimates varied from zero up 
to 5.3 Sv. Fifty-four persons were hospitalized and 
four died [I5]. The estimated collective doses were 
56.3 man Sv from external exposures and 3.7 man Sv 
from internal exposures, including 14.9 man Sv (ex- 
ternal) and 2.3 man Sv (internal) to the four persons 
who died [D?]. In the course of the decontamination 
programme, seven houses were demolished and large 
amounts of soil had to be removed. The total volume 
of waste removed was 3,100 m3 [Vl]. 

CONCLUSIONS 

173. A number of events, activities or practices 
involving radiation sources have resulted in the release 
of radioactive materials to the environment. The 
consequent exposures of the population have bcen 
evaluated in this Annex. Estimates have been made of 
the total amounts of radioactive materials released in 
the event or since the beginning of the practice and of 
the collcctive doses that have been received or 
commirted. 

174. The most significant causc of exposure has been 
h e  testing of nuclear weapons in the atmosphere. A 
large number of tests were performed in the 1950s and 
to the end of 1962, with less frequent testing occurring 
until 1980, when the practice stopped altogether. The 
Committee has repeatedly evaluated the exposurcs 
from this source. The extensive measuremen& allow 
a rather systematic and complete assessment to be 

made. In this Annex the transfer coefficients that de- 
scribe the movement of radionuclides in the environ- 
ment to man and to the dose are sunin~arized, 
extended and updated. The collective effective dosc 
committed to the world population by atmospheric 
nuclear testing is estimated to be 3 10' man Sv. Of 
this total, 86% is due to long-term, low-level exposure 
from 14c. Over the next 10,000 years a collcctive dose 
of 2.2 lo7 man Sv will have been received. This value 
is recorded in Table 58, which summarizes the csti- 
mated collcctive doses from all sources. 

175. The underground testing of nuclear weapons 
does not generally causc the population to be exposed 
to radiation. It is only when there is some leakage or 
venting of gases or aerosols, as has occurred on some 
occasions, that relatively low exposures may result. 
The Committee estimates the collcctivc cffecti\*e dose 



from underground tcsting to be of b e  order of 
200 man Sv. 

176. Thc Commitlcc has nol previously cstiniatcd the 
cxposurcs of populations that rcsult from the 
production of rnatcrials and UIC fabrication of nuclcar 
wcapons. Data arc still not readily available, but initial 
estiniatcs of collcctivc doscs llavc bccn made, namely 
of thc ordcr of 24,000 man Sv to local and rcgional 
populations and 40,000 inan SV Goni global, long-term 
cxposurc. Efforts arc undcr way to reconstruct 
cxposurcs that occurrcd in thc carly years of this 
activity, so some refincmcnt and cxtcnsion of the 
estimatcs can be anticipated. 

177. A major activity utilizing radioactive materials is 
the generation of elcctrical cncrgy with nuclear 
reactors. The release of radionuclides during routine 
operation of the nuclear fuel cycle is relatively low, 
however, and the doscs can only be calculated using 
representative models for the sitcs and the dispersion 
processes through the cnvironmcnt The releases and 
collective doses since the beginning of the practice in 
the 1950s have been at least two orders of magnitude 
less than those for atmospheric nuclear testing. The 
global, long-term collective effective dose to be 
received within 10,000 years is estimated to be 
400,000 man Sv. Twenty-five per cent of this is duc 
to 14c releascd Goni rcactors and reprocessing plants 
and 75% is due to 2 2 2 ~ n  rcleased from uranium mill 
tailings pilcs. 

178. A number of radioisotopes are used for 
industrial, educational and mcdical purposes. Those 
used in solid forms may not be relcascd from end- 
uses; however, the gases, tritium, "C and radioiodines 
can bc cxpectcd to be cvcntually rcleased and dis- 
pcrsed. Data arc gcncrally unavailable on production 
amounts and release fractions of the radionuclides. 
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Bascd on assumed values, thc Committee estimatcs the 
global, long-term collective effective dose from this 
source to be 80,000 man Sv, with ne ligiblc contribu- 
tions from all radior~uclidcs except "C. 

179. Thc accidcnls that have resulted in environmental 
cor~tamination and cxposurcs of population groups 
include those at civilian nuclcar reactors (Three Milc 
Island and Chernobyl), at n~ilitary installations (Wind- 
scale and Kyshtym), those that occurrcd in the trans- 
port of nuclear weapons (Thule and Palomares) and in 
satellite re-entry (SNAP-9A and Cosmos 954) and 
those that involved the loss or misuse of industrial and 
medical sources (Ciudad Juarcz, Mohammedia and 
Goiania). With the exception of the Chernobyl 
accident and the re-entry of satellites, the environ- 
mental contamination has bccn localized, and for all 
except the Chernobyl accident the collective radiation 
doses have been relatively low. Nevertheless, injuries 
and deaths have resultcd from some of these accidents. 

180. The total collective dose h m  all sources of 
man-made environmental exposures is dominated by 
atmospheric nuclcar testing. This source contributes 
95% of the total collcctive dose indicated in Table 58. 
The annual collective effective dose to the world's 
population from natural sources of radiation exposure 
of 12,000,000 man Sv may help to put thesc estimates 
into perspective. Atmosphcric nuclear testing was 
equivalent to three years of natural exposure of the 
world population a t  the time of the exposures. Other 
sources, of the order of a few tens or hundreds of 
lhousands of nlan sievcrt, are comparable to hours or 
days of natural background exposure. The Committee 
has made the estimates in Table 58  with the objective 
of documenting each source of exposure and providing 
a perspective on the magnitudes of radionuclide 
releases and collective doses involved. 
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T a b l c  1 
Rndionuc l ldcs  p r o d u c c d  n n d  plohnlly d l spc r scd  In r ~ l m o s p h c r l c  n u c l c n r  IcsLing 

' For thc non-gaseous tissicn produas a t o d  non-local fissim ewplcsirm yield of I55 MI. obtained from measured %r dcpsitim, u l r  assumed in da idng  
the lotal amounts r e l d .  * For simplicity i t  is assumed that all "C IS due lo fwtm, as fuslon produces up la 6 timca more neutrons lhan f i s i &  for Ihc samc energy rclcare. The 
production rcactim is "N[II.~)'~c. 

H o d &  
mclidc 

H-3 
c-14 

Mn-54 
Fc-55 
Sr-89 
Sr-90 
Y-91 
2-95 

Ku-103 
Ru-106 
Sb-125 
1-131 

0-137 
Ba-140 
G-141 
G-144 
Pu-239 
Pu.240 
Pu-241 

F k i o n  r.icld 

(70) 
I ~ I Z l  

2.56 
3.50 
3.76 
5.07 
5.20 
2.44 
0.29 
2.90 
5.57 
5.18 
4.B 
4.69 

HdJ-life 

iE71 

12.32 s 
5730 8 

3125 d 
2.74 a 

50.55 d 
28.6 a 

58.51 d 
64.03 d 
39.25 d 
371.6 d 
2.73 a 
8.02 d 

30.14 a 
12.75 d 
32.50 d 
2B4.9 d 
24100 a 
6560 a 

14.4 a 

Decay mode 

0 
8 

E C Y  
EC 
0 
0 
0 

O,Y 
0.7 
0.7 
0.1 
0.1 
O,Y 
O,Y 
4 7  
0.7 
( 5 Y  

(57 
0 

t.jrlnorrr of ornomu r e l e d  inlo flu otmosphr~c 

Tord 

CRd 

240 
0.22 
5.2 
2 

9 1.4 
0.604 
116 
143 
238 
11.6 

0.524 
65 I 

0.912 
73 2 
254 
29.6 

0.00652 
0.00435 

0.142 

(ucludinr lorn1 Jdlarr) ' 

N o r m l i d  rclcorc (PBq ~ i l )  

F k i o n  

0.026 
b 

590 
3.90 
746 
922 
1540 
76.4 
3.36 
4200 
5.69 
4730 
1640 
191 

F u i m  

740 
0.67 
15.9 
6.1 



Tnble 2 
Iullludinai dlstrll~u~lon of 9 0 ~ r  nnd 9 ' ~ r  dcposlllon frnm ntrnosphcrlc nuclcrir tcsting 

Lnrirvdc 

bond 

(dqrccsj 

Arrn 

of bnnd 

( l d '  m2) 

h'nrthrrn hernirphcrr 

Popdarwn 
tiishiburion 

(5) 

60-90 
70-80 
60-70 
50-60 
40-50 
3040 
20-30 
10-20 
0-10 

Tad 

lnrcsrarcd drposirion 

( m q )  

wSr 

3.9 
11.6 
18.9 
25.6 
31.5 
36.4 
40.2 
42.8 
W. 1 

255 

Southern hemisphere 

Inrcxrnrcd drpsirion d w j .  

(Bq m.'~ 

0 
0 
0.4 
13.7 
15.5 
20.4 
32.7 
11.0 
6.3 

100 

0-10 
10-20 
20-30 
3040 
40-50 
5040 
60-70 
7040 
60-90 

Total 

Global 

w> 9Jt 

1.0 
7.9 
32.9 
73.9 
101.6 
85.3 
71.2 
50.9 
35.7 

460 

44.1 
42.8 
40.8 
36.4 
31.5 
25.6 
18.9 
11.6 
3.9 

255 

510 

260 
680 
1740 
2890 
3230 
2340 
1770 
1190 
810 

2140 

54.0 
26.7 
14.9 
13.0 
0.9 
0.5 
0 
0 
0 

100 

69 (northern) 
I I (soulhem) 

38000 

25000' 

21.0 
17.8 
28.1 
27.6 
28.1 
121 
6.7 
25 
0.3 

144 

604 

480 
420 
700 
760 
890 
470 
350 
220 
80 

540 " 

1960 ' 

5000' 

23000 " 



Table 3 
Estimates of populution-wclghtcd dcposition densities or the ni~\jor nldionuclldes pmduccd In almosphcrlc testing 
('11 and I 4 c  not included) 

P o p d a ~ i o n r ~ ~ r ; ~ h r u I  dcposi~ion dcmiiy ( I lq  m-') 

n&ib R U ~ O  NU;O Northern hem;rphnc Souhcrn hcmisphne 
nuclide ro w> to OJ2r H b r  fd 

Wg-SOo Enrirc JOeJO* Enrirc 

Mn-54 2 9  9400 6200 2600 1600 5700 
Fe-55 2 1  6800 4500 1900 1100 4100 
St-69 0.52 20000 13000 4300 2600 12000 
Sr-90 1.0 3230 2140 890 540 1960 
Y-91 0.66 25000 17000 XKD3 3300 15000 
2r-95 1.0 36000 25000 6300 MOO 23000 
h'b-95 1.7 64000 43000 14000 8500 39000 
Ru-103 0.75 26000 19000 6200 3600 17000 
Ru-106 7.5 24000 16000 6700 4100 lS000 
St-125 0.69 2900 1900 790 460 1700 

1-131 050 19000 13000 4200 2500 11000 
G-137 1.6 5200 3 0 0  1400 660 3100 
Ba-140 0.62 23000 16000 5100 3100 14000 
G-141 0.55 21000 14000 4600 2800 13000 
G-144 15 4S000 32000 13000 8100 29000 
Pu-238 0.00016 1.5 0.98 0.41 0. ZS 0.90 
Pu-239 0.01 1 35 23 10 6 22 
Pu-240 0.00n 23 15 6 4 14 
Pu-24 1 0.23 730 480 200 120 440 
~ ~ - 2 4 1  o.mn zs 17 7 4 IS 
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Tahlc 4 
Componcnlr of lhc transfer cocmcicnt PU fmm dcposlUon dcnslty to dlel for 9 0 ~ r  and 1 3 7 ~ s  

Shc hPasfet cocficicnt~ for the first ycar, bl, ~ c c m d  year, b2, md subsequent ycarr, b) md lhc total transicr iaaa. I'=. have h c  units mBq a kg" per Q 

rn-'. Shc unita d the cxpmcnt~d d m y  cmrlant. I. arc a'l.l%c rcgrosion fits arc for thc periods: Argcnha 1964-1979, Denmark 1962-1985 and Unitcd Statu 
1960-1983 (%ir. Nnv Ymk) d 1961-1977 ("'G, Chicago). * Fraaimd amxmt~ by weight oC the five food gwp, milk p o d u c ~  grnn prxud& vcgctatiu, fruit and meal. In thc total &el are. ruprctrvcly, [U3]: 
Argentina: 0.26. 0.2 024. 0.2. 0.08 (?Sf); 0.26. 0.2031. 0.16. 0.06 (InG); 
h a r k  0.35, 0.16, 0.24, 0.1, 0.15 (%r and '"G) 
Urvted Sb tu :  0.31, 0.15, 0.19, 0.15, 0.19 (%r) in Ncw York. 0.33, 0.14. 0.19. 0.17, 0.17 (In&) in Chicago. 

Covnny 

JJ7cs 

TronrJcr farrlx paramcrcrs 

bl 

ws 

?'rat+ facra paranurcrs ' y  

Milk producla 

p?J bl bl 

7.7 
3.0 
3.4 

bl b3 

1.1 
0.9 
0.3 

Argentina 
Dcnrn.uk 
United Statu 

A &wage 

G n i n  produch 

X pa 

3.7 
4.9 
26  
3.7 

0 
2 1 
1.8 

0.1 
0.3 
0.2 

1.2 
1.5 
0.7 

b, 

0.1 
0.1 
0.1 

Argentina 
Dcnmark 
United Statu 

A w a g e  

X 

0.2 
0.06 
0.2 

6 
17.2 
4.1 
9.1 

1.6 
3.1 
0.7 

V r ~ ~ a b l c s  

0.1 
0.08 
0.3 

2 0  
3.4 
2 1  

8.8 
5.9 
5.7 
6.8 

1.5 
9.8 
1.5 

6.9 
23.2 
8.0 

2 1  
2 4  
1.2 

0.4 
3.1 
1.0 
25 

0.06 
0.1 
0.2 

Argentinn 
Dmmuk 
United S h t a  

A w a r e  

Fruit 

0 
0.0003 

0.3 

0.02 
0.02 
0.08 

2 3  
0 
0 

0 
0 

0.06 

0.02 
0.4 
0.3 

4.3 
0.2 

0 
0.02 
0.1 

0.1 
0.1 
0.3 

2 6  
1.2 
0.0 

0.5 
1.8 
1.6 

8.9 
26.6 
11.7 
15.7 

0.26 
0.05 
0. 08 

1.0 
LO 
2 5  
1.8 

Mrvl 

0.02 
0.19 

0 
0.1 
1.1 

Argentina 
Dcnmuk 
United Stales 

A ~ w a ~ e  

4.4 
3.3 
1.8 
3.2 

0.2 
0.005 

0 

0.3 
0.9 
0.1 

0.3 
0.5 

0 
0 
0 

3.7 
80.3 
17.7 

3.1 
3.5 
3.3 
3.3 

0.01 
0.05 
0.1 

Totsl dict 

Swn cf weiglrrad romponenu * 

0.09 
0.05 
0.06 

3 
0.9 
0.4 
I .4 

0.7 
2 0  
1.3 

Argcotina 
Dmmuk 
United S u t a  

A~wngc  

22.1 
13.4 
1.5 

26.1 
26.2 
7.9 

0.8 
0.04 
0.1 

0.7 
0.5 

0.002 

8.0 
11.4 
5.8 
8.4 

0.03 
0.01 
0.01 

2 5  
4.5 
1.7 

4.9 
4.4 
2 2  

Fir an rctal dicr 

0.02 
0.W 
0.1 

0.3 
12.1 
3.3 

57  
5.6 
26 
3.6 

0.07 
0.1 
0 2 

Argcotinr 
Demrrk 
U ~ t d  SLDIU 

Abwngc 

1.8 
6.5 
2 0  

0.8 
1.3 
0.4 

?.O 
5.5 
3.0 
3.6 

A r p t i o l  
Dcnmrr k 
United Stater 

A ~ w a g c  

0.7 
1.9 
0.3 

0 
0.02 
0.8 

6.3 
4.1 
1.6 

0.6 
2 0  
0.4 

1.1 
1.3 
0.5 

0.02 
0.4 

0.01 
0.1 
0.2 

8.1 
11.4 
5.1 
8.2 

0 03 
0.06 
008 
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Table 5 
Tmnsfer of fallout * ~ r  and 1 3 7 ~ s  from deposllion Lo dlet 

Avcragc conrumpticm-wci&ted rcsults for Argentina. Denmark and Ihc United States. 
?he units are mBq s kg-' p n  Bq m-?. 

Componeru 

Table 6 
Transfer coefllcienls Pz4 from deposilion to intake Into the body by ingestion for fallout radionuclides derived 
from measurements In the ternpernte zone or the northern hemisphere 

7io+ 
Jutor 

I Values from Table 3 (400.50') c x a p t  f a  Fc-55 (entire) nathcm hcmispherc. 

" '~r 

Radio- 
nuclide 

FC-ss 
S r 4 9  
Sr-90 
1-131 

Cb-137 
Ba-140 
PU-238 
PU -239 
Pu-240 
PU-241 
Am-241 

* M m e d  hom wtimatd dose to red bonc manow in the northun hcmisphcrc d 6 pGy [U3, UJ] and dow to red bone marrow per unit intake by ~ngcs t im d 
0.11 aGy B~-' (Nl]. 
Value f ian  [U3]; mcasurcmcnts only for milk. 
lnfencd f r m  tramfcr coetlicicnt value (Bq a kg.' pn Rq m - 3  in Table 3 times an average f m d  consurnptim Talc of 500 kg a.'. 

' Iafcned from transfer coeff~cimt value and deposition dcnsity. 
Dcrivcd f r m  Pn mlue d 0.63 ml3q a 1.' pcr Bq m-' [U3] for translcr to milk times an evnagc milk consumption rate of 0.3 1 d". 
Deri bed in  [U3]. 

Comibwion ro 
rdal nanr/a 

Dircn dcpmitim 
b g g e d  tramfu 
Tranlfa i ran  deposit 

T d d  translet 

Deposirion k ; r U  a 

(Bq m-') 

4500 
2W00 
3230 
19000 
5200 
Boo0 

1.5 
35 
23 
730 
2 5  

C o ~ i b w i o n  ro compmenr rrMsfo )%om food cnrei(oriu (5%) 

6% 
0.4% 
26% 

15% 

0.8 : 0.4 
1.0 : 0.8 
1.8 + 0.6 

3.6 : 1.7 

13'c. 

Inrcgra~d inrake rare 

(64 

5 5 m  
700 ' 
6140 * 
1370 ' 

21800 
120 ' 

0.075 ' 
24 ' 
16 ' 
29 
5 

, 

Milk 

8% 
2% 
10% 

7% 

. 
T r a m  coflicLN 

. (Bq per Bq m-') 

10 
0.03 
1.9 

0.07 f 
4.2 

0.005 
0.05 
0.7 
0.7 g 

0.04 * 
0.2 ' 

Vc8craMrr Groin 

2% 
3% 
515  

1W: 

5% 
3% 
4% 

4% 

Dired depositicm 
Lagged uansfa 
Trsnsfa f ran  deposit 

Total transfa 

36% 
15% 
15% 

25% 

F&I 

43% 
23% 
32% 

32% 

3.8 I 1.4 
2 9  2 1.5 
1.7 + 1.0 

8.4 z 2.8 

Mcnr 

38 % 
l2% 
2aZ 

42% 

11% 
71% 
4 4  

30% 

45% 
3 5 1  
20% 

Im 

13% 
8% 
7 2  

10% 

5% 
6% 
7% 

6% 

35%. 

6 7 1  

29% 



Table 7 
Trunsfcr cocmclcnk Pj5 I m n ~  Inbtke Lo dose Tor nldlonuclldes pmiuccd in atnlosphcrlc nuclear (csllng a 

IN11 

Values arc for adults crccpt f a  ingestton of '"1; h c  ahap t im fracticns carespond lo values uscd in prcviow WSCEAR atrorrncnu p l ,  U3]; h e  
u*nmirtcd tqruvalcn~ doses (from [NI]) arc f a  a period d 50 years af~cr inukc for adults and to age  70 years for childrcn ( f a  ingalim d "'9. 
"'L age and milk msurnptiaa weighted nlucr; 0.1 ycu. 1-9 years 9-19 yeols, and adull age groups arc Z 16, 20, 62% of populalim with milk cwcumprion 
330. 160. 150, 90 I a", rcrpcccivcly; thc dasc faaas  f a  the four agc groups arc thc average for 3-monlh-old and 1-ywr-dd children; for 5-ycclr-old children; 

R d i e  
nuclidc 

for IS-year-old childrcn; sod for adults. 
h a p d m  ouumptions arc Chu D (dnyr): '"L '"6 and !'%a: 0.u W (wccks): Y ~ n ,  "FG  band U'~m; and Class Y: (years) all a h n  radimudido. 

Ahorprion 
Jiarrinn 

lngcsli~n 

Commurcd eqvivalcnr dace pcr wir inrakr (nTv H ~ " )  

0.10 
0.26 
1.3 

0.18 
13 

0.069 
0.00009 
0.MHX)B 
0.OOM)B 
o.ooooos 

0.017 

0.35 
0.26 
1.3 

0.10 
14 

0.12 
29 
31 
31 
o.n 
1600 

Fc-55 
Sr49 
Sr-90 

1-131 
G-137 
&-I40 
h.U8 
Pu-239 
I\-240 
pu-241 
Am-241 

Longs 

' 

BMC 
* c u  

lnhdnlion ' 

Ejr r r r i~ r  dose p a  
wir inr& 
( d v  BqJ) 

Red 
bone 

rmp-row 

0.11 
3.3 
180 
0.16 
13 

0.42 
13 
14 
14 

0.28 
no 

0.1 
0.3 
0.3 
1.0 
1.0 
0.1 

0.00001 
0.00001 
0.00001 
o.ooo01 
0.0005 

3h)toid Brcasr 

0.11 
0.26 
1.3 

1218 
13 

0.056 
0.00008 
0.00008 
0.00007 
.oooooi 
0.0066 

0.11 
4.8 
390 
0.15 
12 

0.53 
160 
180 
180 
3.5 

POOO 

0.74 
0.19 

0.0086 
0.24 

0.0084 
1.2 

0.36 
0.26 
1.7 

0.33 
270 
8.0 
0.27 
0.015 
0.29 
0.36 
0.37 
0.37 
0.093 

1.6 

Mn-54 
Fc-55 
Sr49 
Sr-90 
Y-91 
Zr-95 
h b 9 5  
Ru-103 
Ru-106 
Sb-125 
1-131 

G-137 
Ba-140 
G-141 
G-144 
h-238 
Pu-239 
Ih-240 
Pu-241 
~ m - 2 4 1  

Cola 

0.15 
3.4 
28 
61 
13 
3.7 
12 
12 
U 

0.14 
290 

6.4 
1.0 
83 

2900 
99 
40 
8.3 
16 

lo00 
22 

0.65 
8.7 
1.7 
17 

790 
310000 
32WOO 
320000 
3100 
18000 

1.7 
0.33 
12 

350 
14 

6.3 
1 6  
2 5  
I30 
3.4 
13 
8.5 
1.1 
2 6  
100 

61000 
64000 
64000 

930 
7 o a ~  

0.10 
0.26 
1.3 

0.20 
12 

0.16 
0.00018 
0.00012 
0.00018 
0 . m 3  

0.016 

1.1 
0.18 
0.1 1 
30 

0.32 
1.3 

0.44 
0.32 
1.8 

0.53 
0.057 
8.2 
1.2 

0.085 
2 9  

58000 
66000 
66000 
1400 

17ooo0 

0.1 
0.1 
0.01 
0.01 

O.WO1 
0.002 
0.01 
0.0s 
0.05 
0.01 
1.0 
1.0 
0.1 

0.0003 
0 . W  
0.00001 
0.00001 
0.00001 
0.00001 
a0005 

Garads Lilw 

0.31 
21 
19 

a m  
14 
26 
!i7 
53 
53 

0.27 
59 

1.3 
0.18 
0.16 
65 

0.32 
23 
0.51 
0.24 
1.6 
1.1 

0.052 
7.9 
2 3  
0.26 
4.9 

720000 
820000 
820000 
38000 

mmo 

0.11 
0.26 
1.3 

0.09 
133 

0.565 
2 3  
2 6  
2 6  

0.056 
130 

0.85 
0.17 

0.0086 
0.24 

0.0069 
1.2 
0.4 
0.31 
1.8 

0.41 
0.073 
7.8 
0.3 

0.014 
0.35 
0.44 
0.39 
0.43 
0.023 
2.7 

1.3 
0.28 
14 
20 
I5 
3.9 
1.9 
3.1 
37 
3.3 

O.m 
9 

4.4 
4.1 
34 
33 
31 
31 

0.18 
32 

0.49 
0.18 

0.0086 
0.24 

0.0073 
0.33 
0.24 
0.19 
1.2 

0.23 
0.024 
8.3 

0.37 
0.031 
0.22 
loo00 
12000 
12000 
270 

32000 

24  
0 . S  

0.0086 
0.24 
0.32 
2 1  
0.66 
0.50 
2 3  
0.85 
0.037 
8.6 
0.3 
0.26 
26 

130000 
lSWO0 
150000 
3000 

3sooo0 



ANNEX B: EXPOSURES FROM MIZN-MADE SOURCES 01' RN)IATIoN 127 

1 

Table 8 
TransTer cocfflclents P2, Tmm dcposiUon to dmc Tor radlonuclidcs produced In ahmphcrlc  nuclear (cstlng 

L u s  than 0.00001. 

R d i o  
nuclide 

Tronsfer coq'jiriew fo cqu.~rrrlorr dnrc (kiv pa Ilq me') 

lngrslion 

. 

Ronc 
surfices 

Fc-55 
Sr-89 
Sr-90 
1-131 

Cs-137 
Ba-140 
h-238 
Pu-239 
Pu-24a 
Pu-241 
Am-241 

Colon Bre'cmr 

1.5 
0.17 
722 

0.011 
50 

0.0026 
8.0 
130 
130 
0.14 
1800 

Con& 

Inhalation 

1.3 
0.0091 

2 4  
0.014 

50 
0 . W 7  

0 . W 8  
0.0001 3 

0 

0.0032 

Mn-54 
Fc-55 
Sr-89 
Sr-90 
Y-91 
2-95 
h b 9 5  
Ru-103 
RU-106 
Sb-125 
1-131 

6-137 
Ba-140 
G-141 
G-144 
h - U B  
h-2.9 
Pu-240 
h-241 
h - 2 4 1  

Lirer 

4.1 
0.74 
35 

0.0063 
59 

0.13 
2 9  
37 
37 

0.011 
12 

0.017 
0.0024 
0.0021 

0.85 
0.0042 
0.030 
0.0067 
0.0032 
0.021 
0.014 
0 . W  
0.10 

0.030 
0. 003 
0.06 
9450 
10800 
10600 
236 

28900 

Lungs 
mmrow 

Erkmni expolure 

1.5 
0.0091 

24  
0.0059 

57 
0.0027 
0.12 
1.8 
1.8 

0.0022 
26 

0.011 
0.0022 
0.0001 
0.0032 
0.0001 
0.016 
0.0053 
0.0041 
0.024 

0.0054 
0.0010 
0.10 

0.0039 
0.0006 
0.0046 
0.0058 
0.0051 
0.0056 
0.0003 
0.035 

Mn-54 
3-95 
h'b95 
Ru-103 
Ru-106 
Sb-125 
1-131 

'3.137 
Ba-140 
G.141 
G-144 

Thyoid 

9.9 
3.7 
1.0 

0.72 
2 9  
16 

0.12 
97 
1.1 

0.081 
0.47 

fro& coflcicnr 
for flecriie dnre 
( ~ S I  p a  Bq m-'J 

4.7 
0.0091 

2 4  
0.0069 

59 
0.00058 

1.5 
22 
22 
d 

320 

0.017 
0.0037 

0.18 
0.26 
0.20 
0.051 
O.V? 
0.011 
0.49 

0.043 
0.0003 

0.12 
0.058 
0.054 
0.45 
0.43 
0.41 
0.41 

O.OC24 
0.42 

1.3 
0.0091 

2 4  
0.012 

55 
0.00033 

0.00005 
0.00006 

0.0034 

0.0061 
0.0024 
0.0001 
0.0032 
0.0001 
0.0043 
0.0032 
0.0025 
0.016 
0.0030 
0.0003 
0.11 

0.0049 
0.0061 
0.0028 

130 
160 
160 
3.5 
420 

1.5 
0.12 
330 

0.011 
55 

0.0020 
0.65 
9.8 
9.8 

0.011 
140 

0.032 
0.0076 
0.0001 
0.0032 
0.0042 
0.028 
0.0087 
0.0066 
0.030 
0.011 
0.0005 

0.11 
0.0039 
0.0034 
0.34 
1710 
1970 
1970 
39 

4990 

1.5 
0.W91 

24  
84 
55 

0.00027 

37 
0.00005 

0.00132 

0.084 
0.013 

1.1 
38 
1.3 

0.53 
0.11 
0.21 
13 

0.29 
0.008S 
0.11 
0.022 
0.22 
10 

4 100 
4200 
4200 

41 
240 

2 0  
0.12 
52 
4.2 
55 

0.018 
0.60 
8.4 
9.1 

0.00% 
56 

0.014 
0.0024 
0.0014 

0.39 
0.0042 
0.017 

0.0058 
0.0012 
0.024 

0.0070 
0.- 
0.11 
0.016 

0,0011 
0.038 
760 
870 
870 
18 

2230 

0.010 
0.0025 
0.0001 
0.0032 
0.0001 
0.016 

0.0047 
0.0034 
0.022 
0.0043 

3.5 
0.11 

0.0035 
0.0003 
0.0038 
0.0050 
0.0049 
0.0049 
0.00 12 
0.021 

0.022 
0.0043 
0.16 
4.6 

0.18 
0.083 
0.021 
0.033 

1.7 
0.WS 
0.17 
0.11 
0.014 
0.034 

1.3 
600 
840 
640 
12 

920 



T ~ h l e  9 
ETTccllve dose mniniitmcnls It-om I-adionuclldes produced In ~tniospherlc n u c l e ~ r  lestlng 

Radio- 
nuclidc 

11.3 
C.14 

Mn.54 
Fc-55 
SI -S9 
St -90 
Y-91 
7 ~ 4 5  
h%.95  
Ru-I03 
Ru-106 
Sb-125 
1-131 

Cs-137 
Ba-140 
Cc-141 
Cc-144 
Pu-2x8 
Pu-239 
Pu-240 
Pu-24 1 
,4111-24 1 

Total (rounded) 

Torol 

5 1 
26(M 
94 
14 
5.5 
IRO 
4.6 
144 
68 

2 1 
110 
47 
85 
790 
26 
2.4 
86 
1.2 
30 
20 
8.9 
24 

4400 

Exranol 

93 

160 
67 

20 
70 
4 7 
2.3 
510 
25 
1.7 
23 

loo0 

Eflccrivc date commirmcnf (1619 

Errend 

57 

85 
40 
12 
44 
27 
1.4 
300 
15 
1.0 
14 

600 

Nwrh tnnperorc 

Ingcsrim 

48 
2600 

14 
2 3 
170 

79 
280 
0.42 

0.0009 
0.29 
0.2 1 
0.001 

1.5 

3190 

Torn1 

14 
2MM 
26 
3.8 
1.2 
50 
1 .O 
32 
IS 

4.7 
31 
13 
19 

210 
5.8 

0.53 
23 

0.30 
8.5 
5.1 
2.4 
6.8 

3100 

Erranal 

26 

31 
1 5  

4.5 
20 
13 

0.50 
140 
5.6 

0.37 
6.1 

260 

:mc (403.50') 

lnholarim 

3.6 
0.26 
0.2 1 
0.03 
3.1 
15 
4.6 
3.1 
1.d 

0.93 
4 1 

0. I3 
3.2 

0.58 
0.34 
0.7 1 
63 
1.2 
29 
19 
8.9 
23 

2X) 

W a l d  

Ingarion 

44 
2600 

8.2 
1.4 
102 

48 
1 70 

0.25 

0.0005 
0.18 
0.13 
0.003 
0.87 

2980 

Sourh rcmpnnrc 

Ingarion 

13 
2600 

3.8 
0.51 
46 

17 
76 

0.09 

0.0002 
0.08 
0.05 

0.001 
0.4 1 

2760 

popularion 

Inhnlmim 

3.3 
0.26 
0.13 
0.02 
l .P 
9.0 
2.8 
1.9 

0x2 
056 
26 

0.08 
2.0 

0.35 
0.2 I 
0.43 
38 

0.72 
18 
12 
5.4 
14 

140 

t o w  (603507 

Inhnlnrim 

0.95 
0.26 
0.06 
0.01 
0.68 
4.1 
1 .O 

0.69 
0 30 

0.20 
11 

0.04 
0.71 
0.16 
0.07 
0.16 
17 

0.30 
8.4 
5.0 
2.4 
6.4 

60 

Torol 

47 
2600 
57 
8.2 
3.3 
111 
2.8 
87 
4 l 
13 
69 
28 
5 1 
470 
16 
1 5  
5? 

0.72 
18 
12 
5.4 
15 

3700 



Tuhlc 10 
Contril~ulions Lo Lhc I~)LJII cfTcrlivc dose roni1iiIL111cn1 Lo Lhc world poy~ul:~Lion  iron^ 11l111osphcrlc nuclear LcsLing 

Table 11 
Collective c~cc l ivc  dosc (u Lhc world population cor~i~i~iLlcd by alniospl~cric nuclcur tcsling 

Concsponds lo dose dclivcred hy 14c k$orr thc year :2lw) 

I f f i c r i ~  e dose 
cornmi~mm~ 

(1r.51 J 

16 
I6 
I5 
13 
I? 
6 
5 

3 
3 
1 
I 

Connibwion to ~oro l  (%) 

Hadic~  
r~ucl i~lc 

l'u-239 
U7-140 
An-24 I 
Ru-103 
Pu-240 
Fc-55 

l'u-24 I 
Sr49 
Y-91 

Cc-141 
Pu-238 

Total cffcc~ivc dosc conm~i~mmm 

lncludirrg 
lom "c 

0.5 
0.4 
0.4 
0.3 
0.3 
0.2 
0. I 
0.09 
0.06 
0.04 
0.02 

Radio 
nuclide 

C-14 
0-137 
9-90 
2r-95 

Ru-106 
11-3 

Mn.54 
G-144 
1-131 
hb95  
Sh-12-5 
Yu.239 
h - 2 4 1  
~a-140  
Ru-103 
Pu-240 
Fc-55 

Pu-241 
Sr-89 
Y-91 

0 - i 4 1  
l'u -136 

Taal (rounded) 

3700 $v 

Hodio 
nvrlidc 

'2-14 
CS-137 
Sr-90 
71-95 

Ru-106 
hfn-54 
G-144 
1-131 
11-3 

h%-95 
Sb-125 

Including 
10% 14c 

1.3 
1.2 
1.1 
0.9 
0.9 
0.6 
0.4 
0.2 
0.2 
0.1 

0.05 

Conrriburion 

lnrluding 1 W% "C . 

66 
6.3 
1.5 

0.93 
0.74 
0.63 
0.61 
0.55 
0.55 
0.44 
0.30 
0.20 
0.16 
0.17 
0.14 
0.13 
0.03 
0.06 
0.04 
0.03 
0.0: 
0.01 

100 

E/Jecri\.c dose 
comrnirmcrrr 

[rrS\.J 

ZSSO 
470 
110 
67 
69 
s7 
52 
5 1 
47 
41 
3 

Conrribwion ro rlrnl (CX.) 

lo rornl (95) 

Including 10% I'C 

39 
28 
6.6 
4.2 
3.3 
28 
2 7  
4,s 
Z5 
2 0  
1.3 
0.68 
0.60 
o.n 
0.62 
0.59 
0.40 
0.26 
0.16 
0.13 
0.07 
0.03 

100 

E.rrcrnal 

1210 

172 
140 

161 
51 

4.4 

129 
86 

49 
39 

3.3 

?1LO 

L r l i ~ r l i t r ~  
lorn, I ' c  

70 
13 
3.0 
2.4 
1.9 
1.5 
1.4 
1.4 
1.3 
1.1 
0.7 

Irrclurlitrg 
10% "c 

19 
35 
8. I 
6.4 
5.1 
4.2 
3.6 
3.6 
3.5 
3.0 
2.0 

Cullccrit~c elfcrrivc 

I~rgerrioa 

3800  
677 
406 

176 

154 

1 .X 
8.7 
o 81 

1.3 
'6 

0.01 
4.5 

O.(X13 

17200 

dose (1000 I ~ M  SI.) 

lnbaloriorr 

2.6 
1.1 
20 
6. I 
62 
13 

0.4 
I 1  
6.3 
2.6 
0.2 
56 
44 

0.66 
1.6 
36 

0.06 
17 
6.0 
6.9 
1.4 

2.3 

440 

Torn1 

Y 600 
1690 
435 
276 
'9 1 

169 
16 1 
165 
164 
13 1 
66 
-% 
53 
5 I 
5 1 
39 
26 
17 
I I 
6.0 
4.7 
2.3 

XI00 
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'I'r~blc 12 
Lslirnnlcd numher and ylcldr or undergrnund nuclc~tr cxplorlons 
IN1 0. S2] 

Table 13 
Atmospheric releases of iodine-131 to the ntrnospherc from underground tests cnrried out at the Nevada 1 s t  site 
In the United States 
[HJI 

Yea 

1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
196s 
1966 
1967 
1968 

Nu& of 
crplariom 

5 
15 

12 
61 
13 
48 

51 
59 
51 
60 

h'anu of t u t  

Anllcr 
Feather 
Pampas 
Rattc 
Eel 
Dcs Man- 
Bandicool 
Y uba 
Eagle 
Pike 
Alvd 

Drill 
Parrot 
Alpaca 
Tee 
D i l u ~ d  Waters 
Red I l d  
Pin Stripe 
h ~ b l c  Play 
Dcrnngcr 
Nash 
Mid M I ~ I  
ltupmohilc 
Pod 
Scucllc 
Snubber 
Mint l u f  
Banchcny 
Bsgonal l ~ n c  
hola 

Total (rounded) 

Total 

Yicld 
(hi0 

0.002 
0.03 

0.1 
1.0 
1.0 
1.0 
1.8 
3.7 
2 2  
4.6 

Yem O/ IW 

1961 
1961 
1962 
1962 
1962 
1962 
1962 
1963 
1963 
1964 
1964 
1964 
1964 
1965 
1965 
1965 
1966 
1966 
1966 
1966 
1967 
1967 
1966 
1969 
1969 
1970 
1970 
1970 
1971 
1960 

1352 tcst explosions 

A~marphcru relcue (TBq) 

0.2 
0.M 
0.0304 
0.4 
0.4 

1200 
330 

0.0006 
0.06 
13 
0.001 
0.5 
0.2 
0.0009 
0.06 
0.7 
7 
7 
4 
0.009 
0.5 
0.01 
4 

0.03 
0.0001 
0.2 
3 

3000 
0.05 
0 .E  

5(wX, 

Yew 

1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1971 
1978 
1979 
1960 

Total yield 90 MI 

h'umba or 
aplosions 

55 
52 
M 
40 
30 
34 
36 
42 
45 
55 
54 
51 

I'icld 
P I 0  

4.1 
6.6 
6.9 
2.5 
7.7 
4.2 
7.5 
5.4 
3.5 
2 7  
3.9 
2.9 

Year 

1961 
1982 
1963 
1964 
1985 
1966 
1967 
1988 
1969 
1990 
1991 
1992 

Number of 
aplosiom 

51 
56 
Sb 
56 
35 
23 
47 
40 
27 
16 
14 
6 

Yield 
( ,~I I )  

1.6 
1.6 
1.2 
23 
1.2 
0.6 
2 2  
1.6 
0.7 
1.1 
0.3 
1.1 
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'ri11)lc 14 
13~11~1in tcd  ~ r n n ~ r n l  rclcrrscs or I3'l t o  IIIC ~ t t n ~ o l ) l , c r c  r1n111 l l i c  I l i t~r l 'o r t l  p l u t o ~ i i u ~ n  p r o d u c t i o n  p l i r n t  In the 
Unitcul S b t l c s  IC5j 

T a b l c  15 
E s t i n r a t c d  c u n ~ u l u t i v c  doses Cram r a d i o n u c l i d e s  r e l c i ~ s c d  i n t o  t h e  'l'cchu I t i v c r  f r o n i  the C h c l y o b i n s k  p l u t o n i u m  

p r o d u c t i o n  p l i t n t  i n  the r o r n i c r  U S S R  

[A41 

Ycar 

1944 
1915 
1946 

7 ' ~ , i l  1944-3946 

Vlllagc was c\wuatcd. 

A~tnunl rclcrrrc (I'IIqJ 

IRM 
13000 
2R00 

17600 

Villog c 

Mclllno ' 
Tccha-Vrod ' 
hranwo ' 
Nadirovo 
!4ul)urnwo 
Brdololrnak 
Rurskaya Tccha 
Vo\opctropavios'woc 
Schut~kha 
*ht~chcnskcc 

T n h l c  16 
E s l i m n t c d  u r n n i u m  and  rue1 r c q u i r c l n e n l s  lo g c n c r i r l c  I GI+' u or c l c c t r i c i ~ l  cncrgy 
102, 031 

I'CIU 

1'147 
194s 
1949 
1950 
1951 

11;srurtce don~ru~rcorn 
/rots r11e poirir oJdiscJrargc 

Pin) 

7 

18 
27 
JY 
76 
109 
138 
152 
-0- , 1 
3 7 

Llcnv.ed from thc anlounlr d natural u:anlum u,lng .s 1I3O6: hcavy madl ratlo d 1:16. 
Scparauvr work um~s. 
ksumzng avcragc fud ~rradialion cf 30 Ci\Yd/l(l (thcrmd mcrw). thrrrngil ~llictcncy d' 33% and an avcragc Cue1 enrlchmcnl of 3% uith 0.25' tails. * h u m r n g  a Curl irr2dl:ltion d 7.3 C;N1d41! (thrrnmal cnrrgyl :ind a thrrrn:ll ~.i!;.lrn~:y ol. 311%. 

' &.,urnlng a fuel inad~ntion d 4.5 CiWdhC' (thrrrn.il mcrgy) :~nd r thcrn~:~l cn;c~cn:y o i  7(,T'. ' hssumtng an avcragc fuel ~rradiutlon d 24 (;WJALr (:hirl~~;ol r n v ~ ) ,  il th:rolel cl'Iiilc.nry d 405 and :svrragc cnrihnlmt of 2.7% and ti~ils of 0.3%. 

Hearror 

QP= 

LWK ' 
l r ~ ~  
Mapox ' 
AGU 1 

Arrnunl rrlcnrc CrflqJ 

YO0 
40 
2; 0 
100 
630 

T u c . ~ ~  I'I47-1956 

Eflccrive 
dose 

(&&,J 

I400 
1190 
loo0 
M O  
240 
5s 
62 
100 
-% 
66 

Absorbed d u e  0nG.v) 

i l ~ t ~ w n l  required /or I GII'.vew 

:020 

Ycrv 

1952 
1953 
I954 
1'155 
1956 

Hcd bone 
rnarrox. 

1640 
1270 
1270 
950 
GI0 
140 
2 0  
2 0  
SO 
110 

hrururul ururr~u~rr 

(1) 

2 0  
160 
330 
1 0  

Annul  rclcprc m y )  

40 

25 
20 
30 
15 

llonc lining 
cclls 

2 6 0  
1460 
1900 
IS00 
1430 
310 
530 
660 
IS0 
400 

U I ~ I I I U I ~  a r ~ d c  a 

IrJ 

260 
210 
300 
1(dI 

G.I. wacr 

1400 
1190 
1040 
620 
290 
70 
100 
130 
26 
84 

Eruidtmc~r~ 
rnwj * 
130000 

13DOO 

Orher 

1270 
1150 
900 
440 
120 
33 
37 
43 
22 
32 

Fucl 

(1) 

37 
160 
330 
38 



Data c d y  indudc uranium produced in  WOCA ( W a l d  Oulsidc Cmtrally planned ccmomics Arca). Fstirnatc oF wanium production in  .on-WOCX countries in  1990 is about 18.000 I uranium pm ycar uith a dccrcasing trend; Ihc main producers 
alc hclicvcd lo  hc G i n a ,  Czcchnrlwakia, thc Gcrmnn Dcmocralic RcpuMic and the lJSSl l  [14]. 
Data fa 1989 arc cstirnatcs. 

Cmmlry 

Argcnt~rn 
Auslralia 
l l r l l j u ~ n  
I3ranl 
Canada 
I'rancc 
Ciabm 
Germany, Fcd. R 7 . d  
India 
Japan 
Namibia 
Ni gn 
Pakistan 
Portugal 
South Africa 
Spain 
United Stales 
I ' u g ~ s l  a\ia 

Tom1 

Annual pro*lucrion of ~uaniwn ( I )  " 

1075 

27 

2540 
1731 
8110 

57 
2lX) 

3 

I :a 
30 

115 
2488 

1-3 
8900 

19348 

1976 

40 
35Q 

46.20 
1871 
8W 
38 

200 
2 

654 
1460 

30 
88 

2758 
170 

9800 

23 170 

1077 

I I X I  
3 .% 

57911 
2fW7 

907 
IS  

200 
I 

2340 
1609 

30 
9 5 

3.350 
177 

11500 

28577 

1976' 

126 
516 

35 
6800 
2183 
1U2Z 

35 
200 

2 
2697 
2060 

30 
98 

396 1 
191 

14200 

34121 

1979 

124 
705 

6820 
2362 
1 I W  

25 
200 

2 
3840 
3620 

30 
114 

4797 
190 

144(X) 

36339 

1 080 

I87 
1561 

20 

7150 
2634 
10.13 

35 
2 W  

5 
4042 
4128 

30 
82 

6146 
190 

16800 

44243 

1981 

I23 
2922 

40 
4 

7720 
2552 
1022 

36 
200 

3 
397 1 
4363 

30 
102 

6131 
178 

14800 

44197 

1982 

155 
4422 

45 
242 

8(#IO 
2859 

970 
34 

200 
5 

3776 
4259 

30 
113 

5816 
150 

10300 

41456 

1933 

172 
321 1 

45 
189 

7140 
327 1 
I006 

47 
200 

4 
3719 
3426 

30 
104 

6MO 
170 

8MO 

36994 

19.46 

173 
4 154 

40 

I I 5  
1 1720 
3248 

900 
26 

200 
6 

3UX) 

3110 
30 

110 
4602 

215 
5200 

59 

37208 

19SJ 

129 
4324 

40 
117 

11170 
3168 

9 18 
32 

200 
4 

3700 
3276 

30 
115 

5732 

196 
5700 

36851 

IPS5 

126 
3206 

40 
l 15 

10880 
31SQ 

940 
30 

2W 
7 

3400 
3181 

30 
119 

4860 
20 1 

4300 
30 

34874 

I037 

95 
3780 

40 
0 

12440 
3376 

BW.1 
53 

200 
6 

3.W 
2970 

30 

141 
3963 

2 23 
5000 

72 

36691 

1988 

142 
3532 

40 
0 

12400 
1394 
9x1 

38 
200 

0 
3600 
2970 

>O 
1 Y 

3650 
226 

5050 
80 

36628 

IP39 I' 

IS0 
3800 

J0 
0 

1 lo00 
3190 

9 .XI 
30 

700 
0 

3600 
3000 

30 
I -XI 

2900 
216 

4600 
85 

3394 1 



hlinc 

Ore p m l e  

(% 01 U , O ~  
)iiu 

Aurlruliu 

l ~ r6duct ;v t~  t,J 

"JOU a 
(1) 

Rangcr 

O()mpic 

Satarick ' 

P..~ni.uiwt IIJ 
-3.  
- - - l b ~  

I ~ I I C ~ )  

45  

73 
69 

120 * 
130 

16 
32 

2 1 
2 I 
2 1 
12 

h'ormnlkcd emission ,, ::2Rn 

( G B ~  I . ] )  

1985 
1986 
l'JR7 
1988 
1989 

196R 
1 969 

I965 
1961 
I987 
1966 

I0 ' 
16 ' 
18 C 

19 
?2 

27 
27 

13 
13 
13 
13 

Amok 

Rabbit L k c  

Dcnison Mine 

Pancl Mlnc 

Sranlagh htinc 

0.32 
0.35 
0..U 
0.42 
0.4 1 

0.11 
0.11 

1.42 
1.42 
1.42 
1.4? 

0.37 
0.40 
0.42 
0.49 
0.57 

0 . 3  
0.46 
0.51 
0.72 
0.64 

0.08 
0 (9 
0. w 
0.06 
0.0s 

0.10 
0.10 
0.W 
0.0s 
0. OY 

0.07 
0.07 
0.07 
0.07 
0.W 

1965 
1966 
1987 
I966 
1969 

l'l6S 
I966 
1987 
1066 
I069 

1065 
I986 
19x7 
1966 
1989 

1'185 
1986 
1967 
1966 
198'4 

1965 
1966 
1967 
196E 
1969 

4 5 0  
4700 
5000 
6400 
1OOO 

600 
1200 

1600 
1600 
1600 
9 W 

C;~I.IIIUII I)rn~ucrvtic Krpuhlic 

Curlada f 

660 
650 
670 
0 
740 

69 0 
1500 
X U  
a m  
2011 

26 W 
2W0 
1 9 0  
2060 
ZWX) 

9'10 
960 
820 
760 
650 

610 
750 
100 
4 0  
-90 

'Ihuringan hlrncs 

Auc 

Rmigstc~n 

1 
1 
1 
I 
1 

1600 
I600 
I600 
1600 
1600 

I100 
1100 
I I ~ ,  
I l a ,  
1100 

96 . 
96 
96 
96 
96 

I20 
1?0 
120 
120 
120 

1965 
1966 
1967 
1966 
1969 

1965 
1966 
1967 
1968 
I V H Y  

1985 
14Jl(b 
19K7 
1V8h 
lVR9 

1.2 
1.2 
1.2 
1.1 
1.4 

1800 
I I00 
660 
560 
760 

500 
530 
no 
520 
Y 0 

97 
98 
120 
120 
110 

150 
160 
240 
270 
210 

0 (H: 
0.ff1; 
0.W1 
0.a11 
O.Ul0 

0 483 
0.466 
0.475 
0.463 
0.461 

.%txl 
35W 
35W 
34  w 
3300 

640 
750 
710 
710 
69 0 

670 
605 
540 
520 
XH, 

540 
610 
660 
730 
690 

I 6 0  
1700 
I400 
1400 
650 

160 
.W0 
300 
260 
YO 

150 
170 
190 
210 
210 

I900 
2300 
2000 
1950 
2oal  

240 
500 
YO 
500 
500 



" l h c  n~ill throughput %;IS used whcn t l~c ntrnr throu&put u.3, not arailnblc. 
* Lttrnntcd l i m ~  1069 rxlue. 

Estimated [ran 1969 raluc. normdr~cd to LI,OH praluction. 
Mclallwgiul plant: product~on cornrncnccrl in Junc 1966. 
.Mining c u r d  in 1990. Mill icul  wid.\ tdkrn i r m  rtxkpilr., and tilllngs wcrc lrlunlcd to ltrirrc pit. ' llrn~arion 01 radon cslirnatcd from nnnu:ll a~eragc  conccnlr~tion in chhaust a t .  

I i i n e  

I'rcital 

1 

T l t b l c  19 
R t t d i o n u c l i d c s  rclc;lscd i n  n i r l ) o r n c  c l l l u c n l s  l i o n 1  u r i t n i u n i  ~ i i i l l s  

[A6, N12, 05, RZ] 

I'car 

1485 
l YSL 
1487 
1966 
1969 

' Mcrallurgcal plant; production conmlcnccd In Junr IYbb, cnuur.n, d ""1'b and ""l'o are lor lhc p;~rl~culnr proccss and are nM rcprcwntativc of normal 
nulling. 
Mill operatlmr ceahrd In July 1968. 
L)I.IA for 0Iynip:c rnlll s;c not gmcr;llly rep imrnl~t , \~ .  an! .it:. ~hcicri>rr, nnl tnr.ludcd rn lotul. 

Mine  

Orc .qrrnlc 

(T .I u,o~  

0.IW7 
0. I(H1 
0.116 
0.112 
0.III  

Orc 
xrudc 

(5) 
Year 

/ ' r ~ + / ~ ~ c l i , ~ t ~  of 

u ~ O #  ' 
(0 

160 
180 
19(1 
I70 
130 

b:#!oi.c.r;un of 
--'Ha 
3.7 

CI'III~) 

10 
6 
7 
6 
5 

r\u~l~.uliu 

h ' o r m n l d  cmicrion 
of ' 2 2 ~ n  

(cng r l )  

61 
45 
36 
.% 
40 

O r e  

rlvougl~pu 

~ J V ~ J  

"4“' 
prducriun 

11) 

85 
I40 

Knngcr 

Olymp~c " 

Nahrr~ck 

I 
0.97 
0.67 
0.76 
0.96 

0.5 
1.1 

0.12 
0.12 
0. 12 
0.07 

Cur~ildu 

: l n n w l  rmlsiotr (GOq) 

43000 
46000 
44000 
4J[KI0 
54000 

SOUJ 
16000 

? 1000 
?I(KX) 
21000 
12000 

1965 
1986 
1967 
1968 
19S9 

1986 
1964 

196.5 
1986 
1987 
1'488 

Kc)- lakc  

Kahhl Lake 

>jO,',, 

3200 
3400 
3300 
3300 
40W 

550 
12W 

17(U 
1700 
1700 
4Y (1 

0.32 
0.35 
0.36 
0.42 
0.41 

0.11 
0.1 1 

1.42 
1.42 
1.42 
1.32 

Ill 
2 1 

0.05 
0.1 

1985 
1986 
1987 
1988 
I489 

1465- 
!St39 

UOpo 

0.05 
0.1 

0.28 
0 . 3  
0.19 
0.2 

0.24 

0.53 

Total rclcnsc (GI%) 

L:,Oh producrrun (I) 

Numal~zcd r c l c ~ w  (CiUq I") 

h'orrnzl~zed rclwsc [CiUq (CiW A ) - ' ]  

-r?, 
---Rn 

1.2 
1 

0.8 
0.8 
2 

0.1 
0.2 

0.7 
0.7 
0.7 
0.4 

334200 

270LIO 

13 

3000 

0.12 

1640 

U.WW7 

0.02 

3 8  

0. I9 
0 . 3  
0 . 3  
0.24 
0.24 

0.36 

0.18 

%70 

O . W ( U ~  

0.02 

530 
560 
3 0  
4S0 
>SO 

lY(U 

0.20 

3 0 0  

0.- 

0.02 

92LXl 

tLO(IIU 

0.11 

U.110'1 

41.0 

1 7 0 0  

0 .ml5  

0.4 

0.00? 

0.021 

O.Ml(bl 

0.01 1 

0.01 1 

0.02 

3 1 5  

0.65 



"~'8 
p r l u c r i r m  

(0 

Ore 
rlvou,ql~pul 

( .h i t )  

hiine 

C n n d u  

Year 

i\nnunl r n l i u i m  ((;lfqJ Ore 
tr'uir 

(a J 
:/o,.,, 

0.13 
0.02 
0.01 

0 . 3  
0.19 
0.19 
I.? 

0.17 

2 15 

29W 

0.00007 

0.01 

h k  

Kcy Lkc  

XbHa 

0 . m ~  
0 163 
0.13 

0.195 
0.259 
0 .32  
0.242 
0.33 

2Wn 

0 . 3  
0.035 
0.029 

0.6 1 
0.16 
0.06 
0.11 
0.07 

1.32 

29400 

0.aK)OS 

0.01 

Total rclc~rc (GBq) 

U,08 prulua~cm (I) 

Sarnal~ud rclc~se (GBq I-') 

Sarnalizcd rclcasc [GBq (GW ;I)"] 

1967 
1966 
1966 

1985 
1966 
1987 
1966 
1969 

16 
6.5 
7.6 

1.7 
1.1 
1.3 
0.5 
0.7 

35.40 

;?9400 

0.0012 

0.3 

I .U 

29400 

0.WOG 

0.01 

66.5 
6'97 
74 1 

5301 
5752 
5273 
4695 
5632 

042 
(1.44 

0.57 

2.72 
3.31 
1.67 
1.94 
2.40 

0.3 
0.1 
0.05 

0.34 
0.16 
0.15 
0.06 
0.07 



-l'uhlc 21 
Itr~don c1111sslons rron~ umniun, mill hiling piles 

Suhqucous tailings dcps~ t~on  unlrl 1966. thcn comhrn;~trtm d' suk~qcrou~ :and \uhii.r!:ll t;illrngs dcpos~t~on 
Subaerial tailingr Jtpon~~on. ulng ;# rotat~on;rl cyclc lo p r ~ n l ~ ~ e  I:,).:rlng ol' t ;u I inp .  

Suhiqueous tla~lings Jrpori~~on prior tu 11167: \ub.:~rx.,l I;ulinp J<.pus!r!;m ~ t ~ ~ i i . . ~ l i o  
Suhaeriall~uhaqucous \alucs. 
A ~ L I  50% d the tailing pilu are covcrcd u ~ l h  uwcr 

f Suharrial raluc. 

hfill I'CIU 

r \ rpc~~lir~s  [C18] 

~nrissi~vr role 
(1181 III-? s-'1 

Tailings area 

(ha) 

,,, 
-'-Rn rmir.~im 

Wjd 

San Rnfacl 

L06 Adobes 
Dm Ouo 
Los Gigantes 

La h t d a  
Malarye 

8.2 
11.5 
8.1 

43.1 
0.7 
0.8 
11.0 
10.7 
12.3 
10.2 

13 
18 
18 
100 
1 
1 
a 

10 
11 
9.5 

l9R6 
I967 
19Rb 
1966 
1985 
IYW 
1986 
I985 
1986 
1987 

,\ust~-din IA9. CS, DS, L4, 05, It21 

5.0 
5.0 
7.0 
7.5 
5.0 
5.0 
1.0 
3.0 
3.0 
3.0 

010.1 
010.1 
010.1 * 

0.9 I 0.1 
0.9 10.1 * 

1.6 
1.6 
0. I 
0.1 
2. I 
2. I 
2 1 

0 1 3 6 0 ~  
0 I360 * 
0 1360 

1 1 0 1 2 . ~ ) "  
120 1140" 

75 
75 
6.2 
6.2 
6.2 
6.2 
6.2 

Rangcr ' 

0l.mpic * 

Nnbrick ' 

11 
11 
I1 
40 
45 
6 

13 
0.2 
0.2 
4.2 
4.2 
4.2 

1985 
1986 
1967 
I988 
1989 
1')88 
1969 
1965 
1986 
I967 
1968 
1969 

Cunudu IAO] 

6 

3.7 
20 
10 
10 
10 
10 
10 
I0 
10 
10 
10 
10 
10 
10 
1 0 
10 
10 

36 

53 
11.5 
- T C  - 
60 
67 
74 
SO 
-.  15 

36 
43 
47 

5(1 
107 
I l l  
115 
121 
127 

Key lakc 
R3hb.1 L k e  

Tail~ngs pond 
Opcn pit 

Pancl minc 

Sranicigh mnc 

Quirke mine 

68 

62 
73 
173 
169 
21 I 
233 
3 2  
1 lo 
120 
136 
148 
158 
337 
350 
363 
36 2 
400 

lcJ65-1969 

1985-1989 
1965-1989 

1965 
19S6 
1987 
1966 
I~)S'> 
1965 
1966 
1967 
1988 
1989 
1985 
IOdO 
I967 
1 968 
I989 

(;cI-IIIYII I ) ~ I I I I ~ C I ~ L I I ~ C  Kvpuhli~ [\VS] 

12 I 
12 1 

' 
30 ' 

Crnrscn 
Scclrngsl5d1 

350 
500 

I'iFv 
lvE9 



' Sormalizrd emissions in llqwd efflucntr (0.01 for 2101'o. 21Ul'b and 9%: 0.02 CN ' " ~ a :  0.3 ia %U and %r) con~rihutc ncdaghly to thc coilcctivc dcac. * t h u a l  m i n t y  relcascd: thc rxc  d ac~t\ity i s  asrunred to rrnuln cm,tmt obcr mm. than 10.000 ymrs. 
k c  cornrmlmcnl carcspandrng lo a f ivc-YC:~ rrlt3sr. 
Dare comnulmcnl carcspnrbng to a 10.0MJO.yc.11 rclc:~sr. 

H d i e  
nuclide 

Ph-210 
Po-210 
Rn-222 
Ra-226 
n - 2 3 0  
U-234 
U-736 

C'ollrrri~r 
rlure p u  iulir 

relcare 

(IIIIUI St. l7lq-') 

I 
1 

0.015 
0.6 
-10 
6 
7 

T u h l c  23 
U m n i u r n - 2 3 8  r c l o n s ~ d  i n  c f l l u c n l s  I ' ror~i  I'ucl c o n v e r s i o n ,  c n r i c h l i ~ c n l  i l n d  I ' : ~ l ~ r i c a i i o n  p l i ln l s  

[A6. 013. M3) 

rVomrulLctl rcle~atr 
/(;llq ((:\V ").I/ 

hftrrmrrlLcJ cullerrii r rflcrrit.r dcue 
1m11n .St* (GIV II).'] 

Liquid durhnrgcs (GAq) 

3 6  
l~ lo l lor ion  

Afi~ic 

1.1 

hiinc 

75000 

bfill 

0.02 
0.02 
3000 
0.02 
0.02 
0.4 
0.4 

hlill rrrilit~~s 

)'rw 

41ill 

0.~YW2 
0.WOO2 
0.045 

0.tIMKlI 
o.ooo(1 
0.003 
0.003 

It, ~ ~ p r r t ~ l i n ~ ~  

ZWW 

,lirbwnc d i ~ c / i a r g o  (Cllrl) 

113 

Blind Rlvcr rcfincry 
Gpacily: IB.OW) I d watuuni as 

UO, 

l'cft llopc U02 plant 
Gpanty :  2800 t o i  urantun~ as 

1102 

POII llopc LIF6 plant 
Gpaoly :  10.000 I d w:~tuwn :I, 

i r ~ ,  

T a m t o  fucl f a b r n r ~ ~ m  plan1 
Cap301y: 1.050 I of ur.tntuln ;IS 

110: 

Por~  llopc fuel f a h ~ c a ~ ~ o n  plan1 
(ipaoly: VOO I or uranium :Is 

\lo2 

, l lundav~d 

l ~ c a  * 

lu8C 
1960 
1967 
1068 
I969 

1986 
1'467 
1966 
1980 

196b 
1'487 
IUG 
19PV 

1067 
1968 
1969 

1967 
I'lfib 
198'4 

blill failinxs 

(:u~tudu 

0.u 
1 .O 
1.1 
1.0 
0.9 

0 4 

0.6 
0 4 

U. 2 

2. I 
2 (8 

2 5 
0.7 

< 0.001 
< 0.001 
c 0.(NJl 

0.WI 
0.all 
0.W I 

~\irbutzc discllnrger (GHqJ 

Hrpul~lir 111' tiul.ru 

In opernrion 

0.3 ' 

ilrrtrriutrr 

0.2 
0.06 
0.1 
0.2 
0.1 

0 
0 
0 
0 

5.3 
26 
3.7 
2.6 

0 . K  
0.02 
O . E  

0.01 
0.01 
0.01 

Liquid d u r l ~ o r ~ c r  (GBp) 

Abnndaned 

150 " 

IJmnC i r  

K a u  Nuclear Fucl Cnmpany 
( fah~cal~on)  

iIrur,ir a Uronic p 

U.07 
0. 3 

1'466 
I O R V  

ilrut~ic (I 

0.3 
0. I 

0 . t K P I  
0 01 

0.013 
0.013 
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Nnrn~iiliz~ul rvlcnscs of ritdionuclidcs fro111 111odcl rucl conlSe~-sion, cn1.ic11111cnl nnd I'ul~rici~lion Incilily 

Irufcrllnriun 
rlirbwrlr d h c l l ~ ~ r x ~  fCIIqJ 

1l11ilrJ KisgJul l~ 

R a d G  
nuclLIe 

Ra.226 
7h-228 
1h-250 
T I -32  
T h . 3 4  
U - 3 4  
1:-35 
I ! - 3 8  

LW d i r r l w t u  (CBq) 

~ q u a r i c  discharges (hfBq (CM' o).'/ from 

l/rntric 0 Uru~r;um U r a r k  n 

C;lpcnhurr~ (cnnchn~rn~) 

Spnng~clds (cmvcrr im, fahrlc:~l~on) 

Cotrl r r ~ i o n  

0.11 

04 
4.3 
9.l 

A~mo~phcr i r  d i r c l t a r ~ u  [,%IMq ((;II' u)-'/ jrom 

llrrr,~ic I I  Uranic 

I 
I 
I 
1 
1 

Con~.cr~ iur~  

0.U22 
0.4 

0.022 
110 
130 
6 1 
I?O 

1965 
1986 
1967 
19% 
1969 

1985 
1966 
1987 
19m 
19SY 

Enrichment 

10 
0.5 
10 

0 iK)O 
0.01 
0 0: 
0 02 

1 
1 
I 
I 
2 

Etiriclmmc~r~ 

1.3 
1.3 

O.(L 
1.3 

Fobricarion 

170 
170 
1.4 
170 

F'c~bricu~io~t 

U..Q 
0.34 

U.0014 
u.34 

0.9 
2 
3 
1.7 

c 0.9 

700 
600 
m 
400 
400 

0.9 
2 
3 
1.7 
c 0.9 

160000 
11-000 
nam 

110000 
1 lJOOO 



corvlhy Hcocror 
.Vorf.~rp 

yc1r 
Cupurirv 

( G n l  

2.22 
2.026 

0.015 

0.606 
0.669 

0.190 
0.308 

1.242 
0.654 

0.765 

2SS7 
3.658 
0.025 
1.499 
0.156 
1-31 
2762 
1.277 
0.792 
4.098 

4 3 7  
0.891 
1.272 
1.771 

1.563 
0.031 

0.995 
1.117 
1.165 

0.155 
0.474 
0.304 
1.168 
0.573 
0.631 

0.797 

0.270 

0.856 
0.Y61 
1.466 
1.71? 
1.379 
2.465 

0.177 

0.408 

0.374 
0.450 
1.216 

Dclgurn 

Brazil 

Dulgdiia 

a i m .  Teiwn Province 

Gechorlovakia 

Finland 

France 

Germany. Fcd. Rep. of 

i lsmgary 

Italy 

Japan 

h'cthcrlands 

Republic d Korea 

llccrrical m c r p  gcncrald (CW a) 

I'WHs 

1974:65 
1975!65 

I962 

IY74rlS 
1960'82 

I967 

1964 
I'JSS 

1978185 
1965187 

197760 

1Y67/88 
1961/63 
I97W') 
10661S7 
I1J82/87 

1067 
S / 8 4  
IYSIIIF I 

11177 
198S/&6 
1')80/85 
I1>87/E8 
IU84W6 
lYSSl.56 

IQ61 
I1)SUB I 

197.lfl6 
1986 
I'fSb: 
l9Sl 

I117.1fl1J 
lVg4 
1968 
1966 

11>76/89 
I966 
10FJ 
1972 
1918 

198267 

1064 

197Yt;O 
1'17l/SI 
1'17Ufl6 
1'2771'78 
1982BS 
1Y7.ilt;J 

1988 
1')SL 

1973 

1077 
1963 
IUL15 

Doc1 14 
'lihang 1 4  

Angn l 

Kcnloduy-1-2 
Kdoduy3-4 
Kdoduy-5 

Maanshan 1 
Maansh..n 2 

Bohunicc 1-4 
Dukmany 1 4  

Loriiw 1-2 

I3cllerillc 1-2 
Ulayais 1-4 
Bugey 2-5 
Callenon) 1-2 
Chinon BI-134 
Chooz-A (Ardcnnes) 
Cruas 1-4 
Damp~crrc 1-1 
Fesscnhcim 1-2 
i.lnrnnni<llc 1.2 
Gra~cl in~s 1-6 
Nogcnt 1-2 
l':~luel 1-4 
St. Nbjn 1.2 
St. Lurmi 01-2 
Tricasun 1 4  

D~blis A-B 
Urokdaf 
Emsland 
Gralalcnrhclni:ld 
Grciiswald 
Grohnde 
lsnr 2 
Milhelm-Grl~ch 
Nccl;;irwc~rhc~rn 1-2 
Obr~ghc~m 
Phil~ppsburg 2 
Stadr 
Lin~crwan 

Phks 1-4 

linrico Fcrrni 

Gcnk~i I-: 
lkat:~ I-? 
Mih~rnn 1 .? 
Oh 1.2 
Scnda~ 1-2 
Takahanu 1 1  
Tm1.1r1-1 
Tsurup-2 

Uorsst.lc 

Kai I 
Kai ? 
Kui 3 4  

,9.,, 

2.&2 
2.483 

0.104 

0.639 
0.659 
0.016 

0.541 
0.735 

1.220 
1.139 

0.819 

0.071 
2.509 
2140 
0.996 
1.674 
0.W4 
2191 
2.295 
1.276 
1.631 
3.617 
0.055 
5.537 
1.490 
1.168 
2.587 

1.494 
1.OS2 

0.954 
1.117 
1.101 

0.332 
0.616 
0.283 
1.098 
0.506 
0.990 

1.179 

0.018 

0.872 
0.965 
1.124 
1.788 
3 9  
7,391 

0.999 

0.337 

0.520 
0.467 
1.332 

2 7  1 
279 1 

0.626 

0.816 
0.816 
0.Y53 

0.89 
0.80 

1.632 
1.632 

0.89 

2.62 
3.64 
3.64 
2.6 

3.55 
0.305 
3.555 
3.51, 
1.76 
2.66 
5.46 
2.62 
5.32 
267 
1.795 
3.66 

2386 
1.326 
1.242 
1.35 
1.632 

1.3 
1.31 
l.219 
2.02 
0.34 
1.266 
0.64 
1 . 3  

1.66 

0.26 

1.058 
1.076 
1.57 
Z2.a 
1.692 
3.22 
0.55 
1.115 

0.461 

0.556 
0.605 
1.79 

1.693 
1.440 

0.362 

0.677 
0.712 

0.355 
0.464 

0.993 
0.228 

0.816 

1-92] 
Z605 

1.37 
0.193 
1547 
2742 
1.366 

0 
3.952 

1.586 
0.147 
1.247 
9 

1.751 

1.1 12 
1.117 
1.241 

0.702 
0.296 
1.0r4 
0.255 
1.124 

0.696 

0.148 

0.793 
0.841 
1.154 
1.443 
0.9'44 
2.471 

0.372 

0.361 
0426 
0.201 

'5275 
2386 

0.065 

O..C18 
0.687 
0 . 4 9  

0.567 
0.619 

1.217 
I .  

0.794 

0.955 
2 2 8  
1.952 
1.532 
2.125 
0.198 
21322 
2 1  18 
1.168 
1.630 
3.694 
0.666 
4.836 
1.113 
1.136 
2.309 

1.322 
0.960 
0.650 
1.005 
1.117 
1.165 
0.688 
0.688 
0.602 
0.299 
1.109 
0.507 
1.040 

1.41 

0 

0.665 
0.806 
1.Wl 
1.072 
1.495 
2.215 
0.006 
0.901 

0.346 

0.254 
0.514 
1.373 

IOS6 

2079 
2368 

0.194 

0.555 
0.W1 
0.363 

0.619 
0.603 

1.290 
1.327 

0.614 

1.559 
2704 
2273 
0.978 
2-340 
0.186 
2555 
Z655 
1.016 
1.552 
3.862 
1.215 
1667 
1.473 
1.329 
2.575 

1.324 
1.026 
1.125 
1.073 
1.119 
1.173 
O.B2 

0 
1.49 
0.292 
1.105 
0.478 
1.055 

1.490 

0 

0.619 
0.835 
1.176 
1.435 
1.413 
2.472 
0.412 
0.657 

0.391 

0.312 
0.578 
1.458 

lOS7 I9S.P 1 PZlP 



u p  Cupncirv . Illcrcricol u lcrgg ~ r n n o r u l  (GI!' n) 
Corrorn l ~ r ( ~ i f o r  

)'CN ' 1985 lass 1087 19S9 1969 

Hrpuhl~c d Korea IJlclit i  1.2 11)6S/69 1.84 0.1 I 4  0.631 
(continued) Y(*~gl :w"n~ 1.2 ILJ86 1.8 0.282 1.172 1.425 I..WR 

South A f r i n  K w h r r g  1.2 IVFJIH5 1.844 0.616 1.008 0.710 1.201 1.269 

Spain A l a ~ n r : ~ ~  1.2 1961B3 1.86 1.263 1.234 1.552 1.449 1.496 
~ L w o  I 1983 0.93 0.506 0.586 0.730 0.761 0.171 
r k c u  2 lVS5 0.93 0.030 0.613 0.680 0.784 0.768 
Josi C:~hrcr:~ I 196s 0.153 0.03: 0.120 0.175 0.130 0.129 
.l'rrllo 1 1 9 s  1.W 0.179 0.816 
Vandcllos 2 IVS7 0.906 0.005 0 . 9 2  0.670 

Swedcn R~n$;rls 2 1974 0.8 0.400 0.453 0.481 0.461 0.413 
Winghall 3 19t;0 0.9 15 0.695 0.712 0.704 0.702 0.665 
Kln&als 4 1962 0.9 I S  0.676 0.64 1 0.647 0.758 0.632 

Suitzcrland I k m m  1-2 196'1171 0.7 0.601 0.601 0.572 0.593 0.579 
~ i a ~ "  !97v 0.94 0.770 0.771 0.769 0.783 0 . ~ 5  

USSR Armmi2 1-2 1976f79 0.752 0.601 0.343 0.540 0.550 0.150 
l h l a k w o  1-3 1965W6 1 8 5  0.006 0.594 l.WO 2.240 2150 
tb l in in  1.2 19SJiF.6 1.9 0.543 0.657 1.522 1.600 1 . m  
h r c l n ~ t r b  I 19S7 0.95 0.005 0.450 0.710 
K d n  1 4  197365 1.644 1.349 1.355 1.460 I .SO 1.430 
Sovovoronch 3-5 1971160 1.72 J 1.380 1.710 1.310 1.260 
Ko\no 1.3 lVS0fiG 1.695 1210 0.696 1.302 1.380 1.440 
South Ilkr:linc 1-3 I V S X O  2.S5 1.503 1.408 0.916 1.240 1.WO 
t p o r o r h r  1.5 I0P:R;Y 4.75 0.550 1.279 2 .U6 2650 2430 

United Stalcs kktns;ls One-I 107: 0.636 0.593 0.410 0.544 0.452 0.386 
Arli;~na;~s Onc-2 1V76 0.658 0.537 0.607 0.754 0.565 0.625 
Ik:~vcr Vnllry 1-2 IY76M7 1.643 0.674 0.546 0.726 1.309 0.953 
Ur:tidwmd I I967 1.12 0 . 6 6  0.391 0.531 
Uraidw~md 2 19E.S 1.12 0.154 0.815 
Uyron 1.2 
G l l ~ ~ u , : ~ y  I 
C:~lvcr~ C l i h  1-2 
Calawhn 1 
GI:~u~~:I 2 
Cryst~il l{ i\cr 3 
D ~ W S - I I C S ~ C  I 
D~;thlo Canyon 1-2 
Donald C m k  1-2 
13fIcy I 
lar lcy 2 
I:ort Cnlhoun I 
II. 13. H o h n w n  2 
I l ~ d J a m  Ncck 
Lnd~an I 'o~nt 1.2 
lnd~an l'oint 3 
Kcu.:~uncc 
Sla~nc Y:tnkrc 
McGutrc I 
Mc(iu~rc Z 
S~III>IOIIC 2 
\41lls11~11~ 3 
S u l h  AM., I .2 
Oconrc 1-2.) 
l'.~l~h:~dcs 
1';tlu Vrrdc I 
I*~I~> V C ~ ~ C  2 
I'alo Vcrdc 3 
I 'o~nl Ijvach 1-2 
l J r ; ~ ~ r ~ c  lslnnd 1-2 
N. 1:. (;ltina 
Kanct~t~ Scco I 
Salrrii I 
Salrnl 2 
S:in 0 n d . r ~  I 
Ssn Ondre 2.3 
Scquoyah I -?  

IVS5.C37 
IVW 

197506 
1985 
19% 
1'177 
1 9 n  

I V W 8 5  
1975f76 

l q n  
l"61 
107.1 
1070 
1067 

1967113 
1976 
1974 

!972 
19FI 
lUS3 
I1J75 
I'JU, 

197Sff0 
I973rl-i 

I971 
I')I 
1966 
1067 

I1J70172 
I973I74 

IVbY 
1974 
I076 
l 981 
1'167 

196?B2 
l0SO6 I 

2.21 
1.118 
1.65 
1.119 
1.129 
0.821 
0 . ~ 6  
2.16 
?.US 

0.621 
0.S3 
0.476 
0.665 
0.YS 
0364 
0.965 
0 . 3 3  
0.6 1 
l.l:V 
1.129 
0.663 
1.142 
1.63 

2.538 
0.73 
1.221 
1.221 
1.221 
0.9 7 
1.W3 
0.47 

0.673 
1.106 
1.106 
0.436 
2.15 
2.291 

0 . 1 ~ 4  
0.918 
1.138 
0.393 

0.327 
0.322 
0.650 
0.SVU 
0.670 
0.625 
0.350 
0.508 
0.529 
0.761 
0..UU 
0.422 
0.611 
0.774 
0.640 
0.401 

1 . 4 4  
I '  
0.605 
0. 120 

0.71)1 

0.632 
0.413 
0 . 2 1  
1.028 
U.575 
0.281 
1.017 
1.107 

0.841 

0.822 
1.465 
0.594 
0.151 
0.303 

o 
1.378 
1.254 
0.655 
0.680 
0.412 
0..546 
0.244 
0.437 
0.621 
0.440 
0.713 
0.59: 
0.710 
0.590 
0.669 
1.406 
1.002 
O.IW6 
0.715 
0.303 

0.821 
0 . 7 6  
0.412 

0 
0.609 
0.607 
0.101 
1.499 

0 

1.054 
0:722 
1.153 
0.731 
0.618 
0.1 13 
0.578 
1.600 
1.148 
0.736 
0.561 
0.349 
0.484 
0.290 
0.588 
0.554 
0.458 
0.462 
0.639 
0.865 
0.767 
0.770 
1.053 
1.867 
0.301 
0.601 
0.~13s 

0.810 
9 I 
0.434 

0 
0.710 
0.705 
0.309 
1.572 

0 

1.45 
0.930 
1.40 
0.672 
0.620 
0.658 
0.133 
1.315 
1.118 
0.674 
0.746 
0.300 
0.363 
0.378 
0.692 
0.766 
0.447 
0.526 
0.MS 
0.V20 
0.655 
0.877 
1.6E7 
2.134 
0.392 
0.761 
o . n o  
1.146 
0.862 
0.680 
l1.403 
0.326 
O,b47 
0.663 
0.158 
1.729 
0.461 

1.714 
0.953 
0.319 
0.668 
0.745 
0.334 
0.836 
1.605 
1.361 
0.666 
O.M? 
0.376 
0.319 
0.336 
0.51 1 
0.567 
0.427 
0.792 
0.8V1 
0.647 
0.544 
0.609 
1.164 
2.088 
0.415 
0.205 
0.96 
0.152 
0.810 
0.945 
0.351 
0.165 
0.709 
0.693 
0.135 
1.607 
1.783 
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Counm 

Uniled Stalcs 
(ccmtlnucd) 

Yugosla\<a 

Cuporin 
('''I 

0.66 
1.25 
1 . 3  

0.839 
0.839 
1.562 
0.608 

0 
1.ff15 
0.666 
O.GG6 
O.EE5 
2166 
1.075 
1.135 
0.167 
LaS 

0.62 

199.53 Tnral annual clcaricnl cncrgy gcncrntcd (GW a) 

i(rorior 

Shraron llarrir 1 
South 'lkxas 1 
Soulh 'l'cxas 2 
St. I-u.1~ 1 
St. 1-uclc 2 
Surry 1-2 
l l i r c ~  Milt ld~md I 
Thrcc hiilc Island 2 
Trojan 
'I'urkcy I'oinc 3 
'Twkcy Point 4 

Virgil C. Suninicr I 
Vogtlc 1. 2 
Watcrfad 3 
Wolf Clcek 
Yankcc XPS 
ZIm 1-2 

Krsko 

Siorr-up 
WNT 

1987 
1988 
1069 
1076 
1983 

1972fl3 
I974 
1976 
Ill75 
I972 
1973 
1982 

198769 
1965 
1985 
I'J60 
1973 

1061 

_ 
lVS5 

0.670 
0.697 
1.106 
tJ.UJ3 

0 
0.789 
0.391 
0.591 
0.598 

0.317 
0.435 
0.135 
1.138 

0.439 

95.01 

0.469 
0.433 
0.833 
0.717 

1.290 

0.6j3 
1.663 
0.818 
l.B3 
0.596 
0.551 

1 

0.605 

3.260 
2.474 
0.666 
0.765 
0.364 
0.243 
0.662 
0.2G1 

0.M6 

0.761 
0.390 

0.499 
0.471 
0.835 
0.798 
0.9?1 
0.358 
0.468 
0.957 
0.510 

0.773 
0.241 

China, Taiuan Province 

finland 

Gcrmany, Fed. Rcp. ol 

India 

Italy 

Japan 

Mcdw 

Nrthcrlands 

Spain 

Su,cden 

Suirzcrland 

\\'Us 

O.(U 
0.604 
0.951 
0.951 

0.71 

0.771 
2.468 
0.67 
1.26 

0.&4 
0.W 

0.50 

0.U 

4.546 
4.36 
2.377 
2 134 
0.497 
1 . 3  
1.iS 

O.34 1 

0.65 

0.05 

0.'JZV 
0.46 

0.6 
0.6 
0.97 
0.97 
I.iY,R 
0.G2 
0.WS 
1.16 
U 75 

U.99 
0.322 

1969 

0.644 
0.720 
0.346 
0.793 
0.621 
0.464 
0.624 

0 
0.633 
0.412 
0.211 
0.618 
0.994 
0.669 
1.108 
0.149 
1 .49  

0.96 

137.79 

(:'lrrrriral 

IPS6 

0.W5 
0.702 
1.026 
0.550 

0 
O.6lO 
0.515 
0.199 
0.817 

0.834 
0.795 
0.159 
1.- 

0.436 

106.94 

0.431 
0.490 
0.677 
0.70s 

1.236 

0.M2 
2.W9 
0.723 
l.W2 
0.699 
0.530 

0.212 

0.45: 

1.030 
2416 
1.006 
0.566 
0.372 
0.433 
0.794 
0.193 

O.iU9 

0.701 
0.l'lS 

0.468 
0.492 
0.636 
0.b55 
0.474 
0.314 
0.455 
0.43q 
0.590 

0.773 
0.35 

0.456 
0.427 
0.729 
0.741 

1.297 

0.597 
1.798 
0.644 
1.018 
0.741 
0.530 

0.155 

0 

3 
3.067 
1.813 
1.050 
0.311 
02344 
0.804 
0.266 

0.017 

0.786 
0.33 

0.5?0 
0 . W  
0.741 
0.746 
0.804 
0.369 
0.463 
O.8M 
0.556 

0.623 
0.31 

Chin Shan 1 
Chin Shan 2 
Kuoshcng 1 
Kuoshcng 2 

N O  1-2 

Urunsbiiuel 
Gundrernm~ngcn U.C 
isar 1 
Kri~rnn~d 
I'hilipprburg 1 
Wtirpsscn 

'I'ilmpur-1.2 

Caorso 

hkushima Dai~chi 1-6 
Fukushini:: Dalni 1.4 
l iamnoka 1-3 
Lshrwazah );ar~u,a 1.5 
0n:t g:$u.a- 1 
Shimnnc 1-2 
Tckai 2 
'Fsurup 1 

Lkun:~ Vcrdc (.M:lrk) 

Dalcuaard 

Conf'rcnlw 
S. M:iri:$ dc (inruns 

Iiarschcck I 
Barschcck 2 
1:nrs11i:~rk 1 
Forsn~r~rk 2 
Forsn~r~rt 3 
Osknrrhnmn I 
0,~karsh~nin 2 
Oskanhmn 3 
R~n$t:~ls 1 

L~tI-at;~dt 
Miihlchcrg 

1) 

I977 
I978 
lV81 
1982 

I978B0 

1976 
I964 
1977 
I983 
I Y 70 
1971 

196') 

11J81 

1970t70 
106116b 
I97llS6 
1'164169 

1983 
19736R 

I978 
1V69 

1 Y60 

1068 

I0R4 
I'J71 

I975 
I976 
lL180 
l0Sl 
I965 
1'171 
1974 
198.5 
1974 

1'164 
1072 

olcrg? gcnoarcd 

1967 

0.386 

0.653 
0.679 
1.076 
0.575 

0 
0.498 
0.101 
0.303 
0.590 
0.447 
0.649 
0.742 
0.130 
1.278 

0.468 

119.15 

0.401 
0.426 
0.638 
0.685 

1.312 

0.581 
1.659 
0.594 
1.052 
0.706 
0.531 

0.217 

0 

3.296 
3.309 
1.475 
0.794 
0.369 
0.419 
0.695 
0.254 

0.019 

0.615 
0.307 

0.501 
0.501 
0.782 
0.796 
0.852 
0.327 
0.504 
0.835 
0.536 

0.842 
0.285 

(GN' a) 

196s 

0.610 
0.319 

0.714 
0.646 
0.714 
0.624 

0 
0.724 
0.396 
0.373 
0.579 
0.776 
0.746 
0.762 
0.128 
1.484 

0.49 

130.10 

0.318 
03-9 
0.608 
0.597 

1.242 

0.468 
2002 
0.594 
0.941 
0.703 
0.432 

0.140 

0 

3.173 
2716 
1.724 
0.854 
0.-344 
0.967 
0.963 
0.281 

0.036 

0.041 

0.805 
0.401 

0.494 
0.480 
0.701 
0.678 
0.E.41 
0.X3 
0.452 
0.889 
0.554 

0.799 
0.X2 
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T ~ i l ~ l c  25 (conlinucd) 

C ~ ~ w r n  

llnilcd Stallcs 

Ncarror 

L31g Ruck I'oint 
13rouans l:crry 1-3 
Ilrunsu.~ck 1.2 
Clinton I 
Corl>cr 
Drmdm 2-3 
h 7 n c  AfndJ-l 
Fnrico Fcrrnl 2 
R~zpairick 
Grmd Gulf l 
Ilatch 1-2 
llopc Gcck 1 
llumhddt 13ay 3 
baossc  
Lawllc 1-2 
lirncrick I 
Millstone I 
.\ionliccllo 
Xinc Milr I'oini I 
Sine Mile Poinl 2 
Oystcr Crcck 
Pcach Bactom 2-3 
Prrry I 
P~lgini 1 
QIod Citicr 1-2 
Hi\.cr Bind I 
Susqucha~n 1-2 
Vcrrnonl Yankrc 
HTPSS-2 

Tdal annual clcctrical cncrgy gcneralcd (GW a) 

Il\\'Rs 

- u p  

\'Cur 

1962 
1973fl6 
1975fl6 

1987 
I974 

1970nl 
1974 
lllb% 
I975 
1964 

19 74/76 
1966 
I963 
1966 

19SM14 
1985 
1970 
1971 
1969 
1'167 
1'169 
1974 
1966 
1977 
1972 
1965 

198264 
1972 
1964 

73.56 

Copaciw 

fc"' 

0.M7 
3.195 
1.58 

0.946 
0.764 
1.545 
0.536 
1.093 
0.757 
1.142 
1.525 
1.031 

0.018 
2072 
1.055 
0.654 
0.536 
0.61 
1.072 
0.62 
2 .W 
1.141 
0.67 
1.536 
0.936 
107 
O..W 
1.ffI5 

37.65 

Ar~nt ina 

G n a 6  

Lndia 

Pahn~an 

Hcpuhlic d Korea 

lUS5 

O.(U 1 
0.357 
0.7'15 

0.122 
0.657 
0.222 

0.476 
0.493 
1.157 

0.037 
0.946 
0.132 
0.524 
0.469 
0.563 

0.4?6 
0.651 

0.565 
1.214 
0.003 
1.439 
0.342 
0.591 

0.168 
0.431 

2.558 
1.297 
0.364 
0.710 
1.227 
0.blV 

0.W4 
0.135 

0.030 

0.S119 

8.20 

40.00 

Alucha-l 
h h a l s c  

&ucc 1 4  
Drucc 5-6 
Gcnlilly-2 
Pickcnng 1-1 
P~ckcring 5 4  
I'oint 1-cprcau 

Lrlpsklmm 1-2 
Rajasth:~n I-? 

L~raeh~  

IVolsong I 

GCKs 

Ekrrrical 

/9.9(, 

0.058 
0 

1.017 

0.463 
0.703 
0.364 

0 
0.667 
0.468 
0.829 
0.118 

0.018 
0.894 
0.823 
0.599 
0.386 
0.359 

0.150 
1.342 

0.117 
1.045 
0.342 
1.290 
0.235 
0.592 

0.252 
0.350 

2.447 
ZOGl 
0.433 
0.763 
1.670 
0.596 

0.176 
0.123 

0.MO 

0.505 

9.40 Tcial annual clcctncal energy grncratrd (Gh' a \  14.58 

197: 
1963 

1117iOS 
I'IW67 

ldlS: 
1971173 
196366 

1'162 

I'lS3 
197?@0 

1971 

I9K2 

43.98 42.95 

0.335 
0.6 

3.30: 
3.371 
0.64 
2.M 

2OG4 

0.635 

0.44 
0.414 

0.125 

0.629 

0.160 
0.512 

2.167 
1592 
0.532 
0.919 
1.786 
0.563 

0.247 
0.137 

0.035 

0.589 

10.24 

0.179 
0 

0.514 

0.W9 

0.338 

O.OL)I 
0.181 
0.161 
0.166 
0.300 
0.277 
0.319 
U.272 

IYranrc 

Japan 

Span 

Uniicd Lngdcm 

1080 

0.048 
0 

0.958 
0.327 
0.547 
1.127 
0.359 
0.597 
0.703 
0.696 
1.213 
0.755 

1.446 
0.599 
0.530 
0.303 

0.490 
0.275 
0.471 
0.612 
0.195 
1.144 
0.546 
1.514 
0.412 
0.700 

44.09 

rncrg?. generared 

1087 

0.W3 
0 

1.113 
0.186 
0.630 
0.6E6 
0 
0.159 
0.479 
0.662 
1.?37 
0.834 

0.015 
0.991 
0.610 
0.500 
0.404 
0.527 
0.030 
0.355 
0.355 
0.095 

0 
1.074 
0.567 
1.682 
0.404 
0.685 

U..N 
0..% 
U.84 

0.159 

0.G 

0.138 
0.245 
0.1'16 
0.1'12 
0.424 
0.7: 
0.64 
2.07 

(GI!' a) 

l9BP 

0.044 
0 

0.957 
0.669 
0.460 
0.970 
0.402 
0.463 
0.497 
1.095 
0.956 
0.739 

1.269 
0.762 
0.632 
0.522 

0.290 
0.405 

0 
0.626 

0 
1.123 
0.626 
1.635 
0.470 
0.685 

0.092 
0.521 

1006 
2696 
0.603 
0.872 
1.934 
0 . W  

0.217 
0.184 

0.022 

0.504 

10.24 

0.317 
0.IS l 
0.461 

0.1WEi 

0.334 

O . I l &  
0.213 
0.164 
0.163 
0.361 
0.276 
0 1.56 
U.34 

Uupy I 
Olinon M - 3  
St. Lslurcnt AI-2 

T&:ti-I 

Vandrllos 1 

Ik.rkclcy 
Bradu,cll 
Caldcr l l ~ l l  
Chaprlcrolr 
Dungrness A 
h g c n c r s  U 1-2 
li;mlcpd Al .A2 
llcysham IA-U. 2 - U  

0.21 l 
0.012 
0.492 

0.092 

0.346 

0.109 
0.213 
0.153 
0.I6P 
0.349 
0.111 
0.241 
0.467 

0 
0.532 

1.630 
3.005 
0.556 
1.205 
1.719 
0.601 

0.096 
0.159 

0.0060 

0.577 

10.26 

1977 
1'1b5B6 
I V ~ I V ~ I  

1965 

1972 

I'JGI 
1'16: 
It!.% 
1'159 
1965 

I'IUWS 
1063S: 
I'JEZf?ib 

0.29 
0.109 
0.628 

0.116 

0.349 

0.142 
0.194 
0.149 
0.164 
0.236 
0.260 
0.221 
0.665 

0.203 
0.150 
0.316 

0.053 

0.280 

0.050 
0.092 
0.159 
0.156 
0.31 
0.100 
0.464 
1.322 
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A dash indicala lhnl the reaaw is  n a  y n  in oycralton. 

Corutrv 

Un~lcd K t n k J a  (mnlinucd) 

Taal annurl clcariml cncrgy grncralcd (G\V a) 

Hrnrror 

llinklcy I'ixnl A 
llinklcy I'oinl I l ,  A-U 
I lunlcrslon Al 
I lun~crs~on 131-2 
Oldhury-A 
Sircwcll-A 
Twncss A-U 
Trau-slynydd 
Wylh 

.Eurr.rrp 
\.Car 

1'165 
I971 
I'J6.1 

1'J76/37 
1967 
1966 

IPSSISY 
1065 
1971 

Capacity 

'(;'" 
0.47 
1.12 
0.3 
1.15 

0.434 
0.42 
1 . 3  
0.39 
0.61 

13.76 

. I:lccrrical a i e r p  ~cncrared (Glt' a) 

I.\VGKs 

,US5 

0.401 
0.655 
0.36 
0.931 
0.279 
0.M7 

0.366 
0.763 

7.28 

USSR 

1086 

0.406 
0.764 
0.31 
0.935 
0.376 
0.227 

0.334 
0.366 

6.67 

0.039 
0.240 
1.1?6 
2776 
3.356 
1.198 

8.74 

Beloy;~rsky 2 
Uilibino 1 4  
Chcrnobyl 1-4 
1p;~lina 1-2 
Kursk 1 4  
Leningrad 1-4 
Snrdcnsk !-3 

FllKs 

19.97 

0.422 
0.549 
039 
0.901 
0.366 
0.315 

0.353 
0.514 

6.64 

Tctal annual clcarical encrgy gcncr;ilcd (CW a) 

0.117 
0.WO 
1.549 
1.30 
2.950 
3.273 
1.577 

11.05 

France 

USSR 

U n i ~ d  K n g d a  

1961 
1974llO 
197715 1 
1063157 
1976&5 
I9 7315 1 
IOSZIFY 

198.9 

0.416 
0.619 
0 .27  
0.666 
0.3R5 
0.305 
0.261 
0.230 
0.705 

7.74 

14.96 

0.100 
0.035 
2.240 
1.460 
3.270 
3.170 
1.650 

11.93 

Gcys-Malvillc 
I'i~mix 

Bcloyarsky 3 

Dounrcay 

19N 

0.315 
0.763 
0 .31  
0.676 
0.333 
0.296 
0.662 
0.37 
0.755 

6.13 

11.41 

0.146 
0.044 
?.775 
276 
3.7 
3.7 
1.85 

O.OS1 
0.033 
2310 
1.900 
2940 
3.110 
1.620 

11.994 

Tctal annual clcarical cncrgy gencralcd (GW a) 

0.174 
0.040 
3.335 
1.0s: 
2.370 
3.200 
1.207 

1965 
1973 

1060 

I975 

7.243 

1.2 
0.233 

0.56 

0.25 

0.669 

0 
0.132 

0.435 

0.102 

0.773 

0.106 
0.173 

0.392 

0.102 

0.611 

0.093 
0.178 

0.445 

0.096 

0.666 0.610 

0 
0.168 

0.429 

0.070 

0.201 
0.069 

0.422 

0.119 
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South Af~ica [QO] 

Spain [C211 

Swuicn IN141 

Swi~zcrland [DS. D6] 

USSR [GZ 114) 

Uniicd Stales [T3] 

K c ~ C I D ~  

Kocbcrg 1.2 

Nmaraz 1-2 
hrco I 
h 2  
Jori. Clhrera I 
Trillo 1 
Vandcllos 2 

K~ngh~ls 2 
Klnghals 3 
R~nbals  4 

Br7nau 1-2 
Ghgcn 

kmcnia 1-2 
Balakovo 1-3 
hlinin 1-2 
);hmclni~ski 1 
Kda 1-2 
Novovoronc~lh 3-5 
Rovno 1-3 
South Ubainc 1-3 
Zjporozhc 1-5 

Arkansas Onc-l 
hrkansas Onc-2 
kavcr Valley 1-2 
Braidwmd 1 
Braidu-md 2 
Byron 1-2 
Gllaway 1 
GIvcr~ Cliffs 1-2 
Gtaurha 1 
Cltawba 2 
Gpta l  Kivrr 3 
bGs-Brssc I 
DiaMo Cloyon 1-2 
Donald Cook 1-2 
Farlcy I 
I?-rlcy Z 
Fort Glhoun 1 
11. I). Robinson 2 
l loddam Neck 
Indian Point 1-2 
lnd~an Po~nl 3 
Kru;aunec 
Maine Yankee 
McGuirc 1 
McGuirc 2 
Millstone 2 
Millsionr 3 
Sorth Anna 1-2 
Oconcc 1.2-3 
I'.rlisadcs 
Palo Vcrdc 1 
Palo Vcrdc 2 
Palo Verdc 3 
Po~nl Beach 1-2 
Prair~e Island 1-2 
R. E. Ginna 
Rancho Scco 1 
Salcm I 
Salcm 2 
San Ondrc I 
San Ond'rc 2-3 
Svquoyah 1-2 
Sharon llarris 1 
Swih Icrar 1 
Soulh Tcxns 1 

IPS5 

169000 
4760 
ISYO 

41.W0 

3600 
V l  00 
4Y 0 

13.500 
15WO 

66000 
0 

270000 

1 04WOO 
43WO 
66100 
Zoo000 
l lWO0 

- W O  
330000 

14-50 

10320 
61800 
147000 
I0200 

3EWO 
4370 

7 - 1-00 7 

183000 
61900 
24500 
Y 800 
79200 
102000 
69600 
57000 
1640 

16300 
7 3400 
7 1400 
14600 

YS000 
670QOO 
136000 
9360 

4?VO 
1700 
15W0 

172000 
62200 
42600 
I42NIO 
936000 
16WOU 

Hcleare (Goy1 

1987 

33700 

6590 
9650 
14400 
142000 

0 

14000 
31000 
76000 

1 8a)O 
4200 

577000 
173000 
246000 

%4OOO 
27uK) 
55500 

275000 

l2lOO 
7620 
8330 
10.4 

45100 
107000 
168000 
89200 
69200 
40700 
14100 
26400 
32500 

' 48100 
26700 
15700 
28500 
I32000 
173000 
67300 
1180 

28900 
7.5500 
75500 
14700 
3s 90 
36900 

389000 
64800 
47000 
202000 

0.95 
1780 
32.4 
6550 
0.80 

135000 
39200 
36300 
807000 

0 

1986 

207000 

270000 
10600 
18500 
141000 

10100 
63200 
26400 

32000 
7000 

55400 
66200 
270000 

Y4000 
41000 
99900 
123000 
407000 

63300 
128000 
2600 

23500 
192000 
283000 
50300 
50300 
I02000 
0.02 

65900 
11200 
47400 
68100 
2l000 
24400 
66200 
75900 
71400 
24 20 
39600 
38900 
38000 
3700 
SS4 

21 1000 
899000 
64000 
98800 
72900 

1030 
1120 
7730 
34 40 
51 400 
3 1700 
15200 

305000 
44.8 

IPS9 

55000 

29600 
57100 
62100 
99400 

300 
17600 

15000 
620 

57300 

18000 
6800 

57700 
173000 
56700 
119000 
4 1 m  
29700 

24 1000 
41400 
11OOOO 

45900 
79900 
3480 
ISM 
1410 

65900 
25500 
21 1000 
57700 
57700 
126000 
4030 
12100 
9550 
35500 
21900 
29000 
38500 
9 4500 
E400 
11500 
1060 
2660 
72KX) 

72200 
23.500 
3 1 3  
17900 

95SWO 
89900 
66 100 
11OOOO 
5030 
2990 
5.25 
1910 

56200 
19600 
43700 
l l  IOU0 
169000 
8330 
63300 
31700 

1989 

50600 

3950 
64900 
60600 
96900 
2990 
26300 

5400 
6800 
MWX) 

44000 
12000 

62200 
60500 
51300 
96200 

423000 
32400 
136000 
47100 
76700 

86200 
102000 
5600 
43-00 
18MW) 
30200 
26700 
121000 
11700 
11700 
167000 
14000 
12400 
4300 
3700 
5900 
6100 
loo0 

633000 
3200 
11600 
2400 
750 

26600 
26600 
9100 
1 loo0 
53300 
332000 
5600 
21700 
15900 
30900 

560 
6400 
18900 
74D;X) 
51 400 
2700 
33500 
91000 
I4U)o 
42600 
l6XU 
4300 



Cowl@ 

llnild Stales (conlinunl) 

Yugorla\ia [Fl] 

Rrnrror 

SI. Lucic I 
St. 1-un'c 2 
Surry 1-2 
'Ihrcc Mllc Island 1 
'Ihrec Milc Island 2 
Trojan 
'Swkcy Point 3 
'I'wkcy Poin~ 4 

\'irgil C. Sumn>cr 1 
Vog~lc 1-2 
\Va~crfcxd 3 
\Volf Crcek 
Yankee hTS 
Lon 1-2 

ksko  

Total rclcav (GBq) 

Namalizcd rclwrc [GBq (GW a)"] 

Aversgc namnlircd relcase 1085-1969 [GL)q (G\V a).'] 

1989 

166000 
82100 
5100 
7l700 

0 
~ 0 0 0  
62900 
63300 
67300 
2n200 
20700 
23700 
4500 
41400 

0 

196.5 

168(HJW 
353000 
766IK) 
40W 

0 
40700 
56600 
66600 
51M) 

304000 
6360 
54400 
144000 

0 

6970000 

50600 

1?900000 

137000 

61000 

I YS6 

12300UJ 
361J000 
7Jb00 
14 1000 

10.4 
41900 
135000 
37400 
514 

4 14000 
1170 
16900 

1 16000 

0 

a i m .  Taiwan Province [TZ] 

finlaad m ]  

Germany. Federal RcpuMic d 
[04.  BY] 

India 

Italy [a21 

Japan [Jl] 

Mcnw [C19] 

Ne~hcrlandr. [MS] 

Spain [ D l ]  

Swdcn [N14] 

Svilnland [DS. DG] 

Ltnilcd Scam 1731 

I2000000 

I I2000 

ZSjO00 
136 

5600 

620 
4S00 
IOIY) 

210 
29 

'13W 

1300 

200 
0 
O 

0 
0 
0 
0 

3.1 

I I IK)O 

50200 
76 400 

640 
60700 

61 
265000 
24000 
508000 
ZWO 
2bSO00 
124(Hl(KI 

ISIXJ 
62LKMO 

U20000 
8.1600 

Release (CnqJ 

1967 

30000 
316000 
11400 
29200 

0 
9440 

34700 
29100 
23500 
3960 

206000 
6400 
14200 
4370 

0 

Chin Shan 1-2 
Kucrhcng 1-2 

W O  1-2 

Rrunsb~~tcl 
Gundrcmmingcn 0.C 
lsnr I 
kiinlnlel 
I'hilippshurg 1 
\VOrpsscn 

Tarapur-I.2 

Gorso 

FuLcshima Dat~cht 1-6 
FuLcshirnn Dani 1-4 
1 Iamaoka 1-3 
bsh~uazab Kar~u-a 1.5 
Onag~na-l 
Sh~nwnc 1-2 
Tokai ? 
Tsurup 1 

Lguna V n d c  (Marl 11) 

Ddcwanrd 

Gnlrcn~cr 
S. Mana Je Garona 

hrsebeck 1 
brxbcck 2 
1:orsmark 1 
Forsmark 2 
1;orsrnarL 3 
Orkarshanin 1 
0rkarsh;tnin 2 
Oskarshan~n 3 
H~nghals 1 

L . ih~>J t  
Mihlckrg 

Ihg Rock Po~nl 
Uruusru Ferry 1.2 

1969 

52.W 
339000 
13500 
69100 
16.3 

15700 
c63M) 

46500 
12300 
4260 

196000 
29MO 
7620 
48500 

0 

6320000 

70600 

84000 
4510 

6000 

6600 
I9000 
660 

l4OOO 
760 

3 0 0  

3470 

190 
0.0034 

0 
0 
0 
0 

150 
1.7 

43W 

113000 
56600 

630 
960 
330 

14YOOO 
4650 

301000 
14500 
4900U 

462000 

I 60 
1400 

309000 
11.9 

I!tVRs 

449000 
407 

0 

IYOOO 
I1 

27000 
950 
35 

11000 

470 

740 
0 
0 
0 
0 
0 
0 

1.6 

~1800 

4'~500 
70500 

160 
290 

70600 
232000 

600 
533000 
30400 
17?00 

12800(XI 

12 
83lW 

32WW 
V77LH)U 

7610000 

56700 

62200 
78.40 

180 

23000 
3900 
660 
97W 
460 
3100 

5550 

4.1 
0 
0 
0 
0 
0 
0 
0 

32W 

97500 
66200 

530 
526000 

740 
27MWM 
115W 

305000 
159oOOoO 
l~ffiU00 
490000 

13000 
ZWoOO 

267000 
0 

46900 
3330 

19000 

7900 
l5WO 
360 
1000 

10 
1400 

1060 

0 
0 
0 
0 
0 
0 
0 

0.26 

0 

9 0 0  

49500 
74700 

5600 
1560000 
30UXM 
721000 
I0300 

201000 
24lOOaO 
131000 
132000 

63000 
120MW) 

262Om 
0 



Counm 

IJnitcd Stalcs (ronlinud) 

Hrorr~lr 

I3runsuick 1-2 
Clinlon I 

w c r  
Drcsdcn 2-3 
D u ~ n c  Arnold-l 
Enrico Fcrmi 2 
kit7p11rick 
Grand Gulf 1 
Ilatch 1-2 
I lwc  Gcck 1 
l lumbdd~ Uny 3 
Lamossc 
Lassllc 1.2 
limcrick 1 
Millrtonc 1 
Mmticcllo 
K~nc Milc I'o~nt 1 
h'inc Milc Pmnl 2 
Oyslcr Crcck 
Pcach Dollom 2-3 
Pcrry 1 
P~lgrirn I 
Qu?d G ~ i c s  1.2 
River Bcnd 1 
Susqu&anna 1.2 
Vcrn~on~ Yankcc 
WPPSS-2 

Taal release (GBq) 

Namalized rc luw [GBq (GW a)") 

Avcrsgc namalizul rclcasc 1985-1989 [GBq (G\V a).'] 

1 QSJ 

646000 

5 I500 
)woo0 
9290 

54Ooo 
55W 

46(1ooo 

0 
3 17000 

7220 
0 

41 1W 
136OOO 
-3 400 

I54WX)O 
4770000 

121000 
109000 

19100 
127000 
7840 

I 5 U ) O  

409000 

IIl\'Us 

Hrlrnrr (Gnq) 

1087 

9770(Xl 
253 

JJ4W 
10200 
8100 

0 
17 .W 
7700 

781000 
44000 

0 
81200 
24 1000 

892 
216000 
146000 
7300 
222 

lUOOO 
42t000 

392 
0 

13800 
51.4 
4550 

0 
19600 

M2D000 

117000 

290000 

19.96 

167OOW 

63600 
I6700 
l 1500 

0 
96 100 
4960 

733000 
1410 

0 
131000 
110000 

13.7 
l2ZOOO 
131000 
16200 

26ioow 
lOZOO00 

45.5 
4660 
5JSOO 
62900 
6700 
57720 
6140 

13000000 

316000 

Argentina [C15. CIS] 

Gnada [A61 

India 

Pakistan 

Republic d Koru IM3] 

5500 
lSOOUO 

769000 
I MIOIJO 
1 2 0 0 ~ 1  
192000 
l7M00 
800 

Nucha-1 
E m b l u  

Brucc 1 4  
Urucc 5 4  
Gcnt~lly-? 
Pickcring 1-4 
Pickcnng 5-8 
Point Lrprrou 

L.1pkkam 1-2 
Uayr:hn 1-2 

Lwdch~ 

Wolwng I 

195.9 

58500 
161 

67aX) 
6220 
26 100 
41.1 

144000 
3490 

IZMXX) 
6510 
2400 

0 
l 'loo00 
6250 
3 2 W  

. 2lE4XM 
666 
1490 

187000 
43000 
46300 

0 
139 
75.9 
2660 

0 
33400 

19600000 

446000 

Taal rclcare ( G h )  

Kamalized rclurc [GEq (GW a).'] 

Avetagc ~arnalizcd relcau 1985-1989 [CiUq (Ci\\' a).'l 

GCK* 

19.99 

50300 
480 

12700 
1360 
1620 
6070 
20700 
53-W 
18600 
12400 
240 
0 

40000 
9550 
6700 

147000 
0.006 
3120 
12000 
97700 
7100 
25 100 
10600 
3070 
4100 
38100 
202000 

6880000 

157000 

6700 
47W00 

556000 
127000 
50000 
163000 
269000 
5000 

Nor rrporrd 

Noor r r p m d  

France [Ed) 

Japan [ J  I] 

Span [ C I ]  

llrurcd &ngdan 
156. PI. S4] 

1400 
310000 

519000 
139000 
49000 
289000 
23 loo0 

100 

127900 

166OOW 

:I(KKXJ 

172000 
O 

4 6 0 0 0  

XtXKJO 

16UJO 

2 4 W  
630000 

U.!gr? I 
Cninon X.3 
51 Lurcnl AI-2 

'rob21 - I 

V:;odcllol 1 

lkrkclry 
Uradwdl 

3500 
96000 

ISOOOOO 
154000 
63000 
23 3000 
215000 
300 

191000 

l WOO 

1740000 

192000 

37000 
5000 

I I8000 

UOOO 

3 5 0 0  

29WOO 
7 3 0 0  

I3~KHKI 
31Uo 
244000 

3 ~ M N ,  

453U 

.UIU(KI 
7J(XKKJ 

600 
130000 

491000 
106000 

0 
340000 
2lSOOO 

0 

151300 

169000 

172000 

53000 
36000 
179000 

X0000 

2 7 W  

380000 
680000 

96000 
63000 
140000 

210000 

12000 

70000 
320000 

171600 

2460000 

250000 

91000 

1380000 

137000 



A dash ind~catcs that ~ h c  rcanu n.as n a  y n  In gcratlan 

C O W I ~ ~ ,  

Unitcd C n g d a n  (continued) 

Xrarlor 

&ldcr Ilall 
Ch:~pclnors 
Dungcncss A 
Dungcncs 8 1 -2 
lla~tlcpod Al-A2 
Ilcpharn lA-B. 2 4 - D  
l l~nklcy P a n t  A 
l bnklcy Point B. AU 
I luntcrrton A1 
I luntcrrton BI-2 
Oldbury-A 
Sirewell-A 
lbrncss A-B 
Trawsfynydd 
Wylfa 

1985 

31)00000 
1200OW 
ZOO00 
IMXK) 
loo00 

31000W 
70000 

725000 
51000 
130000 
1700000 

5000000 
70000 

16900000 

2170000 

T a d  r d c a ~  (GBq) 

N u n u l i d  release [GBq (GW a)"] 

Avangc nurnalized release 1985-1989 [GBq (GW a).'] 

a 

2150000 

I.\FGHs 

Rclrasc (GBy) 

1969 

UW)0000 

760000 
20000 
loo00 
loo00 

3200000 
110000 
640000 
59000 
180000 
1600000 

4300 
900000 
loo00 

12400000 

1630000 

1986 

301K)OOO 
I000000 
50000 
Zoo00 
l o w 0  

3100000 
140000 
735000 
32000 
70000 

14000[K) 

5000000 
7OaM 

16?OW00 

2460000 

USSR (G2, 1141 

198P 

2530000 
MOOOOO 
830000 

n 0 0  
Moo0 
7603 

2400000 
69000 
650000 
37000 
150000 

1800000 
4600 

1600000 
70000 

14100000 

1730000 

1987 

3100000 
1100000 
loo00 
lDOOO 
loo00 

37axwx) 
12OOOO 
730000 
46000 
l6OOOO 

1900000 

sOOOCa 
5000 

17300000 

2670000 

2550000 
4900OOO 
~30000 
7630000 
2910000 

?0500000 

1600000 

Urloprsky 2 
Dilihno 1 4  
(hernoby1 1-4 
Iga l in ,  1-2 
Kwsk 1-4 
Leningrad 1-4 
Smdcnsk 1-3 

Taal rclasc (GBq) 

Nurnalized r c l a v  [GBq (GW a).'] 

Avrrmgc nurnJ i r td  r d w v  1965-1989 (GUq (GW ar'l 

F l l k ~  

UKMMO 

3170000 
851ooo0 
4700000 
3490000 

19000000 

L300000 

Ifan= IS61 

USSR 

Unitcd kngdcm 

1170000 
6 9 ~ 0 0 0 0  
4440000 
3940000 

16500000 

1600000 

29000 
6100 

35100 

13aX)O 

A ~ r t n g c  n u m a l i d  rclcav 1985.1969 (Gnq (GW a)-'] 
> 

Gcys-Mai\illc 
I'hcnix 

Bcloyarsky 3 

Dounrcay 

24dOOOO 
~ ~ 0 0 0 0 0  
3510000 
2130000 

14M0000 

I500000 

150000 

Taal  release (GBq) 

Nurnal~zed relcarc [GDq (GW a).'] 

31000 
5100 

36 100 

210000 

12700000 
307000 

~~XIIXI 

22- 
7 0 m  
2930000 
32M000 

31MXXX)O 

2600000 

5000 
5200 

36000 
4600 

U)600 

l5OOOO 

36IW)O 
631x1 

10330 

7 0 0 0  

44 200 

161X)00 



I h l ~ l e  27 
Isotopic composition of nohle gases mici~sed f r o n ~  PWRs in the Unitcd Stntcs, 1988 [T3] 

Rrocra  

kk8nsal One I 
Arkansas Onc 2 
Bcasn Valley 1-2 
Rraiduwd I 
Rraiduxrd : 
13ym 1.2 
Ca l l~u ry  I 
Cnlmt ClilTs 1.2 
Catnuha I 
Cct1au4.a 2 
Crystal Rivrr ? 
I)avis.[kssc I 
1)lnhlo Cnnycm I.? 
h l d  C Cwk 1-2 
h t  Glhcun 
H.R. Rohnsm 2 
I ladbm Scck 
Harris I 
lnLan Pcint 1.2 
Inthan Punt 3 
Jncph M. Farley I 
Jncph M. Fnrlry 2 
K e w u w  
Mninc Yankcc 
Mf iu i re  I 
McGuirc 2 
Millrtonc 2 
Millr~onc 3 
Nmch Anna 1-2 
Oconrc 1-2 
Palisades 

IJqy, b 

0.OM13 
0.OU)lZ 

0 IXXXH 
0.00385 

0.O.W 
0.599 

0.00013 
0.00012 
0.003(rr 
0.00197 

O.(I(KWN 
0.00004 

0.163 

"k.rr 

0.00087 

0.00012 
0.00021 
0.00021 

0 . 0  16 
0.003 

O.WZ87 
0.0202 

0.0185 
0 . W 9  

0 

0.00051 
0.00051 

0.0466 
0.242 

" ~ r  

c 

0.00073 
0.0112 
0.0123 
0.0290 
0.0243 
0.0226 

0.00225 
0.222 
0.222 

0.0760 
0.0144 
0.0640 
0.176 
0.0264 
0.0131 
0.0274 
0.0133 
0.973 
1.32 

O.OO2H 

0.324 
0.324 

0.00003 
0.189 

0.0337 

"'.YC 

2.96 
122 

0.12s 
0.0141 

0.00138 
0.633 
1.36 
13.8 

0.666 
0.666 
2.67 

0.04 14 
0.433 
0.3(U 
0.0599 
2.23 
2.01 
4.16 
0.4 18 
0.305 
2.23 

0.881 
0.00184 
0.101 
2.62 
2.62 
4.77 

0.221 
0.0962 
6.92 

0.179 

85mlCr 

0.137 
0.00907 

0 
0.00069 
0.00044 
0.0147 
0.0925 

1.65 
0.0342 
0.0342 
0.255 

O.N.181 
0.00537 
0.00027 
0.172 
0.125 
I .PO 

0.00709 
0.0054 
0.0226 

0.00007 
0.000 13 
0. I R? 
0.182 

0 
O.lKKXIR 
0.001 1 
0.357 

0.0298 

rJ3.~c 

42.9 
66.2 

0.8% 
1.49 
1.35 
64.0 
20.7 
181 

55.9 
5 5  9 
I21 

3.77 
10.7 
9.07 
27.9 
31.0 
84.0 
71.8 
7.59 
10.6 
6.77 
2.74 

0.238 
2.48 
66.2 
66.2 
27.1 
2.87 
17.5 
866 
88.8 

dJb 

0.119 
O.OUM6 

2.35 
0.0066 

O.O(n54 
I t  392 
3.03 
11.6 

0.0770 
0.0770 

0.907 
0. IF3 
0.333 
0.0.562 
0.225 
4.26 
7.18 

0.121 
25.4 
l6.'J 

O.lK&% 
0.0577 

1.37 
1.37 

0.157 

0.135 
62.5 

0.0981 

IUm.vr 

0.0374 
0.0833 
0.00107 
0.00999 
0.00103 
0.463 

0.0947 
1.44 

0.574 
0.574 
0.150 

0.00586 
0.0339 
0.0463 
0.126 
0.244 
0.285 
1.20 

0.0161 
0.0747 
0.0607 
0.00703 
0.00053 
0.0183 
0.903 
0.903 

0.0633 
0.0186 
0.0216 
6.92 

0.0264 

Rclcarc (Tllq) 

lJ1m.~c 

0.0618 
1.42 

0.139 
0.0197 
0.0.127 
0.249 
O.OS8 
0.944 
0.451 
0.451 
1.59 

0.00071 
0.577 
0.0299 
0.623 
0.166 
0.l.W 

0.30s 
0.0426 

O.O(X)OS 
0.00334 
0.3% 
0.3% 

0.0907 
0.00751 
0.0722 

13.8 
0.0257 

" ~ r  

O.O(X)43 

0.00002 
0 

O.(WKl21 

0.3.16 
0.lMU6 
0.W165 

O.MYm6 
O.lKU7 

0.00577 
0.1 14 
0 . 5 ~  

0.00 I69 
0.00219 
0.00232 

0.026 1 
0.026 1 

0.00001 
0.0.566 
0 . W 2  

" ~ r  

0.00321 

0.0006 
0.000M 
O.o(n.3 

0.0?69 
0.165 
0.038 I 
0.028 1 

0.0-39 
0.00129 
0.026 1 

0.0102 
0.168 
3.00 

0.0106 
0.0077 

0.00747 

0 
0.172 
0.172 

0.00002 
0.325 

0.0766 



IXsdurgc d "AS from oac rcactn (Yank- R w c  1): 0.0263 'IHq, tcsulting i n  a namalired activity d 0 . 0 6 3  IBq (GW a).'. 
Dischrrga d '"XC i r m  two rcadrrs (Iladdam Neck: 0.0135 l l l q ;  Trojan: 0.00762 TDq), resulting in a namalizcd activity of 0.00051 TBq (GW a).'. 
A dash indicates no baluc reputed. 

Rcoctm 

Palo Vndc I 
Palo \In& 2 
Palo Vrrdc 3 
Point Rcach I .? 
Prairic Island 1-2 
R.E. Ciinna 
Rancho S-o l 
Salrm I 
Salrm 2 
San OnoIrc 1 
San Onolrc 2.3 
Scquoyah 1.2 
Sou~h Tc\as 1 
St. Luric I 
St. I-~tnr 2 
Summcr I 
Surry 1-2 
'Ihrcc Milc Island I 
Thtcc Milc Island 2 
Trojan 
Turkcy Pant 3 
Turkcy Point 4 
Voplc I 
Watnford 3 
Wdf Gcck 1 
Yankcc R w c  1 
ti, 1-2 

Total rclcarc (TBq) 

Nanulizcd accisity 

lTBq (GW aytJ 

".4r a 

0.038 
0.0650 
0.291 
0.0725 

0 0440 
0.WIM 
0.000?8 
0.ocafl 
O.UK)2 1 
0.64n 

O.MFl21 
2fi. I 
0.112 
ll.(Kn'16 
0.0138 
0.0J5 I 
0.120 

0.03 13 
0.03 12 

1.08 
1.17 

0.0195 
O.O.%O 
0.0320 

0.00385 

36.1 

0.87 

a ' ~ r  

0.955 
1.62 

0.00244 
0.0.165 

U.OcU5.S 

0.0744 
0 0407 
O.lM7L 
0 426 
0.592 

0.0744 

0 0355 
0.151 
0. I53 
0.320 

0.0163 
0.101 
0.05l I 
0.0559 

0 
0.477 
0.0433 
0.152 
0.126 

145 

3.5 

0.0158 
0.037 

0.00103 
0.0271 

0.00264 
0.lOW 
0.0132 
0.1 14 
0.137 
1.21 

O.lWKl08 
II.MKl2.I 
0. 195 
2.76 

0.075 1 
0 

0.0496 

0.0131 
0.0221 
0.0235 

0 
0.0133 
0.0283 
0.0718 
0 . 0 4 2  

10.1 

0.24 

"i;r 

0.00003 
0.W067 

O.OY8 

O.(Wl592 
O.oOo1P 

0.0209 
O.O(P)d 
0.211 

0.lXS I4 
O.OM I8 
0.0137 
o.o(n19 
0.00024 
0.00002 

0.0026 
0.0001 
0.00027 

0 . 0 0 1  
0.0625 

1.66 

0.040 

8stir 

0.00 129 
0.0925 

0.001 14 

0.0625 

0.00795 
0 . 0 s  I 

0. 154 
0.04?6 
0.3 16 

0.00055 
0.01 19 
0.248 
l.lR 

0.108 
0.00055 
0.00107 

0.00433 
0.001 4s 
0.00284 
0.00001 
0.0058 1 
0.0407 
0.131 

0.00M8 

6.80 

0.16 

Rclca~c Wq) 

r31mSc 

0.259 
2.04 

0.W899 

0.00729 
0.566 
0.290 
0.LME I 
0.145 
0.570 
0.0403 

0.00043 
0.12R 
0.0.%2 
0.0729 
0.437 

0.0929 
0.577 
0.51 I 

0.648 
0.151 

0.0407 
0.0238 

28.9 

0.69 

I3'.vc 

58.1 
I hl 
4.55 
2.23 

0.0007 
1.26 
54.0 
1R.5 
41.4 
105 
174 
7.VV 
3.54 
44.4 
296 
11.0 
13.1 
66.2 

14.2 
44.4 
45.5 
2.87 
188 
28.0 
3.71 
51.4 

3400 

82 

'Jk.~c 

0.230 
0.4 1 1 

0.001 11 
0.0124 

0 
0.00104 
0.357 

0.0366 
0.225 
0.9U8 
0.225 

0.0788 
0.00? 18 
0.202 
3.22 

0.0392 
0.0223 
0.533 

0.0503 
0.257 
0.278 

0.00201 
0.189 
0.283 

0.0766 
0.0132 

222 

0.53 

IJ% 

2.54 
1.54 

0.154 
0.131 

0.00002 
0.466 
0.9.X 
0.703 
1.27 
3.?7 
11.6 

0.1 3 
0.0474 
7.5 1 
35.2 

0.840 
0.169 
1.33 

0.239 
0.692 
0.716 
0.232 
6.96 
0.696 
1.44 
2.05 

147 

3.5 

1 J.'-~~ 

0.0940 

0.0655 
0.00001 
0.00001 
0.185 

0.00001 
0.120 

0.00172 

O.OD324 
0.00001 

0.0263 

1.76 

2.59 

0.062 

'.?re 

5.88 
0.001 69 
0.00001 
0.266 

0.0240 

0.0.U6 

0.0094 

0.0-333 

7.07 

0.17 



1 

'I'nhle 28 
Isotopic composition of' nol~le ynscs relei~serl lroril U W l b  in the United States, 19118 1'13) 

Discharge o f  % from ooc rcaacr (Mon~iccllo): 1.3875 TZ)q, rcsulling in  a nwrnal~zcd a ~ t i v i l y  o f  0.08299 1% (GW a)". 
Discharge of 130xc frorn onc rcaam (Mcxn~iccllo): 4.107 TDq. resulting i n  a nvnilalircd a d i d l y  d 0.24566 7Uq (GW a)". 
A dash indicalcs no d u e  r c ~ r r l n l .  

Rrocrm 

B i g  Rock Pnnl  
Drouns Fnry  1-3 
~ r u n r u i c k  1-2 
C l in lm I 
(In,pcr 
lhesdtn 1.3 
1)usnc Arnc~ld 
Eduin I. llalch I.? 
I:crmi 2 
Grand Gulf I 
Iloyc Crecl; I 
I l u m h d d ~  nay .' 
Jamrs A. Fi~zpalrick 
Lanar>c 
Iasallc 1.2 
l ~ m m ~ c k  I 
M~l ls lonc I 
Mon~iccl l o  
Nine Mi lc  Prnnl I 
Ninc Mi lc  Point 2 
O y r l n  Crcck I 
Pcach & > I I ~  2.3 
Perry 1 
P ~ l g i m  I 
@ad-Cilin 1-2 
River Bend I 
Susquclunna I - ?  
Vcrmmt Ynnkcc 
WhT-2 

Tolal rclcosc (TDq) 

Normalized aaibily 

[TDq (GW a).'] 

l%cb 

140 

1.87 

13.R 
0.866 
0.762 

3.37 

O.(MJ7 
1.24 

5.55 

5.40 
40.0 

0.759 
7.55 

0.247 

0.6 1 1 

221 

13 

".ir 

0 603 

0 4'46 

0 0747 

0 496 

o.3tn 

0.221 

O.O.3fi I 

0.0'29 

2.46 

0.15 

8hy,-, 

0.21 1 

0 Of>2 I 

0.470 

I .05 

0.063 

85h; 

? 83 
0 1100G 
0 O(ll2F 
. 3 , -  -6 

2 40 

0 001 7 
0 

7.36 
0 25 

0.000(11 
0.00001 

0.W126 

22.1 

1.3 

85wK, 

4.18 

2 62 

U 990 
0.0?0 
0.281 
1, 77 

OOl5s 
0.02.3 

0.065 1 

15.4 

19.4 

0.1 78 
0.470 

0.0122 
12.6 

1.95 

1.62 

66.9 

4.0 

8Bhi 

13.1 

2.26 

3.27 
0.0607 

1.19 
6.66 

0.02.5 I 
0.26 1 

20.7 

24.3 

0.0929 
1.53 

0.0 176 
32.8 

0.655 

0.W25 

1.92 

I09 

6.5 

" ~ r  

20.8 

0.396 

3.17 
0 

0.781 
3.(W 

0.o122 
0.26 1 

6.14 

0.0 103 

1.17 
2.37 

0.0260 
2F.6 

0.105 

0.6 I 4  

67.5 

4.0 

Rclrare 

upKr a 

14.1 

3.16 
1.76 

4 1.1 

60: 1 

3.6 

Wq) 

JJI- .\ c 

2.52 

0.466 

0.305 

0.0984 

0.231 

3.6 1 

0.22 

IJ?yc 

6.51 

17.0 

0.0121 

2.02 

53.7 

0.310 

0.035 

8 1.5 

4.9 

"J.~c 

1.56 

IL.1 

4.85 
0.833 
F.47 
S7.3 

0.00105 
0.130 

52.2 

89.5 
3.W 
15.0 
59.9 

0.544 
0 

3.3.3 

29.2 

0 .066 

2.68 

20.9 

427 

26 

) ' l ~ c  

19.7 

22.6 
0.161 
4.85 
4.14 
13.4 
9.99 

0 .033 
O.O.UM 
0.329 

38.9 

6.73 
1.57 
1.97 
2.29 

0.122 
0.0314 
66.2 

9.21 

0.0132 
0.0759 

4.26 

201 

12 

IJ.I~ .\ c 

0.04 18 

0.0426 

0.0270 
0.0925 

2.19 

0.00365 

0.295 

0.540 

1.48 

4.71 

0.2R 

lJSm.~c 

33.9 

3.13 

1.75 
0.272 
0.L47 
4.44 

0.0.3 1 
0.392 

1.91 

0.751 
1.33 
3.19 

0.1 10 
5.96 

4.07 

1.67 

62.7 

3.8 
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It~clurlcd ~ i r h  noble gores 

Cuunrw Rcncror 

Ucldurn [M6[ 

Brazil [Cl  1 

Bulgdria [Clb] 

Ch~nn. Taiuan Ro\incc [TL[ 

G e c h m l w a b a  [NI I] 

Finland IF21 

France [Fd] 

Germany, Fdcral Republic d 
[B4. 09, S7j 

Ilungary IF31 

llaly [C22[ 

Japan 1111 

Nclherlnnds 1h1.51 

Rcpubllc d Korea [M3] 

Swth M i a  [ C O ]  

Rclcore (Glly) 

14.95 

Docl 1-4 
l i h ~ n g c  I 4  

A n g a  1 

K d d u y - 1 - 5  

hlannshan 1-2 

Dohunicc 1-4 
Dukomny 1-4 

Loviisa 1-2 

Ucllc\ille I-: 
Ulayais 1 4  
Ilugcy 2-5 
Gtlcnorn 1-2 
Chinon Dl-D4 
C h m - A  ( A f h n c s )  
C r u s  1-4 
Damplnrc I 4  
1:crrcnhcirn 1-2 
I3amanrillc 1.2 
Gravclincr 1-6 
Nogcnc 1-2 
l',tlucl 1-4 
SI. N b ~ n  1-2 
St. Lurcnl U 1-2 
Trims~in 1 4  

Biblir A-1% 
Rrokdaf 
Ilr~uland 
Cjrafcnrhc~nfcld 
Greifrwld 
Grohndc 
Irar 2 
hliilhe~m-);irl~ch 
Ncckarwcs~hc~rn I .2 
Obrtghcirn 
l'hil~ppsburg 2 
Sndc  
I lntcrucrcr 

I ' a b  1-4 

ENICO Fcrm~ (Tr~nu) 

Gcnka~ I-? 
kola 1-2 
h l ~ h a n l ~  1-3 
O h  1-2 
Scndm 1.2 
Tabham3 I 4  
Tannrl-l 
Trurup-2 

Uorsselc 

K a l  I 
lia~ 2 
KWI 3 4  
lllclun 1-2 
Y m g p m n p  1-2 

Kocbcrg 1-2 

I496 

I'\TKs 

540 
0 

8.4 

19617 

560 
0 

47.9 

1988 

Nor rcporrcd 

1969 

630 
0 

29.9 

22.4 

370 
37 

2O(KJ 

1560 
0 

62 

I64 

3400 
IVO 

16(U 

1410 
0 

160 

364U 

640 

45 

420 
340 
I40 
620 
1700 

760 

370 

422 

2400 
404 

1600 

1600 
4 

700 

200 

3 
1?00 
200 
400 
II(X) 
1800 

570 

300 

740 

1600 
404 

1700 

Nor m c r n ~ d  

947 

1460 
409 

11M 

720 
69 

710 

4.40 

38 
960 
170 

1000 
1600 
I300 

lOOD 

160 

320 

65 

670 
160 
230 
500 

560 
220 
520 
610 
160 
11M 
760 
1300 

610 

:3 

500 

46 

loo0 
100 
500 
500 

500 
400 
300 
loo0 
200 
1100 
800 
800 

660 

31 

390 

167 

593 

460 

5 
10 

2 
1260 

1190 

340 

2 
357 
3260 
96 
650 

23s 
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'I'nl)lc 29 (continued) 

Cowrrv 

Spain 

Swcdcn IN141 

Su~tzcrlnnd [DS, L)6] 

USSR [GZ 1141 

Llnitd Stales [T3] 

N C  .wlur 

Aln~araz I-? 
k c 0  1 
h e o  2 
Josf Gbrcra I 
.rri110 I 
Vandcllos 2 

H~ngh:tls 2 
Rin&alr 3 
Ringhals 1 

LJcznau 1-2 
G&gcn 

Armenia 1-2 
Balakovo 1-3 
k l i n i n  1.2 
Unlclnitaki 1 
Kcda 1 4  
Novovoronczh 3-5 
R o ~ n o  1-3 
Soulh Lrhainc 1-2 
Z?porozhe 1-5 

h k a n w s  Onc-l 
A r b n w s  Onc-2 
B~.ai.cr V..llcy 1-2 
D r a ~ d w d  I 
Dr.~idwwd 2 
Byron I-? 
Cal i :~~3y I 
Cal.,crt Cliffs 1-2 
Gtau,ba 1 
G l a u b a  ? 
Crystal Rivrr 3 
Da\ir-Dcssc 1 
DIJMO Canyon 1-2 
Dmsld Cwk 1-2 
l ir ley I 
ITarlcy 2 
Fort Calhoun 1 
11. D. Hob~nson 2 
l laddam h'eck 
lndlhn Po~nt 1-2 
lnd~an I'o~nt 3 
Kaununec 
Mane Ynnkcc 
McGuire I 
hlcGure 2 
M~llstonc 2 
Millrtonc 3 
Nath  h i 1  1-2 
Ocmec I.?-3 
I'nliwdcr 
I1;~lo Vrrde 1 
I'alo Verdr 2 
IJalo \'crdc 3 
I'o~nt l3:ach I.? 
Pra~nc Idand 1-2 
K. E. G~nnir 
Rancho Sccu I 
Salcni 1 
Salem 2 
San Ond'rc 1 
S4n Ond'rc 2-3 
Scquoyah 1-2 
Shmron l larr~s I 
South Texas I 
Soutn Trxas 2 
St. Luoc I 
St. 1.ucie 2 

I(dnlre (Glly) 

10.97 

I050 
460 
250 
580 

0 

19S9 

1360 
1370 
200 
XIO 
20 
20 

198.5 

1 0  
260 
4 

510 

1969 

2070 
1680 
270 
1 M  

0 
70 

1986 

160 
350 
UO 
270 

Nor mcmured 

Nor mcasurrd 

Xcpor:ul ro be - 0 

355 
127 
570 

3 . 5  
190 
12 1 
5.74 

762 
607 
366 
603 
4292 
12210 
35.3 
3-75 
3766 
64.6 
67.0 
315 
101 
432 
932 

4630 

330 
LSSO 
I56 
151 

24SU 
1701) 
3:(U 
1 1 0  
047 
l l  10 
I070 
NS 

3620 

I1bW 
Sc) W 

250 
177 

2630 
1.64 

36.3 
6 3  
35.5 
55 1 
55 1 
544 
344 
768 
426 
1469 
4107 
113 
514 
3 2 7  
31.4 
121 
1340 
113 
9 21  
925 
4920 
3 4 0  
640 

39 60 
118 

9680 
13800 

115 
4370 
2280 
6734 
445 
7360 
16200 
559 

3120 
544 
0 

2830 
3 30 

123 
61.4 
733 

- . 
iY8 
754 
137 
105 
105 
614 
36 1 
574 
247 
.U I I 
Z551 
51.1 
127 
i 5 7  
114 
137 
1939 
2 4  

1130 
1130 
4290 

30600 
2710 
16W 
116 

16900 
3670 

4 4 0  
4160 
3 5 0  
910 
1760 
5770 

63 
559 
10.10 

1510 
1490 

128 
IE5 
1600 
101 
96.4 
59.9 
566 
1160 
1120 
1120 
367 
1650 
2420 
223 
4290 
2210 
142 
263 
Y M  
62.5 
169 
265 
2% 
668 
666 
38% 
2650 
3490 
1700 
154 

15700 
I 0XK) 
13100 
4660 
5590 
6220 
64 6 

l48W 
13700 
759 
69 9 
.507 
0 

636 

-54 00 
3160 

600 
460 
2960 
320 
140 

6810 
1440 
750 
660 
660 
1270 
700 
1110 
650 
4260 
Us0 
140 
620 

5070 
11 
62 
370 
470 
960 
960 

2.120 
660 

4510 
4370 
410 

5770 
13300 
6770 
52% 
4370 
32M 
1390 
7360 
6070 
12.50 
1500 
2080 

0 
230 
440 

11-X) 
2680 



Cowm 

Lln~lcd Slates (continud) 

Yugorh%ia [F I ]  

Hrrrctor 

Surry 1.2 
'Ihrcc hll lc Isl;md 1 
'Ihrcc hli lc Island 2 
'l'rnjan 
l'urkcy I'oinl 3 
' lwkcy I'oint 4 
Virgil C. Sumnicr I 
Voglle I -?  
\Va~cr lad 3 
\Volf Crcek 
Yankcc h'PS 
7 ~ m  1.2 

&sko 

Taa l  rclcase (GBq) 

~o rma l i r ad  r d u x  I G ~  (GW a)"] 

Amagc  namalizcd rclcrrc 1965-196Y[Gnq (GW a)"] 

Nclcntc (GI14 

I YS.7 

1210 
0.87 
733 
664 

6440 
5810 
10.2 

0 
1 5 N  
195 
686 

?00 

110000 

'2 

2600 

Qlina, Taiwan Provtncc IT?] 

Einlnnd IF21 

Germany. Fdcral  Rcpuhllc ol' 

p4, B9l 

lndia 

Italy ((221 

Japan [ J l ]  

Mcdm [CIY] 

Sethahn& [MS] 

Spain [ C I ]  

Swcdm [&I41 

Suitzrrland [D5, D6) 

L h t d  Statu [TZ] 

1989 

102.0 
160 
530 

2 7 0  
160 
160 
3.9 

33700 
4660 
4550 
250 
2560 

590 

M I 0 0 0  

2620 

IYS6 

1070 
Y I 0  
I4Rl  
1 OY0 
l l W 0  
I IWO 
0.W 

4 6 0  
1950 
36 1 
2600 

1530 

156000 

2920 

II\VHs 

Chin Shan 1.2 
Kuorhcng 1-2 

' IVO 1.2 

I3runrbG1trl 
Gundrcrnnllngcn I5.C 
 IS:^ I 
Kriimmcl 
l'hilippshurg 1 
W l r ~ ~ s r e n  

'h r~pw-1,2  

Go r ro  

1:uLushinw D31ich1 1-6 
I:ukushin~a Dxn i  1-4 

I lam~ok:~  1-3 
L ? s h i u . ~ w b  L r l u ~  1.5 
Onngawa. l 
Shlmnc 1-2 
.I~"k:m1 2 
.l'swug, I 

I ~ y n a  VnJc (.\ i;~ri 11) 

Dn lcmarJ  

Codrcntcs 
S. Marla Jc Ciarona 

IL rsckck  1 
Ik~rscbcck 2 
l,orrrnark I 
I'orsmark ? 
Forsmark 3 
Osk:lrrh;~nln I 
Osknrshnmn 2 
Oskarsh3nln 3 
Klnghalr I 

Iribstadt 
M W l c k r g  

l l ~ g  Hock I'olnl 
I jravns 1:crry 1-3 
Iirunruick 1-2 
Cl~nlon I 

1160 
35.7 

140 

470 
76 
520 
510 
120 
1 OW 

54 5 

I987 

1130 
36.1 
1310 
1030 
15100 
15100 
20.1 
2090 
22600 
2770 
3130 
3070 

2470 

191000 

3140 

1988 

10M 
223 
422 
73EO 
7440 
7440 
55.9 
ME0 
9100 
S1M 
169 

13700 

U S  

203000 

350 

1650 
3 9  

200 

240 
I20 
520 
730 
I G 

410 

40 

h'or m c m w d  

1260 
323 

150 

D O  
140 
D O  
260 
3 1 

450 

20 

130 

4 I 
2-5 0 

237 
5110 

1 SO 

1 50 
140 
320 
230 
5 1 

660 

8 

160 

70 
lQ0  

100 

190 
210 

334 
1100 

110 

140 
220 
410 
1W 
69 
920 

2 

No1 r n c a i w d  

Nor m c ~ t w d  

140 

170 
320 

Y32 
277 
I41 

1120 

140 

80 
620 

352 
IUH 
262 

2.56 
43.7 
224 
9.69 

196 
21.9 
m 5  
316 

190 
7.4 
340 
32 
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IS5 

Tiihlc 29 (conl inucd)  

Cornfry 

Uni~cd Slalw (con~inucd) 

- 

Hcnrror 

Coopcr 
I)r ca Jcn 2-3 
Du:tnc h o l d - l  
limrco Fcrmi 2 
I.it7palrick 
Grmd Gull I 
Il:~lch 1-? 
1 lope Grck 1 
Ilumbddt ilay 3 
Laaossc 
L?s;~Ilc 1-7 
L~mcrrck 1 
Mtlls~onc 1 
hlarliccllo 
Ninr Milc Pain1 1 
Nine Milc i'oinl 1 
Oyslcr Crcck 
I'cach Uoc~om 2-3 
Pcrry I 
Pilgrim 1 
Q u ~ d  Otics 1.2 
Kivtr l3cnd I 
Susquch~~nna 1-2 
Vcrmont Y;$nkcr 
\VI'I'SS-2 

Tmal rclcasc ( G q  

Normalized rclcasc [CDq (GW a)"] 

Avcragc numalizcd release 1965.1969 ItiUq (GtV a)-'] 

l4S.C 

16.6 
18W 
729 

87.0 
78.1 
Y64 

1.47 
1290 
65.1 

0 
2070 
27 10 
1220 

45 1 
1421) 

240 
1930 

2860 
327 
2% 

26 100 

1 I N  

h g n t i n a  [CIS. Cl8] 

Canada (A61 

lndta 10141 

Pzbs~an lP3) 

Republlc d Korw [M?I 

IlN'Us 

l OSF 

0 
962 
86 1 

0 
41 1 
138 
1810 
6030 
1.47 
47.4 
0.17 
2370 
2670 
3020 
147 
320 
463 
260 
174 
5.92 
1670 
107 
759 
I624 
318 

32MO 

1230 

1986 

14.4 
344 

533 
0 

350 
103 
1730 
170 
1.47 
448 
396 
0 

2:20 
2170 
2950 

71: 
973 
55.1 
175 

2.5 I0 
22.6 
1580 
105 
192 

12S00 

050 

I989 

0 
540 
610 
0 

470 
120 

2OcX-J 
1020 
1.50 
39 
2? 
660 

4260 
320 
290 
370 
360 
210 
0 

160 
2890 
220 

2130 
2050 
610 

4400 

1060 

Atucha. 1 
Embalse 

Urucc 1 4  
Urucc 5.6 
Gcn111Iy-2 
Pickcring 1.4 
I'rckcring 5-6 
I'o~nr Lrprcau 

I ldpakk~m 1-2 
K;~j:~s~han 1-2 

K:,rach! 

Wolsong 1 

Hrlrnrc (Gfiqj 

1067 

0 
696 
562 
0 

396 
121 

2610 
170000 

1.56 
529 
1240 
5660 
6920 
4 6 0  
1720 
0.91 
291 
1100 
710 
21.3 
I510 
157 

1730 
418 
810 

207000 

S?aO 

5 0 0  

Taal rclcssc (GDq) 

Namal~zed relctsc (GEq (GH' a).'] 

Avcregc numallzed rrlcarc 1985-1969 IGUq (G\C1 :I)"] 

YWOO 
30000 

IJSIOU) 
98000 
49000 

I . W 0  
l440UO 
11000 

167000 
637000 

3.W00 

69720 

36800W 

446000 

320000 
21000 

16090~X) 
164000 
137000 
46000  
IS7000 
3WO00 

65ZOOU 
607000 

I83000 

24 1600 

(;CUs 

SfiOOOO 

49300OO 

522000 

Francc [Ed] 

Japrn [JI] 

Span [QI] 

U~td h n g d a n  
[N6. 1'1. S4] 

460000 
33000 

?116000 
462000 
123000 
6Sj000 
231000 
220000 

727000 
l i 3 l m  

199000 

313300 

6660000 

M.19ooo 

Isugry 1 
Ch~fion A2-3 
51. Laurrn~ Al-2 

T&dr-l 

Vandcllos 1 

Uerkclcy 
Uradwcll 
Cddcr 1 I ; t I I  
Chaplcross 

810000 
49000 

2lZOOOO 
40000 
117000 
962000 
196000 
20000 

1338000 
l 0 3 2 W  

117000 

299000 

700000 
MOOO 

232J000 
760000 
137000 
llH4OOO 
27S000 
210000 

1146000 
1476OOO 

1430000 

* B O O  

7740000 

754000 

Included uirh noble ~ a r a  

Nor menrwed 

9960000 

968000 

3 U O  7310 9 16 16 

2503 



" A dash indrcalu that ~hc  rulcta was n a  ya In opcrettffl. 

Cowrny 

Uniled kngdcxn (mnlinurd) 

Xcorror 

I)ungeneu A 
1)ungrncss U I-? 
I lar t lcpd A1-A2 
I lcysham IA-U, U - 1 )  
I IinWry I 'c in~ A 
IltnkJcy Pan1 D. AU 
l lunlrrs~on A I  
l lun~nston Dl-? 
Olrlbury-A 
S~zcwcll-A 
Tancss A-I3 
Trau.sfynydd 
\Vylla 

Tocal rclusc (GBq) 

Narnrlircd rdcrsc [GBq (G\V a)"] 

Avnagc nmmalized rdnsc 1965-1989 lGl3q (GW a ~ ' ]  

Helcasr (GBqj 

1989 

loo0 
5400 

3200 

1:lW 

5480 

IPS5 

1200 
5500 
JW 

32100 

169W 

I.\VG u s  

9020 

USSR [GZ. I141 

IVY6 

15IU 
6200 

17000 

11100 

Brloyarsky 2 
I$llthino 14 
Chcrnohyl 14 
lysl ins 1-2 
Kwsk 1 4  
lxning2d ! 4 

Smdensk 1-3 

I987 

2000 
boo0 

6010 

5320 

Only r ~ ~ r r a g c  nor~nalkcd rclcnre rqa rcd  

TocsI r c lwv  ( G h )  

Namalized rclwsc [GUq (GW a)"] 

Average namdircd rclraw 1965-1969 (Ci13q (GW .)-'I 

1969 

41 00 
5500 

1WO 

10600 

6LW 

26000 

FllUs 

Francc 

USSR 

Unitcd Ln'gdan [Sb] 13600 

13600 

130000 

C r ~ y ~ - ~ l . ~ I v ~ l l c  
t'htnrr 

ncloyarsky 3 

Dnunrcay 

Taal rclusc (GBq) 

Numalizcd rclcarc [GBq (GW a)-'] 

Avrragc numaltzed rdwsc 1965-1989 [GDq (GW a).'] 96000 

190 

, 
190 

ZWO 

23000 

UDOO 

33aXX) 

350 

350 

2900 



'I'nhlc 30 
C n r h o n - 1 4  dlsch~~rgcd ILG COL frn111 r c r i c t c ~ r ~  i l l lo  t l lc  1111nosplicrc 

Counny Hcorrur 
Hclrnrr (GIlq) 

I VS5 

Finland [EZJ 

Germany. Fednal KcpuMic d 
[B-I. B91 

Hungary IF31 

Yugmlavia [ F I ]  

1 oss 

h11u 1.2 

BrMir A43 
Uroida l  
h l a n d  
GrafcnrhcinTcld 
Grahndc 
lsar 2 
hiGIham-Kirl~ch 
Xcckarwerlhc~m 1.2 
Obi ghcl rn 
Phillppshurg 2 
Stadc 
I h c r w c s n  

Paks 1. 2. 3. 4 

Krsko 

IPS6 1989 

Total rdease (GRq) 

Narnalizcd r e l a x  [GBq (GW a)"] 

Average nmal izcd  rclcax [GEq (GUT .?)"I 

I'H'KI 

320 

28 

9 1 
17 

30 
I3 
5.6 
49 
7.5 

529 

1160 

130 

II\VKs 

I V Y 7  

120 

63 

45 
86 
29 
75 
6 1 

370 
;?6 
63 
9.9 
46 
56 
46 

6 5  

206 

1260 

99 

UK, 

53 

95 

10 
32 
20 
69 
55 
26 

270 

930 

130 

300 

46 
180 
100 
230 
66 

360 
7.4 
93 
9.1 
71 
19 
33 

59 

356 

1960 

140 

Germany, Federal Republic of 
[B4. B9] 

320 

44 

I2 

92 
56 

20 
49 
13 
Y 
12 
28 

454 

1160 

120 

260 
no 
320 

190 

3 0 
-160 

21% 

370 

Brunsbu~tcl 
Gundrcmmingcn 
Isar 
bhl 
K r h m c l  

Lngcn 
P'nil~ppsburg l 
U'Grpsscn 

Tolal rclasc (GBq) 

h'ormalized rclcarc [GtQ (GW a).'] 

Avcragc namalized r c l c ~ x  [GDq (GW a)-'] - 
Il!+'Ks 

450 

720 
750 
350 

410 

170 
3 0  

2640 

510 

Argculina [CIS. C18J 

Gnacia [A61 

420 
610 
330 
0 

440 
0 

320 
160 

25m 

470 

Aluth;, 
Emtul,e 

Pickcring A 
1'1. Lcpreau 

Total rclasc (GBq) 

N u m a l i d  relcarc [GDq (GW a)"] 

Atrragc namaliud rdcasc IGl3q (GW al.'j 

590 
740 
390 
0 

320 
0 

350 
I90 

360 

500 

3711 
-35 

234 

280 
940 
400 
0 
TI 
0 
69 
170 

1940 

380 

WU 

610 

381 
116 

13300 
443 

GCKL 

4.SM 

14400 

73W 

U N I C ~  Gngdun IN6. S4j 

266 
472 

1300U 
332 

14100 

6.100 

Ilrysharn IA.13, 3 - U  
llun~crrlur~ Al 
I lunlcrrlon 131-2 

146 
456 

l lMM 
36 

Taal releax (GDq) 

h'amalizcd rclcau IGnq (GW n).'] 

Aveiagr narnal~rcd rclcnv [GlQ (GW a r l ]  
C 

0 
467 

4 0 0  
43 

l Z W  

59 W 

76 

4910 

2100 

528 
TI 
lo00 

76 

110 

1610 

660 

540 



Hdearc (GIII{J 
Caunrry Hrrrnrv 

I !IS5 IVY6 I087 1983 1989 

l'\\lus 

k lg iurn IM6] Ilul I4 0.56 0.22 0.042 0.15 0.18 
Ttmngc 1 4  0.16 0.6 0.14 1.36 0.31 

Bradl [Cl  J h g a  I 0 0 0 0 0 

Bulgaria [C16j Kdoduy-1-2 5.06 3.08 13.7 4.56 1.07 
Kuzlaiuy-2-4 3.73 2.73 4.92 232 1.67 
Kda luy -S  0.60 1.3 

China. T h a n  P1m5nce IT21 Maaruhan 1-2 0.0057 0.00004 0 0.024 0 

Gcchmlwakia Ih'll] Ilohunicc 1-4 2.2 2.4 1.8 1.4 1.48 
Dukovitny I 4  I).IW 1.7 1.7 0.93 211 

Finland In] l.o\iisa 1-2 0.0067 0 0.038 0.08 0.24 

France [U] Dcllcvillc 1-2 
Blayais 1 4  
B u ~ y  2-5 
Gllcnan 1-2 
Olinon I1 1-114 
(nmz-A (Ardcnncr) 
Cruis 1-4 
Darnpicrrc 1-4 
Fnscnhc~rn 1.2 
bl.1~rn:1n\?llc 1-2 
Cirwclincs 1-6 
Nogcnt I-? 
I'alurl 1-4 
St. Nban 1.2 
St. Isurcnt U I  -2 
Tncasttn I 4  

Gcrmany. Fodcral RcpvMlc d Uiblts A-U ' 0. I 0.037 0.055 0.078 0.021 
[OS. UP. S7j Brokdai 0 0 0 

b l a n d  0 0 
Grafcnrhc~nlcld 0.00007 0.13 O.MXX)? 0 0.01 1 
Grolsuald 3.9 5.7 8.6 10.3 6.7 
Grohndc O.IlO42 0.0029 0.00091 0.0082 
Is;,r ? 0 0 
Mii lhcini-Krl~rh 0.084 0.00012 0.0009 1 0 
h'cclwrwc~~hc~r~i 1.2 0.016 0.16 0.00014 0.00013 0.012 
Obrighrim 0.1115 0.0(11MJ 0.00004 0.00UI 9 0 
I'hilipprhurg 2 0.IK)> lI.WO25 0.00092 O.oOO.r7 0.00065 
Sladc 0.03') o.tr).s 0.072 0.01 0.033 
Un~crwcso 0.IKM~S 0.01 1 0.004 1 0.00% 0.003 

l lungary [ R ]  I'ah 1-4 0.1 0.12 0.22 0.22 0.22 

Ilaly lUq h ~ c o  k m t  ('l'rtno) 0.W19 0.U)IS 0.00099 

Japan [ J l ]  Gcnkar 1.2 0 0.W65 0 0 0 
katd 1-2 O.lNKKJ5 0.034 0 0 0 
M~hanla 1-2 0.027 0.(67 0.0037 0.(1013 0.0025 
Oh 1-2 U.OOSU 0 . 3  0.0016 0.056 0.0012 
Scndu 1.2 0 0.01 1 0 0 0 
lnlwhanu I 4  0.02 I 0. I I 0.0027 0.02 0.00022 
Tan:tr~-I 0 0 
7'suru&1-2 0.023 0.001 0 0 

Kclhcrlandr IhfS] Borssclc (l.(K13 0.01 1 0.WZ 0 0.0065 

Hrpubltc d Korca IM31 Kort 1 1.51 0.54 0 0.013 
K a t  ? 0.iU-L 0.W: 0.013 
KUI 3 4  0.UX U.052 0.2 0.174 0.096 
Ulchrn 1-2 0.0007 
Ycnggw.tng 1-2 0 . m  0.013 ~ O O O I  



Cowms 

Sou~h Africa [CO] 

Spin [C211 

Su*eden [$I41 

Switzerland jD5. W ]  

USSR [G2. 1141 

United S ~ a t u  IT31 

I(ror1or 

Kcxhcrg I .? 

Nn~araz I-? 
k c 0  1 
k c 0  2 
JosL: Crtbrcra I 
Al.rillo I 
Vi~ndcllos 2 

R~nghals 2 
Hitl&:tls 3 
Iltn&olr 4 

Bcmau 1-2 
Giagen 

Arn1cn1s 1-2 
Ilnlakovo I-.? 
kblinin I-? 
Kl-m~clnrtski 1 
Kda 14 
h'ovovoronc/.h 3-5 
HOMO 1-3 
South Vb.itnc 1-2 
Zapororhe 1-5 

Arhnsns Onc-l 
Arkansas One-2 
Bcaver Valley 1-2 
Ilraidwood I 
Braidwwd 2 
Byron 1.2 
Call3u3y I 
Glvcrl Cliiis 1-2 
Ca~awba I 
O~~au.b- 1 
Crys~al Hivcr 3 
Daiir-Brsc I 
Dinhio Ctnyon I -?  
Donald Cook 1-2 
Farlcy I 
hrlcy 2 
Fort Calhoun I 
11. 13. Rob~nson 2 
l lndd~nl Neck 
Ind~an l'o~nl I-:! 
lnd~nn Po~nt 3 
Krwauncc 
hi~inc Yankec 
hicGurc I 
htiC;urc 2 
h~~llz~onc : 
Millstone 3 
Nulh Ann:) 1 .? 
Oconce 1-2.3 
1';111wJcs 
I'alo Vcrdc I 
I'alo Verdc ? 
1';llo Verde 3 
I'c,lnl J3c.jch 1.2 
l'ra>r~c lslbnd I-? 
It. li. Gtnna 
Ran~ho Srco 1 
S:~lem 1 
Sslcnl l 
Sdn Onol'rc I 
Sun Onoirc 2-3 
Scquo):~h I-? 
Sh-ron liarr~r 1 
South l c x : ~ ~  1 
South Tesas ? 

I VS5 

0.2') 5 
0.114 
0.W6 
1.16 

0.053 
0.0024 
0.W.X 

0.0093 
0.078 

7.5 
0 

0.13 

0.4r 
0.67 
0.G5 
0.047 
0. I4 1 

0.12 
0.11 

0.016 

0.076 
0.01 1 
1.92 

0.01 1 

0.015 
0.019 
0.00SV 
3.61 
0.21 
0 01 1 
0.26 
0.50 

0.018 
0.047 
0.067 
0.0011 
0.01 1 
0.30 
0.3(1 
0.22 

0.')U 
0 14 

0.76 
0.051 

0. 13 
0.17 
0.036 
0.24 
0.20 
ll.017 
iJ.lx2 
16 4 

ll.(Fj5 

I(c1elzrc (GHq) 

lOS7 

0.28 

0 
0.015 
0.003 
0.392 

0 

0.29 
0.57 
1.1 

0.02: 
0.0031 

1.11 
1.89 
3.3s 

0 
1.60 

0.068 
3.11 

4.07 

0.0068 
0. M09 
0.45 

0.0003 

0.34 
0.015 
3.39 
0.017 
0.047 
0.08 1 
0.WO 
0.06s 
1.97 

0.0098 
0.00% 
0.19 
0 . n  
0.021 
0.065 
0.076 
0.0021 
0.048 
0.30 
0.30 
0.24 
0.07 1 
0.47 
0.51 
0.77 
2.09 
0.50 

0. I I 
(1 

0.084 
0 

0.01 I 
0.058 
0.015 
15.1 
0 
U 

1 US6 

0.18 

0.315 
0.04 
0. W3 
0. lY1l 

0.017 
0.53 
0.1 

0.02 1 
0.0093 

4.05 
0.44 
0.95 

0.77 
12.1 
0.20 
0.17 
0.052 

0. I4 
0.0060 
0. IS 

LO1 
0.042 
3.22 
0.0'15 
0.W5 
0.025 

0.05 1 
0.60 
0.027 
0.050 
0.052 
O..% 
0.29 
0.W9 
0.15 

0.0013 
0.U50 
0.17 
0.17 
0.20 

0.00'13 
0.70 
0.E6 
0.032 
0.29 
0.11 

0.01 1 
0.W 1 
0.010 
0.055 
0.043 
0.12 

0.(X)74 
5.M 

0 

l9.W 

1.5 

0.iXl4 
0.1 

0.013 
0.234 
0.015 
0.2 

0.58 
0.063 

1.6 

0.07 
0.007 

5.61 
203 
0.27 
0.078 
1.13 
0.14 
1.18 
0.021 

0.030 
0.0098 
0.046 
0.012 

JJ.0026 
0.47 

' 0.0007 
4.63 
0.0:s 
0.026 
0.037 
0.016 
0.026 
0.25 
O.M-4 

O.Oo(109 
0.01 1 
O.MO 
1.35 

0.00 15 
0.13 

0.013 
0.016 
0.21 
0.2 1 
1.68 
0.35 
0.058 
3.07 
0.75 
0.058 
1.68 

0.0046 
0.020 

O.Ool€Q4 
0.0016 
0.0073 
0 .03  
0.033 
0.3s 
2.77 

0.(013 

0.030 

1969 

1.163 

0.002 
0.163 
0.019 
0.646 
0.027 
0.09 

0 . 0  
0.01 
0.03 

0.6 
0.029 

5.55 
0.22 
1.35 
0.30 
6.35 
0.027 
1.U 

0.23 

0.02 
0.017 

0.0011 
0.0085 
0.0081 
0.026 

0.0057 
1.n6 
0 . 0 3  
0.025 
0.075 
0.11 
0.034 
0.024 
0.0013 

0.00002 
0 . m 7  
0.0001 1 

0.53 
0.G6 
0.05 
0.46 
0.007 
0.13 
0.13 
1.4 

0.45 
0.14 
0.63 
0.47 
0.E2 
0.1 1 
0.22 

0.012 
0.00017 
0.017 

0.0098 
0.13 
0.003 
0.077 
175 

0.01 1 
0 . W 3  

0.13 



Cormw 

United Slaica (continual) 

Yugorlaria [Fl] 

Heorrur 

St. 1-UL~C I 
St. 1-ucic 2 
Surry 1-2 
lkrcr Milc Island I 
'hrcc b11lc Island 2 
Trojan 
'I'urkcy I'o~nt 3 
l'urkcy I'oini 4 
Virejl C. Surnrncr 1 
Vogilc 1-2 
Waicricrd 3 
\Volf Creck 
Yankec M'S 
Zion 1-2 

ksko  

Total rclwsc (GBq) 

Namalizcd relnse [GRq (GW a)"] 

Avcragc narnalirul rcleasc 1965-1989 [GDq (GW a)-'l 

IYSS 

6.70 
3.96 
0.94 

0 
0 

0.19 
0.26 
0.26 

0.W07 

0.13 
0.00006 
0.026 
0.070 

10.U 

79.2 

1.1 

li\\'R5 

0.93 

I986 

9.95 
1.55 
0.65 

0.lX112 
0.0002 
0.24 
0.64 
0.072 

O.Wl1 

0.19 
0.0078 
0.0070 

0.11 

13 

19M 

0.24 
1.05 
0.35 

0.017 

0.11 
0.14 
0.14 
0.084 

0.0004 
0.032 

0.002 1 
0.0019 
0.013 

16.3 

Release (GU4 

1987 

1.46 
2.04 
0.67 

0.0047 
0 

0.068 
0.42 
0.47 
0.017 
0.0005 
0.031 
0.0008 
0.0010 
0.0062 

10.5 

61.3 

1.0 

China, Taiwan Province IT?] 

Finland [F2] 

Germany, Fcdcral Republic cf 
[B4, I391 

1989 

0.21 
0.31 
0.014 
0.3 

0.1576 
0.01 1 

0.01055 
0.06 
0.003 
0.024 

0.03065 
0.0033 
0.075 

12 

77.5 

0.80 

93.5 

1.1 

20.9 
0.00033 

0.078 

0.014 
0.46 
0.54 

0.0057 
0.01 1 
0.4 

72.2 

0.71 

India 

Italy [CZ] 

Japan [JI] 

hicuco [C19] 

Ncthcrlands [ M I  

Span [ D l ]  

Su.cdcn [K 141 

Su~izrrland IDS, D6] 

Vmtcd Slates [I31 

Chin Shan 1-2 
Kuoshcng 1.2 

TVO 1-2 

Drunsbiiitcl 
Gundrcrnrn~ngn B.C 
Isar 1 
khirncl  
Phllippsburg I 
Wiirpssrn 

30.1 
O.lfi4.4 

0.0030 

0.2 
0 .03  
0.01 1 
0.01 1 
O.Il1 'I 

0.8 

5.74 
0.0047 

0.036 

0.04 
0.11 
0.12 
0.092 

O.ODW2 
0 . 3  

Tarapw 1-2 

Gorso 

Fukushirna Daiichi 1-6 
I~ukushims Daini 1-4 
l i:~rnnoka 1-3 
Lshrwaz;lh k r ~ u . a  1.5 
On:l gau.3- l 
Sh~rnttnc 1.2 
'Ibkn~ 2 
'Tsurup 1 

L y n n  Vrrdc (M:i:k 111 

1)dcwnard 

Conl.rcnic& 
S. hi:tr~a dc Gjruna 

Dnrscbeck 1 
IPorscbeck 2 
Forrni~rk I 
I.%rsn~ark 2 
I:orsnlark 3 
Oskarsh:~mn 1 
Oskarsharnn 2 
0sk:irrhamn 3 
K~nghals 1 

In~hsindi 
htiihlckrg 

l31g Rock Pani 
browns Fcrr). 1-3 

7.14 
0.33 

0.0025 

0.088 
0.018 
0.15 
0.13 
0.12 
0.16 

3.96 
0.26 

0.12 

0.076 
0.012 
0.0063 
0.08 

0.0063 
0.3 

0.20 

0.13 
11 

0.002'4 
0 
0 
0 
0 

U.0002 

0.05 

0.116 
0.013 

0.03 
0.01 
0.01 
0.66 
0.03 
0.211 
0.05 
0.1m? 
5.70 

0.00 

0.W 

2.56 
0.14 

0.50 

0.37 
0.069 
0.M3 
0.063 
0.015 
0.035 
0.018 
0.01 1 

0.lW 

0.17 
(1. I4 

0.030 
0. (6 7 
0. I8 
0.21 
2.40 
0.24 
0.45 
2.80 
0.66 

0.70 
5.40 

1.00 
0.N 

Nor repwred 

0.02 

0.035 
0.00001 
0.00067 

0 
0 
0 

0.07 
0.00026 

0.03 

1.61 
0.12 

0.012 
0.008 
0.013 
0.053 
0. f14 
0.082 
0.055 
0.13 
0.31 

0.M) 
0.04 

0.16 
0 

0.03 

0.04 1 
0 

0.00016 
0 

0.00037 
0 
0 
0 

0.04 

1.63 
0.16 

0.034 
0.037 
0.017 
0.08 1 
0.66 
0.14 
5.60 

31.00 
0.41 

0.52 
0.57 

0.08 

0. W7 

0.0096 
0.00001 

0 
0 
0 
0 
0 
0 

0.0001 

0.04 

0.14 
0.03 

0.05 
0.2 
0.03 
0.16 
1.1 
0.1 
1.6 

0.6s 
0.47 

2 
0.46 

0.096 



Tuhic 31 (conl inucd) 

C o w  fry 

Unilcd Sta~es (conlinucd) 

Ncarror 

ijrunswick I-? 
a ~ n l o n  I 
C q c r  
Dradcn 2.3 
Dlunc Arnold-1 
Guico I7crmi 2 
I.i~zpa~nck 
&and Ciulf 1 
Ilalch 1-2 
I l q c  Gcck 1 
llwnbddr Day 3 
LOOSK 
b u l l c  1-2 
Lntcrick 1 
h!~lls~onc 1 
hfm~iccl lo 
N~nc  Mile Pan1 I 
N~nc Milc Point 2 
Oyslrr Crcck 
I'cach Bottom 2-3 
Pmy 1 
Pilgim 1 
b d  G l i u  1-2 
R ~ v a  Bend 1 
Surquchama 1-2 
Vcrmon~ Yankcc 
WPPSS.2 

Taal rclcax (GBP) 

Namalircd relcarc lGDq (GW r)"] 

Avengc namalizcd relcare 1965.1469 IGBq (GW a)"] 

1965 

1.46 

0.09 
229 
0.03 

1.73 
0.01 
0 . 3  

0.00 
0.16 
0.31 

0.43 
249 
0.63 

109 
Z20 

1.76 
1.76 

0.04 
0.01 
0.07 

167 

4.5 

1036 

0.56 

0.2R 
0.47 
0.26 
0.00 
0.44 
0.00 
0.87 

0.00 
0.20 
242 
0.00 
0.40 
213 
0.a 

24.3 
3.20 

0.30 
0.76 
0.00 
0.00 
0.00 
0.15 

Argentina 1C15. C161 

Gnada [AG] 

India 

Pahslan [P3] 

Rcpubl~c of Korea [M3l 

UH'Kr 

75.4 

1.9 

Hclellrc (Gltq) 

I087 

1.65 
0 . 0  
0.19 
0.67 
1.67 
0.00 
1.09 
0.11 
13.10 

0.M 
0.07 
0 , s  
0.00 
0.69 
5.85 
0.5 
0.00 
3.24 
0.56 
0.00 
0.01 
0.76 
0.00 
0.00 
0.37 
0.24 

Alucha. l 
Fmbalsc 

Bruce 1 4  
Brucc 5 4  
Gcnt~lly-2 
Rckcnng 1-4 
P~ckcnng 5-6 
I'cinr Lcpteau 

L l p k k n r n  1.2 
Kajasrhn 1-2 

L r a c h ~  

Wdrang I 

41.1 

0.96 

1.6 

Taal rclcarc (GBq) 

Namrlircd rclcasc [GBq (GW a)"] 

Avnagc namalired rclcarc IY65.1UH9 lGnq (GW a)-'] 

1058 

0.84 
0.01 
0. .M 
4.03 
0.25 
0.01 
0.62 
0.00 
0.35 

0.29 
0.21 
0.11 
1.59 

0.00 
1.95 

1.61 

0.22 
0.02 
0.03 
0.13 
3.33 

0.59 
0.23 

0 
0.1 
0 

0.1 
0 
0 

19E9 

0.56 
0.0062 

0.19 
0.17 

0.- 

0.023 
0.U22 
0.12 

0.21 
0.13 
0.067 
3.36 

0.017 
1.49 

0.032 
0.31 
0.19 
0.096 
0.001 
0.019 
0.2 
1.43 

66.6 

1.5 

1.04 

0.1: 

20.9 

0.49 

0.59 
2 5  

0. I 
0.1 
0.2 
0. I 
0.1 
0 

GCRr 

0.19 

Not r e p a t d  

3.73 

0.43 

f:rancc [FA] 

Japan I l l ]  

Spain lC2l l  

Unned kngdun 
[N6. PI, S4) 

0.WS 
0.0019 

. 0.1 
0.1 
0 

0.1 
0.1 
0 

0.015 

0.47 

0.050 

I3ugcy I 
Ch~non A24 
SI. lmwcnl Al.2 

I'oka~. I 

\';lndcllos 1 

Ikrkclcy 
Ijradwdl 

0.23 
0.37 

0.1 
0.1 
0 

0.9 
0.1 
0.1 

0.04 I 

0.0013 
0 

0 
a1 
0 

1.1 
0.1 
0 

0.00004 

1.90 

0.20 

Ir~clwled uirh partiruloru 

130 

0.13 

0.00 17 

U.002 

0.016 

0.017 

0.031 

0.01 1 

0.00081 

0.047 

0 

0.099 



Tuhlc 31 ( c o n ~ i n u c d )  

* A dash l n d l a l u  that the rcacta war not y a  In operatton 

Cowlf~y 

Uni~cd Ejnplom (wnlinucd) 

Xracror 

Qildcr llall 
Cl~npclcron 
I)ungcncu A 
Dungcncu U 1-2 
I lart lcpd Al-A2 
I lcysham 1A-D. 2A.U 
ILRLlcy I'onl A 
1Lnl;lcy I'dnl U. AU 
Ilun~eirton A1 
l luntcrrton 111-2 
OIJhury-A 
Sizcwcll-A 
Tuncsr 4\43 
Tmwsfynydd 
Wylla 

Tctsl release (GBq) 

Nomrlizcd rclule [GBq (GW a)"] 

Average nunulizcd rclule 1985.1989 [GBq (GW a r t ]  

198.5 

1.9 
0.2 
0.9 

0.4 

2.3 

Hclrocr (GfiqJ 

1987 

1.9 
0.3 
1.2 

0.4 

0.1 

IV86 

1.9 
0.3 
1.2 

0.4 

0.1 

5.70 

20 

L\%'GI& 

1.4 

3.91 

1.4 

3.93 

1.3 

198s 

1.9 
0.3 
1.2 

0.4 

0.1 

USSR [GZ 114) 

J9BP 

0.63 

1.9 
0.3 
1.2 

0.4 

3.95 

1.2 

149 
35.1 
?9.7 
13.5 

227 

27 

4.53 

1.1 

Avenge n u m a l i d  rclcarc 1965-1989 IGllq (GW a)"] 

ncloyarsky 2 
Dilihno 1-4 
Chcmobyl 1-4 
lgnalina 1-2 
Kwsk 1-4 
Lcningad 1-4 
Snldenrk 1-3 

14 

6.10 
80.0 
64.8 
45.9 
4.3 

Total rclwsc (GBq) 

Samalizcd rclcarc [GUq (C;W a)"] 

11.9 
39.2 
n . 0  
18.9 

97.0 

10 

203 

16 

77.3 
16.2 
13.5 
8.17 

1 IS 

12 

FllKs 

17.2 
0 

13.4 
2 6 3  
5.4 
2 7  
4.2 

45.5 

3.8 

France IS61 

USSR [ I  141 

Umtcd k n g d a n  IN61 

Taaf release (GBq) 

h'amallzcd rclcale [GUq (GW a)"] 

Avcrrgc n a m a l l d  rclcau 1965-1969 IGUq (GW a)-'] 
i 

Gcys.Malr~llc 
Phrnll 

Bclo)-rrrky 3 

Daonrczy 

Not rrporrcd 

Nor reported 

No1 reparred 
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Trlhlc 32 
Isotoplc c o n i p o s l l i o n  of l o t l l n c  n.lc:rscd r r o n ~  rc r ic to l - s  It1 t h c  U n i l c d  S b ~ l c s ,  1988 

in1 

Reactor 
Hrlcrur (Gltq) 

13II 

Arkansas One 1 
,bkansas One 2 
&aver Valley 1-2 
Braidwmd 1 
B r a i d u d  2 
Byron 1-2 
Gl lauay  1 
Glvcrr Clills 1-2 
Glawba l 
Grawba 2 
Gystal River 3 
D a ~ i s - k c  1 
DiaMo Canyon 1-2 
Donald C. Cock 1-2 
Fon Calhoun 
H.B. Robinson 2 
Haddam Neck 
Harris 1 
Indian Poinl 1-2 
Indian Point 3 
Joseph M. Farley 1 
Joseph M. Farlcy 2 
Kcuauncc 
Maine Yaokce 
McGuirc 1 
hlcGuire 2 
Millslooc 2 
Millstone 3 
N a ~ h  Anna 1-2 
Oconcc 1-3 
Palisades 
Palo Verde 1 
Palo Vcrdc 2 
Palo Vcrdc 3 
Point Beach 1-2 
Prairie lsland 1-2 
R.E. Gnna 
Rancho Seco 1 
Salem 1 
Salem 1 
San Ondrc 1 
San Oadre  2-3 
Squoyah 1.2 
South Texas 1 
St. Lude 1 
St. Luac  2 
Summer 1 
Suny 1-2 
Three M l c  Islmd 1 
Three Mile Islmd 2 
Trojan 
Turkey Point 3 
Turkey Point 4 
Vogrlc 1 
W-lcrfad 3 
Wolf Creek 1 
Yankee R o w  1 
&on 1-2 

Tual release (GBq) 

Narnallzcd sctiwry lGDq (GW a)"] 

134, 

0.868 

0.00093 

0.00005 
0.00005 

0 
0 

- .  

0.00692 

0.00006 
0.00034 

0.00973 

0.91 

0.022 

135/ lJJ1 

0.030 
0.0096 1 
0. (U 59 
0.01 19 

0.0032 
0.474 

0.00069 
4.63 

O.CQ82 
0.0262 
0.0365 
0.0176 
0.0259 
0 . 3  I 
0.01 14 
0.0396 

1.35 

0.00149 
0.126 
0.0137 

0.00009 
0.01s 
0.016-1 
0.206 
0.2M 
1.68 

0.350 
0.0577 
3.07 

0.747 
0.0577 

1.6s 
0.00455 
O.OZO1 

0.00004 
0.13016 

0.M733 
0.0IJY 
0.03:6 
0.36 1 
2.77 

0.0013: 
0 0303 
0.37 
1 .0SS 

0.oE.G 
0.35: 

O.(K66 

0.107 
0.144 
0.142 

0.00035 
0.03:: 

O.W?W 
0 tNl166 
0.LL;IL 

20.1 

0.50 

0.00079 

0.00012 
0.0114 

0.00332 
0.00007 
0.00007 

0.00246 

1.44 

0.00003 
0.00003 

0.00014 
0.174 
0.01 87 
0.W8 
0.00042 
0.00011 
0.0034 

0.0198 
0.0692 

0.00389 
0.01% 
0.0114 

0.00026 
0.0729 
0.0729 

0.00006 
0.00673 

2.01 

0.018 

lJJl 

I'\VUs 

0.00016 
0.00006 

0.0165 

0.00009 
0.00009 

0.00013 

0.196 

0.0144 
0.0144 

0.00025 
0.0540 
0.0263 

0.0001 
0.00025 
0.0177 

0.144 
0.0167 

1.56: 

0.00651 
0.0403 
0.00012 

0.0000 1 

0.061 t 

2.25 

0.054 

0.001 11 
0.00142 
0.00659 
0.0047 
0.00056 
0.136 

4.33 
0.0167 
0.0167 

0.00269 
0.00607 
0.0134 
0.0301 
0.0647 
0.0252 
0.0944 

0.110 
0.0201 

0. W005 
0 

0.00093 
0.004 

0.0677 
0.W77 
0.966 
0.1647 
0.448 
0.707 
0.172 
0.0188 
0.0247 

O.UW74 
0.0566 

0.00074 
0.104 

0.00155 

0.0396 
0.599 

0.00947 
1.58 
1.44 

0.01 16 
0.174 

0.0285 

0.0377 
0.157 
0.156 

0.W17Y 
0.0002 

0.WM 
0.0151 

11.1 

0.29 



- ~p - - 

Table 32 (continued) 

A dPrh indica~a no value reported. 

Rrarror 
Rrleme (GHrl) 

Big Rock Poinl 
B r m  Fnry 1-3 
Brunruick 1-2 
Clinton 1 
Co~pcr 
Dradcn 1-3 
Duane h o l d  
Edwin I. Hal& 1 -2 
Fmni 2 
Grand Gulf 1 
Hopc Gcck 1 
llumbddl b y  3 
Jam= A fitrpatrick 
haoue 
U l c  1-2 
Limerick 1 
Milluooe 1 
Mon~icdlo 
Nine Mile Point 1 
Nine Mile Point 2 
Oyrla Gcck 1 
Peach Boctom 2-3 
Pary 1 
Pilgrim 1 
Quad-Gliea 1-2 
R i v a  Bend 1 
S ~ ~ p c h a m n  1-2 
Vmont  Ya~~kce 
WNP-2 

Taal rdeorc ( 0  

N o m a l i d  adisity [GBq (GW a)"] 

IJJ, 1311 112, 

0.929 

1.69 

0.0414 
249 

0.0117 
0.910 

0.00312 

1.43 

7.14 

7.4 

0.0182 

3.38 

0.0503 

25.5 

1.5 

0.0796 

0.640 
0.00907 
0 3 5  
4.03 
0.246 
0 .37  
0.015 

0.00tZS 

0.622 

0 3 9  
0 .38  
0.110 
1.59 

0 . W 4  
1.95 

1.67 

0.225 
0.0177 
0.0262 
0.128 
3.33 

16.1 

0.96 

fJJI  

IlWHl 

1.41 

0.00342 

0.00037 

0.668 

0.03246 

0.149 

2.54 

0.15 

0.759 

1.61 
0.0177 
0.0747 
1.447 

0.0725 
0.995 
0 2 6  

0.0109 

1.77 

14.9 
0.136 
0.537 
7.84 

0.00856 
8.66 

1.24 

1.32 
0.176 

0.184 
1.49 

43.5 

2 6  

I34/ 

0.840 
0.00285 

0.115 

0.95 

0.057 



ANNEX B: EXPOSURES FllOhl MAN-hlhDE SOURCES 01: I M I A T I O N  165 

Covnny Rcarror 

Bclgjum [M6] 

Brazil [Cl] 

Bulpria [Clb] 

Chlna, Taiwan Pronncc [TZj 

Gcchcslovalda [Kli] 

Finland [F2] 

France [EA] 

Germany, Federal Republic d 
[84, B9, S7] 

11wP.r~ i n ]  

lialy [G2]  

Japan [Jl] 

Netherlsndr [MS] 

RcpuM~c d Korea IM3] 

Rclcase (GBq) 

I' 

Doc1 1-4 
Xhangc 1 4  

Angra 1 

Kdoduy-1-2 
Kdoduy.2 
Kdoduy-3-4 
Kdoduy4  
Kdoduy-5 

Maanshan I-:! 

Dohunice 1-4 
Dukomny 1 4  

Lowlsa 1-2 

Bcllfi~llc 1.2 
Blayais 1 4  
Bugcy 2-5 
Caucna-n 1-2 
Olinoa B I-B4 
Qlmz-A (hrdcnncs) 
Guar 1 4  
Darnpierrc 1-4 
Fcsscnhcirn 1-2 
Rarn~nvillc 1-2 
Gmvclincs 1-6 
Nogcnr 1-2 
Paluel 1-4 
St. Alban 1-2 
St. Laurcnt B1-2 
Tricastin I 4  

Bibl~s A.B 
Drckdai 
Emsland 
Cmafenrheinfcld 
Grdfswald 
Cnohndc 
lsar 2 
Miilheirn-Grlich 
Ncchrwcstheirn 1-2 
Obrighc~m 
Phil~ppsburg 2 
Stadc 
Un~crwcscr 

P a b  1-4 

Enrico Fermi (Trino) 

Gcnkai 1-2 
Lkaia 1-2 
Miharna 1-3 
Oh 1-2 
Sendai 1-2 
l i b h a n u  1-4 
Tanan-1 
Tsurup-2 

Borsrelc 

K a l  1 
Kai 2 
Kui 3 4  

1985 1987 J 996 

W a  

0.33 
0.025 

0.0007 

1.56 

1.74 

0.038 

1.73 
0.03 1 

0.M3 

2 5  
0.7 

0.3 
0.07 
0.07 
1.5 

0. I2 

1.9 

0.16 
0.033 
0.7 
0.6 

0.31 

0.002 
0.5 

0.01d 
0.024 

0.P6 
0.008 

0.12 

0 . W 7  

1989 

0.18 
0.062 

0 

5.28 

0.90 

0 

0.16 
0.08 

0.068 

0.013 
0.33 
0.84 
0.3 
1.5 

0.096 
0.093 
0.59 
0.11 
0.097 

1.7 
0.0047 
0.59 
0.11 
0.6 
0.22 

0.17 
0.00003 

0.0017 
. 0.5 

0.00069 

0 
0.0 12 
0.012 

90.0001 
0.013 
0.0076 

221 

0.0017 

0.53 
0.073 

0 

1.21 

3.16 

0.0030 

0.44 
0.06 

0.09 1 

2 6  
1.5 

0.0041 
1.1 

0 . 1  
0.28 
7.1 
0.17 
0.069 
2 1  

0.48 
0.18 
1.5 
0.7 

0.1 
0 

0 
0.5 

0.00054 

0 
0.022 
0.032 

0.00005 
0.026 
0.0056 

1.02 

0.0045 

1969 

0 

0.13 
0.002 

0.12 
0.095 

0 

1.96 

0.74 

0.41 

0.016 

0.2 
0.04 

0.058 

0.062 
0.41 
0.85 
0.19 
0.M 
0.1 

0.069 
0.41 

0.026 
0.29 
0.69 
0.064 
0.43 
0.063 
0.52 
0.18 

0.32 
0.00023 

0 
0.0014 

0.6 
0 . m 5  
0.00014 

0 
0.0063 
0.014 

0.00013 
0.031 
0.0028 

1 . 9  

0.0009 

0.03 
0.071 

0 

1.32 

0.74 

1.19 

0.033 

0.36 
0.172 

1.8 

0.13 
0.R 
0.69 
0.16 
0.54 
0.19 
0.09 
0.75 
O.W? 

0.1 
1.1 

0.096 
0.51 
0.11 
0.44 
0.23 

0.077 
0 

0.00032 
0.00096 

0.6 
0.00068 
0.00005 

0 
0.0045 
0.013 
0.0011 
0.052 
0.0014 

4.12 

0 . W  

0.004 

0.14 
0.003 
0. W? 

0 

0.015 
0.003 
0.016 

0 

0.009 
0.001 
0.0001 

0 

0.034 
0.0002 
0.001 
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Table 33 (coniinucd) 

Coonm 

Rcpublic d Korea (ccmlinucd) 

Soulh Africa [ClO] 

Spain [Ql] 

Swcdcn lN14] 

Suitzcrland (D5. D6] 

USSR [ G z  1141 

U ~ t d  Slates ['I31 

Xcncror 

Uichin 1-2 
Ycmggwang 1-2 

Kocberg 1-2 

Almaraz 1-2 
rbco  1 
h c o  2 
JosC Cabrcra 1 
Trill0 1 
Vandellas 2 

Kinghals 2 
Ringhals 3 
Ringhds 4 

Ucrnau 1-2 
Giagcn 

knicn i s  1-2 
Balakovo 1-3 
L~l in in  1-2 
Ktunclni~slci I 
Kda 1-4 
Novovoronczh 3-5 
H O I ~ O  1-3 
Soulh Ubainc 1-3 
Zaparo7hc 1-5 

A r h n u s  Onc-l 
Arhnws  Onc-2 
Bcevcr Vallcy 1.2 
Brsidwmd I 
Braidwmd 2 
Byron 1-2 
G l I a u ~ y  1 
Caivcrt Clin's 1-2 
Gtawba 1 
G ~ a w b a  2 
G y s ~ a l  Rivcr 3 
D.sris-Dcsc I 
DiaMo Gnyon 1-2 
Donald Cmk 1-2 
Farley I 
Farlcy 2 
I'ort Calhoun 1 
I I .  B. Robinson 2 
Haddam h'cck 
lndian Poinl 1-2 
Indian Po~nl  3 
Kewnuncc 
Mainc Yankce 
McGure 1 
McGuirc 2 
Millstone 2 
Mills~onc 3 
N a ~ h  Anna 1-2 
Oconee 1-2-3 
Pal~sadcs 
l'alo Vcrdc 1 
f'alo Verdc 2 
f'alo Vcrdc 3 
I'oinl Ucach 1.2 
f'ra~nc Island 1-2 
R. E. Gtnna 
Rancho Scco 1 
Salem 1 
Salcm 2 
San Ondrc 1 
San Ondrc 2-3 
Scquoyah 1-2 

1989 

0.139 
0.002 

0.0002 

0.05 
0.01 
0.03 
0.18 

0.005 
0.01 

O.CGI5 
0.003 
0.0056 

0.00065 
0.0014 

31.9 
0.15 
a~ 
0.063 
11.3 
1.32 
0.20 

0.19 

0.01 
0.005 
0.4066 
0.OOm 
0.0029 
0.001 
0.0004 
0.004 
0.003 
0.003 

0 
0.003 
0.002 
1.246 

0 
0.00001 

0 
0.00509 

0.03 
0.094 
0. W03 
0.19 

0.0018 
0.01 
0.01 

0 
0.02 
0.02 
0.49 
0.17 
0.006 
0.002 
0.02 
0.108 

0.00061 
0.014 

0.0002 
0.004 
0.029 
0.005 
0.001 
0.005 

149.5 

247 
0.06 
O.(M7 
0.23 

0.008 
0.004 
0.001 

0. 000s) 
0.01 

7.50 
0 

0.009 

0.22 
27.8 

0.19 
0.00072 

0.012 
0.010 
0.043 

0.0026 
0.0006 
0.059 

0 

0.012 
0 
0 

2.78 
0.00M 
O.[X)03 
0.0061 
0.0074 
0.01 4 
210 

0.0033 
0.LX)SV 
0.W42 
0.18 
0.18 

0.020 

2.27 
0.014 
1.06 

O.(K)OJ 

0.21 
0.(YlI I 
0.0003 
0.053 
1.44 
3.29 

0.0011 
0.19 
0.022 

1 985 

0 
0.007 

0 

0.04 
0.04 
0.03 
0.12 
0.005 

0.0002 

0.012 
0.006 
0.008 

0.011 
0.0023 

32.4 
0.49 
0.19 

0.89 
5.31 
0.14 
0.16 
0.067 

0.0080 
0.0058 
0.085 

0.69069 
O.MM7 

0 
0.012 
0.41 
0.12 
0.12 

0.0097 
0 

0.022 
0.079 
0.016 

0.00001 
0.0001 
0.001 1 
0.019 
0.34 

0 . W  
0.38 

0.0010 
0.021 
0.021. 
0.0 19 
0.016 
0.027 
2% 
0.23 

O.OU96 
0.048 

0.00001 
0.062 

0.0028 
O.WO5 
0.010 
0.054 

0.0041 
0.019 
0.W6 

0.0057 

1986 

0.00007 

0 005 

0.67 
2.24 
0.01 
0.1 

0.006 
0.002 
0.002 

0.0007 
0.0057 

7.48 
104 

0.068 

0.43 
28.1 
0.74 
2.43 

0.041 

0.0067 
0.0027 
0.1 1 

0.01 1 
0.001 1 
0.0074 
0. I5 
0.15 
0.013 

0.0026 
0. ZS 

O.(X)29 
0 

O.~XI?6 
0.W76 
0.056 
309 

0.0033 
0.21 

0.010 
0.96 
0.96 

0.0026 
0.0044 
0.052 
0.75 
0.WO 

0.0022 
0.015 

0.02 I 
0.W07 
0.0046 
0.0001 

0 
0 

0.Wo.I 
0.1 1 

0.058 

H c l c ~ c  (GflqJ 

1987 

0.001 

0.W07 

0.003 
4.45 
0.02 
0.06 

0 

0.005 
0.01 1 
0.012 

0.00085 
0.00078 

24.3 
0.43 
0.059 

0.91 
3.10 
0.84 

0.044 

0.0024 
0.0010 
0.052 
0.0002 

0.0048 
0.0014 
0.0037 
0.23 
0.23 

0.046 
0.0059 
0.019 
0.4 1 

0.0043 
0.0002 

0 
0 

0.029 
0.52 

0.0007 
0.45 
0.014 
1.95 
1.95 

0.0004 
0.12 
0.17 
4.69 
0. Zi 
0.056 

0 

0 
0.0086 
0.24 

0.00006 
0 

0.0019 
0.0003 
0.41 
0.019 



Tnblc 33 ( con~inucd)  

Nor mcnsu-cd 

Covnrry 

U N I ~  SIPICS (conlinud) 

Yugoslavia [Fl] 

Hrwtor 

Shnron Ili~rris 1 
Sau~h l'cxnr 1 
Soulh Tcxns 2 
St. Ludc I 
St. Lude 2 
Suny 1-2 
Thrcc N l c  Idand I 
Thrcc M~lc Idmd 2 
Trojan 
Twkry Poinl 3 
Turkcy Point 4 
Virgjl C. Sunimcr 1 
Vogclc 1-2 
Wa~crfad 3 
\Vdf Crcck 
Yankcc XI'S 
Zm 1-2 

t h k o  

Total release (GBq) 

Ncrmdircd rclcasc [GBq (GW n).'] 

Average namdizcd rdcasc 1985-1989 [GBq (GW a)"] 

19S> 

22.6 
3.15 
0.014 
0.0011 
0.0017 
0.016 
0.030 
0.030 
0.0002 

0 
0 

0.WY 
0.67 

0.535 

303 

3.6 

LO 

1996 

0 
0.0074 

0.13 
0.013 

0.0060 
0.017 
0.074 
0.019 

0 

0.00SY 
0 

0.0005 
1 . 9  

Q 102 

a i m .  Tainan Rm5ncc [TI 

Fnland IF21 

Germany. Fcdcral Kcpublic d 
b4 B9l 

India 

llaly [C2]  

Japan [JI] 

Mcxico [C19] 

h'clhcriands [MS] 

Span [ G I ]  

Swcdcn [XI41 

Rrlracc (GMP) 

IVS7 

0.0002 

0 
0.M37 
0.10 

0 
0.0027 
0.028 
0.01 I 
0.01 1 
0.0095 
0.0003 
0.0068 
0.0072 
0.0005 
0.14 

0.396 

587 

5.0 

106s 

1.00 
0 

0 
0.0037 
0.39 

0 
1.00 

0.010 
0.034 
0.033 

0.0019 
0.0003 
0.014 
0.001 

0.0003 
0 . 6  

0.1 

U ~ ~ X s  

OIin Shan 1.2 
Kucuhcng 1-2 

7VO 1-2 

UrunsbG~tcl 
Gundrcmniingcn U.C 
Lrar l 
K r k - n d  
Phiiippsburg 1 
WGrpucn 

Fwapur-1 
Tarapw-2 

Gorro 

Fukush~ma Daiich~ 1.6 
FukuA~m Da~ni 1-4 
Ilam~oka 1-3 
Kash~uxwb Karl*? 1.5 
Onagawa-l 
Sh~rmnc 1-2 
TOk.12 
Tsurug I 

Laguna Vcrdc (Mark I I )  

Ddcuaard 

Codrent cs 

S. Mma dc Garona 

Uarwbci,k I 
Ibrscbeck 2 
Forsmark I 
Forsnwrk 2 
Forstnark 3 
Oskanbmn 1 
Orkarshamn ? 
Wsrshamn 3 
Ringhalr 1 

154 

1.4 

1 9BO 

0.00003 
0.02 
0.053 
0.003 

0 
0.016 

0 
0.00013 
0.0014 
0.099 

0.0005 1 
0 

O.M3 
0.M4 
0. OOO? 
0.00Y 
0.013 

0.073 

60 

0.50 

7.51 
0.036 

1.1 

0.02 1 
0 

0.15 
0.052 
0.11 
0.22 

0. 

65 

0.51 

8.21 
0.0056 

0.95 

0.008 
a03  1 
0 . 3  

0.035 
0.029 
0.22 

0.33 

0.062 

0.16 
0.27 

3.96 
0.2 
15.4 
5.21 
0.45 
6.15 
1.5 

0.013 
0.93 

0.63 
0.0027 

0.2 

0.03 
0.0034 
0.019 
0.022 
0.02 
0.21 

0.069 

0.028 

0.13 
0.15 

0.45 
0.22 
1.4 
7.7 
103 
7.9 
0.32 
1.7 

4.19 

0.60 
0.027 

0.2 

0 . W  
0.0031 
0.028 

0.0025 
0.017 
0.24 

0.03 

0.37 
0.E 1 

0.18 

0.052 
0 

0.0085 
0.0054 
0.013 
0.28 

0.036 

0.019 

0.07 
0.23 

0.3 
0.067 
O..% 
2 3  
156 
25 
1 

0.026 
0.35 

0.038 

0.15 
0.14 

0.M6 
0.124 
0.25 
0.94 
112 
4.5 
179 
79 

1.95 

0.0122 

0.00 1 

0.1 
0.05 

0.2 
48 
0.2 
0.6 
6 1 
7.3 
64 
14 
67 



Tnl)lc 33 (continued) 

Cnulm 

S\sil7~rllnd IDS, U6J 

Unircd Slat- IT31 

Hrarror 

Icihtadt 
Mailcbcrg 

Ilig Hock I'olnt 
I%rou.ns Ferry 1-3 
llrunruick 1-2 
a ~ n t o n  1 
Goper 
Drudcn 2-3 
Dwnc Arnold-l 
Fnrico Fcrmi 2 
F~tzpalrick 
Grand Gulf I 
Ilatch 1-2 
llopc Gcck I 
Ilunrbddt D.y 3 
Llaouc 
Llullc 1-2 
Limerick 1 
Millstone I 
Mmticclio 
Nine Milc Point 1 
Ninc Milc Point 2 
Oyster Crcck 
Pcach Butom 2-3 
I'erry I 
l'ilgim 1 
Qwll Gtiu  1-2 
River Bcnd 1 
Susquchanna 1-2 
Vermont Ynnkcc 
\VI'IJSS-2 

Tdal rclcarc (GUq) 

Hnmalizcd rclww [GBq (GW a).'] 

Average namdizcd rclurr 1985-1989 [GQ (GW a)") 

11 

193.5 

0.001? 
0.01 

0.49 
0.48 
0.85 

0.76 
3 . 4  
0.30 

4.15 
0.020 
2 50 

0.0028 
0.096 
0.55 

1.49 
1.19 
0.45 

3.33 
0 . 3  

0.32 
20.6 

0.94 
0.20 
8.92 

96.1 

3.3 

\\Ws 

IOH6 

0.00038 
I2 

1.60 
0.039 
1.17 

0.15 
216 
245 

0.00001 
276 
0.013 
0.35 

0.0011 
0.020 
0.20 
0.28 
1.35 
0.40 
0.37 

1.55 
0.21 

0.00004 
0.16 
3.35 

0.0009 
0.12 
0.47 
2.44 

19.93 

0.01 2 
0.13 

1.80 
1.07 
5.71 
2 19 
0.39 
4.66 
0.33 
0.088 
1.97 

0.016 
1.24 

1.01 
1.00 
0.21 
0.038 
0.17 
1.33 
1.07 

0.025 
0.40 
1.06 

0.04 1 
1.01 
0.69 
0.018 
0.04 1 
0.12 
15.02 

Nclcrc (Curl) 

1987 

0.037 
0.19 

0.93 
0.066 
4.88 

0.0080 
0.80 
4.70 
3.40 
0.32 
3.94 
0.048 
0.59 

0.0023 
0.016 
1.26 

0.043 
0.23 
0.56 
0.35 
191 
0.60 

0.185 
0.0003 
0.0175 
272 

0.01 1 
0.22 
0.10 
261 

171 

5.6 

0.014 
0.95 

0.8 
0.3 
0 

1.1 
0 
0 

0.35 

Argentina [ClS, C1Ej 

C n a b  [Ad] 

h d ~ a  [B14] 

l9RP 

0.056 
0.078 

0.084 
0.0069 

1.23 
0.34 

0.0036 
42.4 
0.11 
0.62 
261 
0.017 
0.09 

0 
0.0014 

0 . W 8  
0.09 
0.15 
0.26 
0.86 
0.11 
0.17 
0.39 
0.098 
0.01 
0.02 
1.4 

0.014 
0.022 
0.13 
2 9  

422 

13.0 

385 

12.4 

9.1 

0.022 
0.22 

0.3 
0.2 
0 
0 
0 
0 

0.22 

Atucha-l 
Ernblre 

Drucc 1-1 
nrucc 5 6  
Gcnt1lly.2 
P~ckcnng 1-4 
Y~ckenng 5-8 
I'oint Lcprcau 

Lilpkkam 1-2 
Hajarthan 1-2 

338 

10.3 

0.0034 
0.039 

0.4 
0.3 
0 

1.1 
0 
0 

0.20 

0.003 
0.089 

1 
0.2 
0 

0.8 
0 
0 

0.35 

Dabstan 

Rcpublic d Koru [M3] 

0.oOCnS 
0 

0.1 
0.2 
0 
1 
0 
0 

0. U 

Lirach 

Wolrong 1 

Nor rcpafed 

Taal rclcarc (GDq) 

Namalizrd rclarr [GBq (GW a)-') 

Avcrsge oamd~rcd rclcarr 19E5.1989 IGl3q (GW a)"] 

0.006 

0.97 

0.12 

CCHs 

Francc [I31 

Japan [Jl] 

0.23 

7.04 

0.23 

3.51 

0.37 

DUFY 1 
Cn~non N . 3  
St. Lnurenl A1-2 

Tckni-1 

0.15 
0.5 
1.3 

0. Z 
0.1 
1.2 

2 44 

0.26 

0.006 

1.46 

0.14 

0.13 
1.3 
0.5 

0.12 
0.23 
0.4 

0.33 
0.21 
0.26 



' A clash i n d ~ a t u  that thc ruccn w a s  n a  ycc In operation. 

Cowthy 

Spain [ e l ]  

United Kingdm 
[N6. 1'1, S4j 

Hcaror 

Vandellor 1 

llcrkclcy 
Uradwdl 
Caldu llall 
O~apc(aosr 
Dungcnru A 
Dungcncrs I3 1-2 
Iimlepod AI-A2 
llcyrham 1A-B. ?A-B 
ILnkJcy Ycint A 
1Lnklcy Pant U, AB 
lluntcrston A1 
Htm!crnon ~ i - 2  
Oldbury-A 
Siuwdl-A 
T a n o s  A-B 
Traurfynydd 
wywa 

T a d  rclcarc (GBq) 

Xamdizd rdcasc [GBq (GW a).'] 

Avcragc namrlircd rclusc 1985-1989 [GBq (GW a).'] 

LWCRn 

0.68 

Rclrrue (GRq) 

1087 

0.08 

0 
0.1 

0.2 
0.1 
0 

0.1 
0.3 
0.6 

0.084 
o.n 
0.3 
0.4 

0.6 
0.1 

5.16 

0.63 

1 OaS 

0.05 

0 
0.1 

0.2 
0.1 
0 
0 

0.3 
0.5 
0 

a 2  
a 2  
as 

0.5 
a 1  

4.25 

0.62 

1985 

0.19 

0.03 
0.08 

0.2 
0.1 
0. 01 
0.05 
0.3 
0.5 

0.098 
0.14 
0.1 
0.6 
0.17 
0.3 
0.2 

3.87 

0.53 

USSR IGZ 1141 

lo36 

0.07 

0 
0. I 

0.2 
0.3 
0 
0 

0.3 
0.6 

0.065 
0.22 
0.2 
1.4 

0.5 
0.1 

6.01 

0.96 

1989 

0.27 

0.0'26 
0.06 
0.6 

0.2 
0.1 

0.01 
0.05 
0.3 
0.5 

0.1 1 
0.083 
0.1 
0.5 

0.023 
a 2  
0.1 

4.01 

0.51 

&lo)arsky 2 
Bilitino I 4  
(hcmobyl 1-4 
Ignalina 1-2 
Kwsk 1-4 
Lcningad 1-4 
Smdcnsk 1-3 

TaaI rcluw (GBq) 

N a d i r c d  release [GBq (GW a)"] 

Avuagc n u m a l i d  rcluw 1985-1989 [GBq (GW a)"] 

14.8 
38.0 
153 
9.45 
4.40 

220 

20 

8.78 
48.6 
7.29 
12.2 

FURS 

12 

76.9 

9.1 

France jS6) 

USSR 

Umtd ljngdcm [N6j 

3.33 
91.8 
5.40 
8.64 

109 

12 

Gcp-Malvillc 
Phm~x 

0elo.yarrky 3 

Dounrcay 

3.55 
43.2 
4.05 
11.2 

Taal rclure (GBq) 

Namalizcd rclcarc [GBq (GW a).'] 

Avctagc narnal~zd relcav 1985-1989 [GBq (GW a).'] . 

28.5 
0 

49.7 
1.74 
20.3 
9.45 
4.86 

62.0 

6.5 

0.002 
0.03 

115 

9.6 

0.03? 

0.74 

0.01 
0.02 

0.013 

0.19 

0.073 

0.19 

0.007 
0.02 

0.010 

0.037 

0.10 

0.007 
0.02 

0.032 

0.008 
0.02 

0.056 

0.059 

0.3 

0.084 

0.22 



Corvlny Xcoctor 
Rc le~r r  fGBqJ 

19.95 

Dclgium [hi61 

nrazil [CIJ 

Uulgaria [Clb] 

China. Tawan Provincc [T2) 

Crcchoslwaba [XI I] 

Enland [F2] 

France [EJ] 

Germany, Fcdnal Rcpublic d 
[B4. 09, S7] 

Hungary IF31 

Italy [CL?] 

Japan [Jl] 

Ncthnlands [MS] 

Kcpubi~c d Korea [M3] 

South Africa ICO] 

- 198.9 

I'\CuJ 

Doel 1-4 
Tihangc 1-4 

h g r a  1 

Kdoduy 1-5 

M~snshan 1-2 

Bohunicc 1-4 
Rukomny 1 4  

h ~ i w  1 2  

Dellc~illc 1-2 
Dlayais 1-4 
Bugey 2-5 
G ~ ~ c n a n  1-2 
Chinon 81.84 
Chmz-A (Ardcnncs) 
Ciuas 14 
Dnrnpicrrc 1-4 
Fcsrcnhcirn 1-2 
Flamanville I-? 
Gnvdincr 1-6 
Kogcnt 1-2 
Paluel 1-4 
St. Nban 1-2 
St. Lawcnt Dl-2 
Trimstin 1-4 

Biblis A-B 
Brdcdaf 
Emsland 
Grdcnrhcinlcld 
Grcifswald 
Grohndc 
lsar 2 
h ~ i d h c i n i ~ ~ r l ~ c h  
Ncchrwcsrheirn 1-2 
Ohighcirn 
I'hilippsburg 2 
Stadc 
Unleruua 

Paks 1-4 

E ~ i c o  Fcrrni (Tr~no) 

G c h -  1-2 
Ikata 1-2 
Mihama 1-3 
Oh 1-2 
Scndai 1-2 
Takaham 1 4  
Tunart-1 
' irwug-2 

IJarasele 

t i a t  1 
Ka1 2 
) ;a1  34 
Ulchin 1-2 
Ymggwang 1.2 

Kabcrg 1-2 

1989 19116 

46700 
46100 

1987 

54300 
SJSOO 

Nor rcporral 

72600 
6 9 ~ ~  

49400 
58000 

G600 

12560 
6900 

9300 

80000 
79000 

2000 
98000 
7000 
17000 
-XmO 

100 
05000 

31000 
3000 

30000 
72000 

3000 

22000 

7200 

13000 
5300 
13000 
6200 
?lo00 

66 00 

3600 

21 000 
31000 
lGOOO 
29000 

XKilCl 
37000 

5700 

IPQOO 
10600 
1?2W 

56600 
49600 

4120 

14590 
2800 

13000 

87000 
87000 

100 
4o(yM 

11 1000 
48000 
77000 
38000 
7000 

114000 

65000 
16000 
40000 
61000 

29000 
100 

14000 

8000 

1900 
11000 
4100 
22000 
7100 
14MM 

7200 

69 

32000 
33000 
22000 
41000 
27000 
44000 

5600 

8400 

10900 
14000 
24600 

3970 

lSl00 

Nor reporred 

15440 

13650 
13700 

13000 

200 
76000 
64000 
12000 
48000 
107000 
SMXX) 

57000 
36000 
42000 
97000 
1000 

86000 
29000 
43000 
54000 

24000 
25000 

16000 

16000 

4900 
12000 
5700 
13000 
6100 
14000 

11800 

5350 

29000 
3 3 m  
24000 
33000 
34000 
48000 

23300 

4600 

18300 
%GOO 

17700 

lo800 

l4dOO 

8280 
I46Ml 

16000 

19000 
63000 
62000 
23000 
50000 
71000 
49000 
54000 
33000 
36000 
62000 
15000 
IOOOOO 
21000 
31000 
55000 

24000 
940 
1700 
14000 

13000 
1 800 
10000 
7400 
3800 
13000 
60m 
12000 

16400 

63 

17000 
21000 
21000 
Moo0 
41000 
70000 

440 
4070 

69 00 

7810 
12100 
30300 
2430 
7740 

3 2 W  

17400 

10440 
18000 

lSOOO 

29000 
MW)o 

51000 
24000 
47000 
11OOOO 
36000 
Moo0 
24000 
33000 
91000 
a 0 0 0  
1OOOOO 
37000 
43000 
54000 

25000 
13000 
13000 
14000 

13000 
7100 
1700 

17800 
4400 

21000 
4600 
15000 

14900 

67 

26000 
34000 
13000 
26000 
3 8 0  
40000 
2100 
12000 

5700 

16000 
25700 
32fQ3 
6900 

35100 

37300 



Cowtny 

Spdn I C I ]  

Swcdcn IN141 

Suilruland [DS, W ]  

USSR [GZ 114) 

Unilcd Stater IT31 

Hcocrar 

Nmaraz 1-2 
h c o  1 
I\Ko : 
lost Cabrcra 1 
Trillo I 
Vandcllor 2 

Ringhals 2 
Ringhals 3 
Ringhals 4 

h u  1-2 

'=F 

Armenia 1-2 
Balakwo 1-3 
Llinin 1-2 
Khmclnitski 1 
lida 1-4 
h'wovoronczh 3-5 
Rmao 1-3 
South Ubainc 1-3 
Pporozhc 1.5 

Arkansas Onc-1 
Arkanus One-2 
&vet Valley 1-2 
Braidwmd 1 
Braidwmd 2 
Byron 1-2 
Gllaway 1 
Glvcrt Cliffs 1-2 
Gtawba 1 
Glawba 2 
O y u l  River 3 
Davis.Bcrrc 1 
DiaMo Canyon 1-2 
h l d  Cmk 1-? 
Farlcy 1 
Farlcy 2 
Fm Glhoun 1 
H. B. Robinson 2 
Haddam Neck 
!adtan Po~nt 1-2 
lndran Point 3 
licmuncc 
Malnc Yankce 
M&rc 1 
McGuirc 2 
M~lls~onc 2 
Mlllstonc 3 
North Anna 1-2 
Ocmcc 1-2-3 
Pal~sadu 
Pdo Vcrdc 1 
Palo Vcrdc 2 
Palo Vcrdc 3 
I'otnt Dcach 1-2 
Pnrric Island 1.2 
R. E. Cnnna 
Rancho Scco 1 
Salcm 1 
Salcm 2 
San Ondrc 1 
San Ondrc 2-3 
Squoyah 1-2 
Shearon tlarrir 1 
South Texas 1 
South Tcxa~ 2 
St. Ludc 1 
St. Ludc 2 

Rdt luc  (Gnq) 

1985 

36 100 
9130 
3160 
2540 

19500 
10600 
14600 

WOO0 
,3000 

1968 

47000 
18400 
18.W 

10 
677 
4680 

13100 
ZWOO 
l9l00 

22000 
14000 

1986 

15WO 
11000 
2OMK) 
I160 

13400 
19600 
13500 

41000 
15000 

1089 

49000 
16100 
23-W 
2150 
1 0200 
10600 

12600 
23000 
21700 

lOaM 
12000 

1987 

31100 
13000 
16200 

20 

0.4 

M500 
19200 
14600 

37000 
I2000 

12100 
6920 
5550 

9660 
21600 
17900 
6460 

6510 
2490 
15800 
42200 
2300 
18600 
6160 
11400 

213000 
13000 
12600 
14000 
66 10 
14900 
14900 
6140 

9 M ) O  

45900 
U900 

0 

29600 
25800 
16.330 
3330 

34 200 
21300 
66100 
17600 
3400  

10600 
13500 

7840 
8510 
7620 

2480 
16100 
27200 
4370 
4370 
6400 
773 

5 6 0 0  
2.5700 
26400 
23000 
68 10 
12700 
95500 
12400 
21000 
1 OOOO 
13000 
16900 
16900 
10400 
20000 
57700 
49600 
2340 

0 
0 

30000 
24800 
13200 
24 10 
15200 
16200 
16800 
27400 
9100 

103M) 
10300 

5550 
13000 
2 1 ' ~ ~  
1520 

15200 
16600 
27300 
13500 
13500 
13200 
9100 
25600 
72900 
23600 
16700 
6440 
10100 
117000 
20600 
12600 
13000 
4310 
16200 
1 8 ~ ~ 0  
10600 
21600 
30900 
35100 
4400 

0 
0 
0 

26200 
16500 
2090 
677 

14000 
24500 
84000 
30300 
4400 
9160 

12500 
12500 

9250 
9030 
l5lOO 
10100 
9030 
37400 

. 33000 
U 100 
13100 
13100 
16900 
1300 

15900 
40700 
19100 
27900 
6560 
19600 
43700 
16200 
21200 
12300 
10600 
19600 
19600 
9580 
20200 
71800 
26300 
l 0500 

0 
0 
0 

13200 
15000 
12900 
3740 
23500 
13600 
MIdD 
23800 
7440 
14800 
7360 

10200 
IOZOO 

14097 
16250 
22977 
20646 
2DbM 
47730 
2153 3 
8732 
16465 
16465 
12720 
8843 

34595 
3U38 
25663 
22496 
6436 
6068 

178000 
20720 
12697 
12617 
15614 
15651 
15651 
U542 
3 7 8 9  
51600 
37740 
2962 

0 
0 
0 

2D683 
17168 
21904 
2 9 7  

- ~ ~ 3 3  
18907 
35594 
48100 
42550 
16946 
11729 
10064 
14985 
14985 
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Tnblc 34 (conlinucd) 

Covlny 

LJnilcd Stales (continud) 

Yugorla\in [FI] 

Reortor 

Suny  1-2 
Three hhle l r lmd I 
Thrce %file Islmd 2 
Trojan 
Twkcy Point 3 
':.ukcy Point 4 

Virg'l C. Sumrnrr 1 
Vogllc 1-2 
W a l n f a d  3 
Wolf Creek 
Yankee h E  
ZIon 1-2 

k s k o  

T d a l  rclcaw ( G h )  

Sarna l i rcd  release [GDq (GW a)"] 

Avcragc n a m a l i d  release 1965-1969 [GBq (GW a r ' )  

Rclcnrc (GHy) 

1985 

26600 
335 
0.06 
9610 
1600 
1600  
llSOO 

940 
6770 
8440 
24300 

10900 

Z3M000 

26000 

3 0 0 0  

1986 

32300 
6250 
0.06 
5290 
13500 
13500 
13900 

15900 
13900 
6510 
26400 

13000 

7350000 

24200 

1987 

30200 
n 9 0  
0.05 
6460 
9950 
9950 

27200 
11900 
19300 
11700 
6100 
24300 

loso0 

26M000 

25100 

3 3  
112 

1600 

MO 
1200 
650 
1WO 
770 
490 

11,W 

3400 
440 
1700 
16 
41 
120 
740 
410 

270 

120 
100 

950 
950 
44 1 
44 1 
1060 
386 
386 
330 
527 

400 
520 

13.0 
293 
214 

673 
944 

1900 

500 
1600 
750 
950 
620 
390 

97 

2300 
700 
1700 
36 
63 
260 
520 
350 

170 

70 
160 

490 
490 
630 
630 
330 
610 
610 
335 
533 

320 
440 

21.7 
75.1 
714 

1 QB8 

18300 
I I1fi 
0.2 

13900 
11100 
l l l W  
27900 
14400 
16600 
lSOOO 
7250 
35900 

16330 

2560000 

22600 

e\r%r 

174 
95.1 

1200 

670 
1200 
470 
760 
900 
710 

1120 

4100 
410 
24 00 
61 

24 
310 
590 
350 

170 

540 
3 0  

YO 
29 0 
580 
560 
150 
3 0  
260 
110 
5 3  

270 
260 

47.0 
1230 
366 

Qlirn. T a ~ u a n  Province [TZ] 

Finland [F2] 

Gcrmany. Fa lna l  Republic d 
[BJ. D'J] 

India 

Italy [ a 2 1  

J~pan [Jl] 

Mcxico [C19] 

Scthcrlands [MS] 

Spain [CZI] 

Su~cdcn [S14] 

Suirznland [DS. D6] 

Uwtcd S ~ a ~ e r  1131 

1989 

15873 
13801 
0.036 
IIMX) 
84 73 
8473 

25345 
33966 
13256 
21756 
6216 

38739 

12000 

2970000 

24200 

205 
529 

1300 

510 
1ZOO 
610 
880 
550 
410 

29 

$00 
960 
1500 

0 
110 
130 
460 
440 

1M 

30 
490 

2UO 
260 
705 
705 
390 
735 
735 
430 
639 

300 
410 

12.8 
54 .O 
1150 

Chin Shan 1-2 
Kumhcng 1-2 

'IVO 1-2 

Urunsbirttel 
Gundremmingrn I3.C 
lsar 1 
h iunmcl  
t'hilippsburg 1 
Wirgruen  

Tarapur -1 
Tnrapw-2 

G o r r o  

Fukurhrma Darichr 1.6 
Fukurhima Winr 1.4 
I l;~rn;loka 1-3 
k~rh iuaza ld  I j r ~ u a  1.5 
Onagaua-1 
Sh~rnanc i-2 
TcJra~ 2 
Tswuga I 

Lyru V n d c  (.\.lark 11) 

Dnlcuaard 

C o n f r c n ~ a  
S. Marla dc Garona 

Brrvbcck 1 
Uarrekck 2 
Forrmark 1 
Forrnurk 2 
Forsnurk 3 
Orkanharnn 1 
Oskarrhamn ? 
Oskarshamn 3 
Rin&alr 1 

L e i h u h  
Miihlehng 

Dtg Rock Pornt 
Drown, Frny  1-3 
Brunsuick 1-2 

1720 
1150 

1300 

270 
1500 
510 
690 
480 
960 

6.3 

2600 
l500 
1300 
170 
75 
260 
1lW 
240 

1120 

2W 

70 
60 

400 
400 
760 
760 
5% 
490 
490 
220 
665 

440 
S O  

23.6 
0.7 

3 . 9  - 



Coruln), 

United Statu (wn~inucd) 

Hcocrr~r 

Qinton I 

= T c r  
Diosden 2-3 
Duane Amold.1 
h i c o  Fcrrni 2 
Fityratrick 
Crand Gulf 1 
llatch 1-2 
llopc G r c k  1 
I lurnbdd~ Day 3 
laaosse  
Iarallc 1-2 
Limcrick 1 
Millaone 1 
Maticcllo 
Nine Milc Point 1 
Nine Milc Point 2 
Oyster Crcrk 
Puch Boltom 2-3 
Pcrry 1 
Pilgrim 1 
~ u a d  Gdes 1-2 
Rivcr Bcnd L 
Susqucha.ma 1-2 
Vcrmonl Yankee 
WPPSS-2 

Taal  rclease (GBq) 

h'amalizcd relcaw [GDq (GW a).'] 

Avcragc namalizcd iclwsc 1985-1989 [GBq (GW a ~ ' ]  

I OK7 

187 
276 
1.32 

155 
191 

2120 

40.0 
4740 
14.4 
42.6 
662 

0 
0 

0 
1670 

269 
126 

338 
0 

555 

Hclcarc (GBq) 

I987 

69.2 
166 
825 
0 

38.9 
91.6 
677 
1040 
353 
0.03 
1720 
40.7 
223 
659 
0 
0 

17.1 
72.5 
1720 
106 
119 
256 
276 
692 
0 

2080 ' 

IPS6 

206 
470 
0 

11.1 
185 
544 
1060 
0.26 
247 
2130 
5.07 
76.2 
197 
0 

81.0 

39.6 
1650 
0.1 
370 
238 
169 
570 
0 

4700 

33500 

900 

UWRI 

32200 

750 

790 

34700 

870 

1983 

107 
154 
636 
0 

M.5 
328 
496 
16-W 
346 
0.03 
170 
64.6 

0 
1400 

0 
0 

293 
599 
359 
272 
212 
x 9  
357 
537 
0 

51.1 

320000 
16000 

1066000 
31000 
31000 
333000 
377000 
24000 

16670 
6470 

36800 

lZoo0 

227000 

?76OOO 

Algcntina [C15, CIS] 

Gnada [A61 

h d a  [Dl41 

Pakistan lP3j 

Republic d Korea (M3] 

1989 

55.1 
202 
677 

0 
46.1 
n . 1  
468 
1690 
870 

O.M2 
103 

39.6 
999 
1690 

0 
0 
300 
147 
740 
258 
67.7 
ion 
592 
1014 

0 
75.1 

26-W 

640 

Average namalizcd rclcasc 1965-1969 lGBq (GW a)"] 

260000 
79000 

1376000 
42000 
42000 
64000 
64J000 
110000 

30450 
15360 

49000 

36610 

2990000 

3 16000 

Alucha-1 
Embalsc 

Bruce 14 
Bruce 5-8 
Gcnully.2 
Pickcring 1-4 
P~ckering 5-6 
1'01r.t Lcprwu 

Mplkkarn  1-2 
Rajasthan 1-2 

Kanch~ 

Wolrong 1 

34200 

780 

374000 

360000 
160000 

111OOOO 

5~0000 
520000 
444000 
1687000 
96000 

30410 
4950 

39600 

50780 

5020000 

489000 

590000 
170000 

1550000 
58000 
58000 
59300 
1073000 
120000 

63aDO 
28670 

25400 

14520 

4400000 

429000 

Taal release (GEq) 

N a m a l i ~ d  release lGBq (GW a)-'] 

300000 
Zoo00 

1639000 
4 8 W  
48000 
592000 
BSOOO 
320000 

90690 
23550 

loo00 

6M10 

3440000 

334000 

GCKI 

Francc [IfP] 

Japan 1111 

Spain [CZI] 

Llmted Gngdan  
[Nb, PI, S4) 

2000 
30Q 

0.2 

263 

100 
6200 

Uugcy 1 
Chinon A.2-3 
St. Lewenl AI-2 

Tokat . l 
Vandcllos I 

Dcrkci cy 
Dradu,di 
Calder thl l  

9000 
3Oa3 

0.05 

74Kl 

no 
790 

100 
0 

22 

3530 

1200 
1600 

17000 
-so0 
.SCm 

31 

6210 

-500 
1300 

0 
1 0 0  

5.2 

83.4 

3530 
%O 



A dash i n d i n l a  that the rcacto u-as n u  y o  in opcratlm. 

Couln). 

Uniled L n g d a n  (cuntinucd) 

Reactor 

Chapelcrorr 
Dungcnul A 
Dungenas B 1-2 
I lartlcpod A1 -M 
llcyrhrm IA-B, LA-B 
ll~nklcy Pant  A 
Il~nlrlcy Punt B, A B  
l lunturton A1 
l luntcrrton Dl-2 
Oldbury-A 
Sizcwcll-A 
T a n u s  A.8 
Trawfynydd 
Wylfr 

T a d  rclcasc (GBq) 

Nurnalized relcasc [GBq (GW a)-'] 

Average n u m a l i d  rr lusc 1985-1989 [GBq (GW a)-'] 

Hdeclrc (Gllq) 

1995 

900 
8M) 

46400 
22400 
24700 
22600 
336000 

1900 
342000 
800 
9900 

2400 
7000 

848000 

119000 

L\I'CKI 

120000 

USSR [GZ. 1141 

1986 

200 
2400 
297lX) 
45600 
56200 
21M) 

2S7000 
1100 

366000 
900 

3100 

600 
8700 

785000 

131000 

1968 

550 
340 

22900 
33600 
112000 
2760 

272000 
2200 

292000 
890 
760 

550 
7300 

769000 

1 ISOOO 

1987 

700 
?W 
6800 

31900 
82900 
S4W 
l6POOO 
I300 
%yo00 

900 
2300 

3SW 
6200 

567000 

97800 

Bcloyarsky 2 
Uilitino 1-4 
Qlcrnobyl 1-4 
Igalina 1-2 
Kwsk 1-4 
Lcningad 1-4 
Srndcnrk 1-3 

1989 

630 
?no 

l 6 m  
112000 
195000 
1140 

266000 
760 

333000 
fZ0 
2100 

490 
MOO 

937000 

134000 

Only atnogc  normalized rcleare r q a t d  

T a a l  rdcare (GBq) 

Namalized release [GBq (GW a)"] 

Avcregc numalizcd rclurc 1985-1989 [GBq (GW a)"] 11000 

FUR6 

France IS61 

USSR 

United h n & r n  

100 
0 

100 

370 

Average n u m a l i d  rel- 1965.1989 [GDq (GW a).'] 

Gcys-M~lri l lc 
Phcn~x 

Bcloyarsky 3 

Darnruy  

3000 

T a d  releare (GBq) 

Narnalizcd reluv [GBq (GW a).'] 

0 
0 

0 

0 

0 
0 

2900 
0 

2900 

11OOO 

300 
0 

0 

0 

300 

1100 



Corntry Rcmror 

~'\+'KI 

Xclclrrc (GllqJ 

1965 

3.7 
62.2 

Iklgium [M6] 

1987 1986 

14.0 
52.4 

Docl 1-4 
Thangc 1 1  

21.3 
57.3 

11.0 
57.4 

Brazil [Cl] 

Bulpria [Clb] 

miria. Taiwan Province [T2] 

Gecharlovalda [h'l 1) 

Enland [F2] 

France [Ed] 

Gcrmany. Fcdcral Rcpublic d 
IB4 B9. SI] 

H ~ P ~ Y  PI 

l ~ a l y  [ C 2 )  

Japan [Jl] 

h'rthcrlandr [MS] 

Republic d Korea [M3] 

1969 

22.5 
77.3 

Anpa  1 

K d o d u y - 1 - 2  
Kdoduy-3-4 
Kc~loduy-5 

M a a n s b  1-2 

Bohunicc 1-4 . 
Duko~any 1-4 

L o \ i i s  1-2 

Bellcrillc 1-2 
Blayais 1 4  
Bugey 2-5 
Cat~cncm 1.2 
Cninon B 1-B4 
O m z - A  (Ardcnncs) 
Guas 1-4 
Darnpicrrc 1-4 
Fcscnhcirn 1.2 
Fiarnanvillc 1-2 
(iravelina 1-6 
h'oecnt 1-2 
Paluel 1-4 
St. Alban 1.2 
S!. Lawent R1-2 
Tncasrin 1 4  

Bibl~s  A-B 
Drokdaf 
Fmland 
Grafcnrhcinleld 
Grdfswdd 
Grohndc 
lsar 2 
MGlhcirn-Erl~ch 
KccLarwcstheirn 1-1 
Obighc~rn 
Phillppshurg ? 
S ~ a d e  
Vntcrwcsc; 

P a b  1-4 

h ~ c o  Fcrnli (Trine) 

Gcnka~ 1-2 
kata I-? 
htlharna 1-3 
Oh 1-2 
Scnda~ 1-2 
Takahama 1-4 
Tmari-1 
Tswuga-2 

Dorssclc 

K a l  1 
K a t  2 
K a ;  3 4  
Llclun 1-2 
Ycnggwang 1-2 

I969 

0.81 
0.78 

3.3 

0.64 
0.012 

18 

87 
177 

6 1 
8 
26 

q ~ 2  
37 
0.5 
120 

98 
6 

369 
140 

'4 

0.035 

A'or rcporred 

0.71 
0.76 

1.01 

0.81 
0.021 

13 

1 
. 75 

168 
8 
56 
10 
12 

212 
27 
62 
109 
1 

160 
88 
17 
53 

3.8 
0 

0.07 1 

0.064 

0.13 
0.1 

0.41 
0.32 
1.3 

0.23 

3.19 

54 

0 
0 

0.017 
0.0034 

0 
0.0027 

0.0017 

1.9 

0.71 
0.33 
4.31 

1.69 

0.83 
0.65 

295 

0.33 
0.036 

17 

104 
176 
0.4 
89 
9 
19 

138 
42 
39 
153 

175 
73 
58 
62 

2 3  
0 

0.15 

0.01 1 

0.68 
0.M1 
1.24 

0.23 

0.22 
0.30 

15 

3 
75 
117 
3 
63 
7 
11 
75 
26 
111 
96 
6 
5: 
30 
10 
35 

0.12 
0 

0.023 
0.054 

0.082 
0.0039 
0.019 
0.033 
0.38 
0.69 

1 
0.1 

201 

3.6 

0 
0 

0.021 
0.00021 

0 
0 
0 

0.00014 

5.0 

3.09 
0.23 
0.40 
2 15 
TOY 

1 :$ 

0.83 
0.60 
1.09 

1.61 

0.06 
0.30 

21 

24 
56 
160 
10 
56 
17 
11 
35 
23 
23 
130 
22 
57 
23 
18 
36 

L26 
0 

0.013 
O.ME 

0.25 
0.E 
0.38 
0.07 
0.41 
0.29 
0.56 
0.23 

2 9 1  

2 2  

0 
0 

0.0065 
0 
0 
0 
0 

0.00059 

3.7 

209 
0.14 
0.215 
1.73 
1.34 

0.3 
0.77 
0.017 

1.2 
0.72 

1.31 

61 

0 
0 

0.0'12 
0.021 

0 
0.0081 

5.7 

0.32 
0.60 
050 

0.58 
0.25 
1.5 

0.23 

1.09 

42 

0 
0 

0.015 
0.016 

0 
0.013 

0.M013 

2.7 

0.85 
0.63 
3.35 

0.214 



Counay 

South Africa [ Q O ]  

Spin  [C? 11 

S u d c n  (N14j 

Suitzcrlnnd [DS, D6] 

USSR [G& 1141 

U P ~ I &  S ~ I C S  ~ n ]  

R c u ~ o r  

Kabrrg 1-2 

Nmaraz 1-2 
h w 1  
kc0 2 
JosC Ghrrrr 1 
Trill0 1 
Vandcllos 2 

Ringhals 2 
hnghals 3 
Ringhals 4 

13emau 1-2 
GEagcn 

Armenia 1-2 
Balakwo 1-3 
Giinin 1-2 
Khmelnitski 1 
K d a  1-4 
h'ovovoronczh 3-5 
Rorno 1-3 
South lka inc  1-3 
Zaporozhc 1-5 

Arkansas Onc-1 
Arkansas Onc-2 
B ~ J V ~  valley 1-2 
Braidwmd 1 
Braidwood 2 
Byron 1-2 
Callamy I 
Calvcrt Cliffs 1-2 
Calawba 1 
Cauwba 2 
Gpta l  Rivcr 3 
&\is-Durc I 
DiaMo Canyon 1-2 
Dmald Cook 1-2 
Farley 1 
Farlcy 2 
Foti Glhoun I 
I I. B. Rd~nson ? 
Iladdam Ncck 
Indian Potnl 1-2 
Indian Point 3 
Kcuauncc 
Mainc Yankee 
McGuirc 1 
McGuirc 2 
Millstone 2 
Millstonr 3 
Kath  Anna 1-2 
Ocmcc 1-2-3 
Palisade 
Pnlo Vcrdc 1 
Palo Verdc 2 
Palo Vudc 3 
Point Bcach I-? 
Rairic Island 1-2 
R. E. Gnna 
Rancho Scco 1 
Salem I 
Salem 2 
San Ondrc I 
San Ondrc 2-3 
Scquoyah 1-2 
Shcaron I larris 1 
South Tcxar I 
South Texas 2 

1 9.90 

1.69 

18.7 
103 

75.6 
44.9 
1.1 

24.6 

525 
37.7 
41.4 

21 
0.0096 

75 5 
98.1 
20.2 
925 
93.2 
235 
0.37 
76.6 
127 
12.7 
8.73 
6.61 
59.6 
29.8 
2 7  
zn 
20.8 
10.4 
14.4 
23.6 
21.9 
45.1 
6.77 
9 
57 

392 
220 
429 
141 
0.14 

0 
0 
0 

ZM 
6.4 
3 

0.08 
115 
132 
25.4 
34 

13.1 
8.95 
112 
0.43 

1959 

1.47 

18.9 
264 
316 
20 

3.59 
8.34 

46.6 
82.0 
46.6 

5.9 
0.0081 

138 
165 
3.n 
317 
112 
51.8 
286 
97.7 
M. 1 
20.1 
8.55 
6.22 
74 

16.4 
295 
3.16 
11.4 
35.7 
25.4 
105 
11.9 
18 5 
129 
95.1 
95.1 
329 
117 
16.0 
115 
1.27 

0 
0 
0 

3.54 
9.44 
1.27 
0.21 
119 
120 
26.3 
42.9 
16.6 
2.97 
6.29 

I 9B( 

75.4 
70.6 
1.88 
9.76 

47.5 
20.9 
58.7 

6.9 
0.16 

13 1 
161 
4.18 

603 
0.18 
66.1 
46.6 

55.9 
6.65 
118 

83.6 
249 
1.39 
10.6 
34.6 
3.12 
68.5 
15.5 
50.0 
1.15 
23.0 
23.0 
170 

188 
154 
2.16 

0 

70.3 
1.0: 
19.3 
0.27 
107 
1W 
268 
414 
53.7 

1986 

3.36 

30.1 
97.7 
84.1 
173 

102 
57.6 
26.9 

0.00001 
O.OB9 

188 
127 
4.40 

150 
1.42 
66.2 
14.1 
14.1 
30.0 
2.28 
411 
12.4 
3.77 
3.06 
3.10 
9.657 
11.47 
134 
7.22 
19.7 
11.1 
23.6 
28.6 
166 
111 
34.8 
112 
5.18 

0 
0 

592 
22.2 
139  
0.054 
16 1 
226 
31.5 
30.3 
6.11 

Hclcasr (GBq) 

1987 

7.8 

7.7 
69.1 
217 
11 

0.03 

102 
26.7 
46.1 

8 
0.0026 

90.7 
685 
24.8 
1.85 

91.8 
18.2 
192 
24.2 
24.2 
35.3 
241 
106 
74 

1.66 
1.71 
7.51 
27.2 
15.8 
223 
12.6 
47.7 
32.6 
58.1 
56.1 
151 
200 
J P  
107 

3.42 
0 
0 
0 

27.9 
223 
218 
0.021 
123 
151 
31.2 
19.9 
172 
33.6 



T n b l c  35 (conlinucd) 

C o w r ~  

Uni~ul SIRICS (con~inud) 

Yugoslavia [FI] 

Hrarror 

St. Ludc 1 
St. Ludc 2 
Suny 1-2 
Three hGlc Island 1 
Tuce Milc lslmd 2 
Trojan 
Turkey Point 3 
Twkcy Poinl 4 
Viril C. Summer 1 
Voglle 1-2 
Waterfad 3 
Wolf Creek 
Yankcc hTS 
Zlm 1-2 

k s k o  

Hrlrasc (GBq) 

Taal rclwse (GBq) 

Namalircd release [GBq (GW a).'] 

Average namalized release 1985-1969 [GBq (GW a).'] 

1085 

101 
102 
316 
0.U 

0.0066 
17.2 
16.6 
16.6 
26.2 

10.7 
73.5 
0.63 
87.7 

13.4 

5 6 s  

66 

45 

l OS6 

93.6 
69.9 
324 
0.52 

0.0009 
9.77 
9.36 
9.36 
12.1 

149 
63.6 
0.50 
59.2 

4.55 

5500 

56 

12.0 
115 

36 

0.4 
0.84 
0.56 
0.013 
0.56 
0.55 

16 

0.0067 
0 

0.014 
0 
0 

0.0061 
0 

0.0093 

14 

0.36 
1.19 

33.4 
33.4 
122 
I?2 
14 
29 
29 
2 

42.9 

0.026 
6.6 

8.77 
41.4 . 
17 

1.1 
0.54 
1.6 

0.062 
0.5 
1.1 

15 

0 
0 

0.012 
0 
0 

0.0059 
0 

0.011 

11 

1.26 
209 

12.8 
12.8 
163 
163 
4 
49 
49 
7 

30.4 

0.4 1 
14 

14.6 
91.8 

33 

0.35 
0.22 
0.27 
0.022 
0.44 
0.96 

12 

0 
0 

0.011 
0.00073 

0 
0.0040 

0 
0.0036 

15.03 

11 

0.24 
0.32 

14.4 
14.4 
165 
165 
4 

149 
149 
13 
56.5 

0.48 
4.6 

China. Taiwan Province IT21 

Finland [FZ] 

Germany, Federal Republic d 
PJ. B9] 

India 

Italy [ a 2 1  

Japan [JI] 

Mcldcn [C19] 

Kclhcrlanb [MS] 

SpY'n 1011 

Swcdcn [XI41 

Suiucrland IDS. D6] 

1967 

22.0 
20.1 
19 1 
1.63 

0.0043 
7.73 
13.8 
13.8 
16.1 
21.3 
47.4 
10.7 
0.58 
58.1 

1.68 

4320 

40 

~%\+'UL 

10.1 
8.M 

14 

0.81 
2 7  

0.41 
0.36 
0.78 
1.9 

20 

0.037 
0 

0.056 
0 
0 

0.007 
0.13 

0.019 

I5 

0.96 
8 

32.4 
3?.4 
180 
180 
20 
-W 
-3 
2 

.%.8 

0.6 
2.4 

Chin Shan 1-2 
Kuahcng 1-2 

W O  1-2 

Brunsbi~~~rl 
Gundrcmrningcn B,C 
Isar 1 
k h m c l  
Philippsburg 1 
Wirpssen 

Tarapur-l 
Tarapw-2 

Caorso 

Fukush~ma Daiichi 1-6 
Fukushima Daini 1-4 
Hamaoka 1-3 
Kashiwazald Kariua 1.5 
Onagawa- 1 
Shirnane 1-2 
Tokai 2 
Tsurup 1 

Laguna Verdc (Mark U) 

Daicuaard 

Confrcnles 
S. Maria de Cmrona 

Darscbcck 1 
Barschcck 2 
Forrmark 1 
Forsmark 2 
Forsmark 3 
Oskarshamn I 
Oskarshamn 2 
Obkarrhamn 3 
Kin&als I 

Libladl  
MLhlcberg 

10.1 
3.61 

35 

0.49 
4.8 
0.87 
0.012 
0.97 
1.2 

58 

0.01 
0 

0.03 
0 
0 

0.W89 
0.12 
0.01 2 

9.6 

0.63 
1.13 

60 
80 
3 3  
'33 
174 
41 
41 
3 

63.4 

0 . W  
13 

1 OR8 

9.77 
9.56 
89.2 
1.72 

0.0: 1 
7.44 
12.1 
12.1 
27.9 
61.4 
52.2 
14.0 
263 
132 

1.71 

4460 

38 

1989 

9.47 
9.36 
143 
0.6 

0.012 
5.96 
5.85 
5.85 
-50.7 
14.9 
47.4 
26.8 
0.18 
127 

0.63 

3840 

31 
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Cowrrry 

Un~~cd Slatcs IT31 

Nracror 

l3ig Hock I'oin~ 
Ilrou*m I'crry 1-2 
Drunruick 1-2 
Clinton 1 

k c r  
Dradcn 2-3 
Duane Arnold-I 
Enrico Fcrmi 2 
Fitzpalrick 
Grand Gulf 1 
llatch 1-2 
llopc Gcck 1 
llumbddt Uay 3 
I a a o s c  
Iasallc 1-2 
Lirncrick 1 
htillstonc 1 
%footiccllo 
Ninc Mile I'oin~ 1 
Ninc Milc Poinl 2 
Oystcr Crcck 
Pcah Batom 2-3 
Fctry 1 
Piljgirn 1 
Quad G ~ i a  1-2 
Riva Bcnd 1 
Susquchanna 1-2 
Vcrmont Yankcc 
WPPSS-2 

Taal rclcarc (GUq) 

Nornalizcd rclcasc [GDq (GW a).'] 

Avcrage normalized rclc~w 1985-1969 [GDq (GW a).'] 

n 

198.5 

5.66 
49.6 
4.26 

481 
75.1 

0.030 

6.66 
7.66 
275 

4.63 
67.7 
142 
0.81 
17.2 

0 
0 

0 
79.9 

39.2 
Y .O 

235 
0 

0.40 

1740 

46 

\lrn 

I986 

262 
19.I) 
4.66 

273.8 
7.92 

0 
0.14 
0.71 
11.1 
29.2 
26.0 
1.74 
185 
0.66 
0.21 
28.6 

0 
0.025 

0 
17.0 
0.14 
7.81 
8.73 
3.92 
29.3 

0 
0.86 

Argcnl~nr [CIS. CIS] 

Cam& (A61 

India [I3141 

Pnhrtrn IF31 

Republic d K o r u  [M3] 

Nclcasc (Gtlq) 

1987 

10.1 
12.0 
26.5 
0.57 
83.3 
14.0 

0 
0.76 
290 
13.5 
30.2 
59.9 
0.44 
42.9 
32.9 
276 
42.2 

0 
0 

48.1 
0.25 
12.2 
0.54 
54.4 
263 
295 
115 
0 

0.45 

1750 

44 

J 985 

6.07 
8.95 
20.8 
4.07 
66.2 
4.29 

0 
274 
1.60 
14.7 
36.4 
26.8 
0.28 
165 
407 
0 

40.0 
0 
0 

114 
0.99 
7.47 
9.25 
132 
207 
20.6 
3.51 

0 
0.23 

51 
1.9 

90 
7 

9.7 
12 
10 
1.6 

13.4 
281 

-%.I 

0.72 

258 

31 

Alucha- 1 
hbl w 

Drucc 1 4  
Drucc 5-8 
Gcntilly-? 
Pickcring 1-4 
l'lckcring 5-8 
Point Lrprcau 

k~lpakkarn 1-2 
Hajarthan 1.2 

Lrach~  

Wolsong 1 

1140 

27 

36 

1989 

8.58 
6.33 
57.7 
0.64 
8 1 

24.2 
0 

6.22 
202 
11.8 
9.16 
38.9 
0.31 
6.25 
14.8 
4,14 
33.5 

0 
0 

8.14 
1.85 
4.18 
42.9 
0.92 
17.9 
41.1 
3.77 

0 
1.66 

1460 

33 

Taal rdure  (GBq) 

Nornalizcd rclcasc (GBq (GW a)-]] 

Avengc narn~lizcd rcleasc 1965-1989 [GBq (GH' a)-'] 

GCRi 

1360 

32 

30 

42 
7.1 

120 
13 
3.5 
20 
20 
1.1 

23.2 
3.50 

20.0 

2 %  

276 

29 

100 
4.5 

50 
3 
12 
23 
20 
0.4 

46.0 
0.39 

40.0 

1.54 

30 1 

29 

35 
5 

0.067 

129 

Franc [FA] 

Japan [Jll  

Spun (CZI] 

43 
5 
57 

0. I 

1 54 

I 3 u ~ y  I 
Chinon K - 3  
St. hwcn! Al-2 

Tokai - l 
Vanddlm I 

% 

2 7  

130 
8 

2 8  
23 
60 
1.9 

48.1 
3.05 

44.0 

1.23 

42 1 

41 

15 
2 

0.03 I 

97.6 

76 
I1 

0.059 

133 

59 
5.8 

20 
9 

1.1 
44 

10 
1.1 

27.6 
4.53 

13.0 

0.16 

195 

I9 - 

4 

3 

0.015 

12.6 



* A dash ind lo lu  that  he r c a a a  was n u  y a  In g e r a u m .  

Cowry 

l lnl~cd L n g d a n  
1x6. PI. S4\ 

Hrnrror 

ncrkclcy 
nradwdl 
Clldrr llall 
Chapcloou 
Dungcnerr A 
Dungcnur 11 1-2 
llar~lcpool Al-A2 
I3c)rham IA-D. U - D  
Fl~nWey Pant A 
ILnWcy Pan1 B. A B  
Iluntcrslon i\l 
Ilunlcrs~on 13 1.2 
Oidbury-A 
Sircwcll-A 
Tornas A-B 
Trawsfynydd 
Wylfa 

Taal rclcxse (GBq) 

Namalizcd rclusc [GBq (GW a)"] 

Avcragc nurndircd releasc 1985-1989 [GBq (GW a).'] 
7 

19.95 

290 
IS10 

X)o 

2190 
38 
18 
9 

3720 
SO 
3.6 
90 

1120 
1010 

430 
48 

l 28430 

1800 

LWGWr 

960 

Rclrarc (GIiqJ 

1987 

240 
710 

500 
570 
18 
34 
24 
960 
19 
1.1 
.W 

560 
7 10 

160 
58 

4760 

800 

J 9% 

320 
720 

s6 
3100 

76 
65 
I5 

450 
39 
1.6 
40 

690 
760 

200 
6 1 

6sJ0 

1140 

USSR [G2 1141 

IPS7 

330 
440 

170 
410 
5 1 
24 
33 
500 
26 
1 
-30 

630 
460 

380 
7 s  

M ~ O  

580 

Bcloyarsky 2 
Bilitino 1 4  
Olunobyl 1-4 
I p l i r u  1-2 
Kursk 1-4 
Leningrad 1-4 
Smdcnrk 1.3 

I QSP 

230 
395 

220 
230 
2 5  
22 
9 
900 

32 
0.62 
40 

410 
360 

2EO 
64 

3260 

470 

KOI repared 

Tdal r e l a x  (GBq) 

Namalizui rclcaw [GBq (GW a)-'] 

Avcragc namalircd rclcasc 1965-1989 [GBq (GN' a)"] 

FHHr 

I-rmcc [Sb] 

USSR 

Umtcd L n g d a n  

GCF-M.~l\illc 
Phmlx 

Dcloprsky 3 

Dounrca y 

Taal rclcuc (GBg) 

N u m a l i d  rclurc [GBq (GW a)"] 

0.1 
0 

0 
0 

0.1 

0.4 

A,rragc numalircd rclcasc 1985-1989 [GBq (GW a)"] 

31 
0 

0 

0 

0.1 
0 

30 

31 

110 

0.1 
0 

0.1 

0.6 

0.1 

0.4 



l'ahle -M 
Composition of mdlonuclides. e x c l u d l n ~  trltlum, rclcnscd In liquid cmuenls from PWRs In the Ilnlted Stntes, 1988 IT31 - 

P A R T  A 

Rcacfm 

I\rltrnsas Qnc I 
Arkanus Onc 2 
Rcam Valley 1-2 
I3niduwd 1 
llnidwood 2 
Ryron 1-2 
Cnllau-ay I 
Calvnt Clills I-? 
Cnrawha I 
(Intawha 2 
Crysral R i m  3 
Ihws-kssc 1 
Diahlo Canyon 1-2 
Donald C . C d  1-2 
Fort Glhoun 
11.B. Robinsm 2 
Iladdam Neck 
Ilarris 1 
Indan Pcint 1-2 
In&an Pant 3 
J o s ~ h  .U. Farlcy 1 
Joseph M. Farley 2 
K~nuncc 
Mainc Yantcc 
McGuirc 1 
McGuirc 2 
Millstaw 2 
Millrtarc 3 
North Anna 1-2 
OraM 1-3 
Palisades 

?'NO 

0.0-36 
0.588 

0 . 0 5 3  
0.102 
0.0044 

0.00048 

0.0455 
0.01 24 
0.0124 

0.0277 
0.0150 

0.00351 

O.OU268 
0.00037 
0.00266 
0.0114 

0.074 
0.074 

0.W8 
0.668 
0.2446 
0.0788 

j l c r  

1.17 
6.18 

0.00102 
0.206 
0 . m  
6 99 

3.16 
1 .V4 
1.04 

0.0214 
O.(X)507 
0.692 
0.263 
0.0121 
0.707 

1.61 
7.81 

0.662 
0.264 
0.199 
0.309 
0.548 
11.1 
11.1 
126 
132 

8.84 
0.0212 

" ~ n  

10.8 
5.96 

0.0216 
7.92 
5.99 
1.08 

O.(K196 
0.326 
0.792 
0.792 
0.118 
0.0336 

1.33 
0.884 
0.644 
0.37 
0.107 
0.186 
0.353 

0.0566 
0.0187 
0.0253 
0.186 

0.0216 
3.05 
3.05 
2.92 
14.5 

0.0829 
0.310 

0.0181 

"CO 

0.0659 
0.00337 
0.0077 
0.250 
0.134 
0.0935 
0.00152 
0.00981 
0.0176 
0.0176 

0.0115 
0.1W 
0.0183 
0.00128 
0.0228 
0.00507 
0.002P8 
0.0137 
0.00045 
0.00071 
0.00024 
0.0134 

0.00309 
0.135 
0.135 
0.381 
0.221 

0.0429 

"FC 

16.0 
1.72 

0.562 

0.555 

6.73 
6.73 

0.525 
1.428 
13.0 
1.37 

18.3 
2.00 

0.078 1 
24.8 
4.33 

0.364 
0.755 
2.93 
1.61 
15.4 
15.4 
9.92 
8.95 

3.12 

%.urn 

0 . 

0.00011 
0.00011 

%o 

30.3 
25.7 
1.65 
297 
96.9 
22  I 

0.139 
17.7 
4.33 
4.33 
1.62 
1.21 
31.6 
2.70 
1.59 
5.96 
0.6% 
2.27 
17.9 
1.47 

0-264 
0.240 
9.92 
2.32 
38.1 
38.1 
1 54 
29.6 

0.618 
23.2 

0.253 

Rclcprc (GRqJ 

"FC 

0.151 
0.280 

0.213 
0.095 1 

1.02 
0.00053 
0.00799 
0.377 
0.377 

0.00028 
0.2 10 

0.0-37 

0.0276 
0.257 
0.167 

0.00551 
0.0100 
0.0718 
0.00903 
0.662 
0.662 
0.37 

0.773 

0.112 

W ~ o  

3.34 
2.49 

0.784 
5.18 
3.22 
11.1 

0.389 
1.22 
2.00 
2.oU 
1.47 
2.W 
7.4 
2.49 

0.302 
5.25 
3.8 1 
0.241 
16.9 

0.562 
0511 
0522 
2.32 
1.84 
13.7 
13.7 
71.0 
228 
4.96 
4.48 

0302 

"Zn 

0.1 18 

0.00066 

0.0.30 I 

0.0149 
0.0149 

0.00017 
0.00331 
0.0659 

0.00158 

0.00239 

0.00025 
O.OOOU1 

0.1 10 
0.110 

0.0747 

dPsr 

0.699 
0.051 I 

0.0247 

0.174 
0.136 

0.00225 
0.00225 
0.156 

0.00126 
0.0725 
0.0136 
0.1 125 

0.00333 

0.00714 
0.00018 

0.0474 
0.257 

O.OU287 
0.00287 
0.2% 
0.0229 

0.0225 
0.0951 

Wsl 

0.0155 
0.00163 

0.0688 
0.01112 
O.(KX)S 
0.0005 
0.00773 
O.(X)131 
0.00514 
0.00607 
0.0157 
0.001 1 
0.0411 
0.00009 
0.00083 

0.00064 

0.00052 
O.OCU55 
0.00035 
0.00035 
0.0829 
0.00166 

0.00568 
0.0258 

9?* 

0.123 
0.340 

0.00205 
0.00205 
0.321 

0 

0.00004 

0.0426 
0.0426 
0.492 
0525 

0.00681 
0.340 

"ti6 

0.29 1 
236 

0.00039 
0.0648 
0.0629 

1.44 
0.02 1 1 

1.17 
0.241 
0.241 

0.031 1 

0.0054 
0.0108 
0.0344 
0.00107 
0.0142 
0.592 

0.035 
0.107 
0.104 

O.OX3 
0.0186 
224 
224 
1.02 
2.1 1 

0.129 
1.81 

0.0014 

"zr 

0.164 
1.68 

0.0355 
0.0338 
0.899 

0.00633 
0.614 
0.152 
0.152 

0.00623 
0.0 107 
0.360 
0.0054 
0.00161 
0.00585 
0.00107 
0.0142 
0.0936 

0.00795 
0.02E8 
0.M14 
0.0353 
0.0186 

135 
135 

0.474 
0.784 
0.0158 

1.12 



'I'nble -34 (continued) 

Rcacrrr 

Palo Vndc 1 
Palo Vrrdc 2 
Palo Vndc 3 
Point kach 1-2 
Prairie bland 1-2 
K.E. Ginna 
Rancho Seco I 
Salan 1 
Salan 2 
San Onolrc I 
San Onofrc 2.3 
Squoyah 1-2 
South Texas I 
St. Lucic 1 
St. h c i c  2 
Summer I 
Surry 1.2 
lhrcc Milc Island I 
lhrcc Milc Island 2 
Trojan 
Turkey Point 3 
Turkey Point 4 
Vogtlc 1 
Watnfad 3 
WdF Geek 1 
Yankee R w c  I 
73011 1-2 

Total rclcnsc (GBq) 

Nc~malizcd activity 
(GBq (GW n r ' l  

92* 

0.00041 

0.00073 
0.0130 

0.00022 

0.0121 
0.00647 

2.27 

0.055 

" ~ a  

1.41 
O.OCKK&l 

0.51 1 
0.385 

0.0144 

0.00157 
0.00155 
U.MS5 
0.00984 
0.0246 

0.00092 
0.00U92 
0.144 

0.0522 
0.00016 

0.0066 

4.83 

0.12 

69Sr 

0.0992 
0.0844 

0.00418 

0.463 
0.625 
0.0013 
0.400 
0.0170 

0.00083 

0.0814 
0.00722 
0 . 0 0 7 ~  

0.0163 
0.103 
0.0295 

4.10 

0 . W  

95tfb 

0.005% 
0.01 12 
0130171 

0.566 
0.242 

0.00&% 
0.403 

0.00013 
0.134 
0.275 
0.275 
0.315 
0.448 

0.01 11 

0.223 
0.00825 
0.00825 

1.15 
1.03 

0.1% 
0.00374 

1.74 

23.5 

0 3 6  

W.9 

0.0130 
0.00237 
0.00167 
0.00069 
0.0873 
0.152 

0.00374 
0.0031)3 
0.0122 

O.ON)3 
0.0009V 

0.00013 
0.0224 
0.0140 
0.00194 
0.00194 

0.00042 
0.00117 
0.0131 

0.67 

0.016 

9 s ~ r  

0.00168 
0.00171 

0.455 
0.1 17 

0.01 15 
0.21 1 

0.137 
0.144 
0.141 
0.3 15 
0.229 

0.00422 

0.121 
0 . W J  
0.0023 
0.736 
0.599 

0.068 1 
0.00374 

1.10 

13.9 

0.33 

"CO 

0.755 
0.148 
0.0596 
0.045 1 

10.2 
11.0 

0.829 
0.810 
9.07 
0.121 
1.82 
1.82 
2.65 
16.4 

0.0231 

1.30 
6.8 1 
6.8 1 
1.92 
1.47 
2.34 

0.00544 
29.7 

315 

7.6 

HC~CUSC (GUdl) 

5 9 ~ e  

0.114 

0.00984 
0.00109 
0.0067 
0.0209 

0.0414 
0.00121 
0.W121 
0.0677 
0.245 

O . ( m 5  

0.0250 
0.0186 
0.0186 

1.18 
0.303 
0.322 

0.00869 
1.06 

9.36 

0.22 

s r ~ r  

0.00196 
0.0601 
O.IW99 

0.88 I 
0.117 
0.157 
0.5 I8 

0.00106 
0.718 
0.655 
0.655 
1.02 
5.96 

0.07 14 

0.755 
0.269 
0.28s 
9.69 
2.38 

0.729 
0.0374 
9.8 1 

115 

2.8 

" ~ n  

0.00127 

0.0203 

0.00152 
0.00051 

O.OZ40 
0.00329 

0.00063 
0.00063 
0.0522 
0.00622 
0.0128 
0.00932 

0.68 

0.016 

"hfn 

0.0057 
0.0148 

0.001W 
0.~XXlQ5 

3.74 
6.44 

0.0104 
0.796 

0.0607 
0.122 
0.048 1 
0.046 1 
0.636 
0.4 1 1  

0.00287 

0.0470 
0.555 
0.555 
1.75 

0.278 
0.448 

0.00307 
0.659 

78.7 

1.9 

jJrc 

8.33 
0.0WT)I 

11.0 
13.0 

0.153 
1.02 
2.71 

1.22 
1.22 
2.26 
10.5 

0.282 

2.78 
1.72 
1.72 
7.29 
4.70 
2.83 

0.151 
2.72 

232 

5.6 

Mhfn 

0.1 1914 

0.12 

0.0029 

"CO 

0.00181( 
0.00008 

0.148 
0.168 

0.00145 
0.0248 
0.0022 

0.00018 
0.WOIX 
0.0332 
0.0259 

0.00186 
0.00012 
0.000l2 
0.0836 
0.0266 
0.026 1 

0.0659 

2.27 

0.054 

Ma 

0.252 
0.313 
0.0318 
0.0003 
47.0 
48.8 
1.91 
8.73 

0.00296 
5.37 
2.27 
2.27 
8.66 
125 

0.847 

0.936 
0.966 
0.966 
35.1 
18.9 
5.44 

0.00133 
47.0 

1110 

26.7 
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P A R T  C 

Table 37 (oontinucd) 

l 

A dash indicates no value reported. 

Rrncrrr 

Rig Rmk Print 
Brouns Fary 1.3 
Brunsuick 1-2 
Clinlm I 

=00rcr 
Drrrdrn 1-3 
h n n c  Arnold 
Eduin I. Ha~ch 1-2 
Fcrmi 2 
&and Gull  1 
Ilopc Crmk I 
llun~holdt Ray 3 
James A F lup t r~ck  
Lnrsrc 
bsnllc 1-2 
Limerick 1 

Millstone 1 
Monricdlo 
Ninc Milc Point 1 
Nine Milc Pan1 2 
Oysto Gcek 1 
Peach Boltan 2-3 
Pnry 1 
P ~ l g i m  1 
OuadCitia 1-2 
R i m  Bend 1 
Surquehmm 1-2 
Vnmmt Yankre 
WhT-2 

Total rdcasc (GBq) 

Numalizcd activity 

IGRq (GW a)'') 

(CBq) 

1 4 0 ~ ~  

0.0025 

0.0777 

0.0131 

O.O(XI17 

0.093 

0.0056 

Rclcasc 

l J 9 ~ a  

0.0134 

0.W3M 

0.0164 

0.00098 

' j4cs 

0.145 
1.36 
1.27 

5.96 

9.88 

0.0147 

O.OMOR I 
0.171 
0 0.%6 
0.66 1 

0.0426 

0.0140 
1.62 

0.0140 
0.00677 

0.015S 

0.0107 

21.3 

I .3 

r J J ,  

0.0102 

0.107 

0. I34 

O.O(X)7 

0.0022 

0.254 

0.015 

I4O~0 

0.0025 

0.0825 
0.oOOM 

0.00603 

0.00017 

0.0241 

0.0205 

0.0018 

0.138 

0.0082 

I J ~ ,  

0.00I2d 

0.253 

0.2% 

0.015 

I"cs 

0.11 I05 

0.0074 

0.1 16 

0.0722 

0.206 

0.012 

l r r c c  

0.00364 

0.00079 
0.00045 

0.0281 

0.033 

0.WO 

"'CS 

1.37 
5.59 
4.48 

10.2 
0.592 

14.9 

0 0 3 8  
O.(KKKlS 
0.240 
0.4 18 
2.52 
1.82 

2.85 

0.147 
2.81 

0.001 11 
OSRR 
0.348 

0.0148 

0.0138 

49.0 

2.9 

r ' J ~ c  

0.00013 

0.000 13 

0.00001 

IJdcs 

0.0125 

0.0107 

0.00056 

0.0777 

0.101 

0.0061 

1 4 4 ~ e  

0.0318 

0.0094 
0.0662 

0.00163 

0.00025 

0.00625 

0.1 19 

0.007 1 

1a7,,, 

0.00825 

0.003W 

0.0074 

0.01 14 

0.0310 

0.0019 

UP NP 

0.294 

0.252 

0.00163 

0.01?4 

O W  

0.034 



ANNEX 13: EXPOSURES I:ROM MAN-MADE SOUI1CI!S 01: IUDIA'TION IS9 

T r i h l c  38 
A v c r t i g c  n.lcnscs of n i d i r ~ r ~ u r l i d c s  fro111 r c i ~ c l o r s  p c r  u111l c l c c l r i c u l  c n c r g y  g c n c r u t ~ d  

Weighted thc fraoicm d cncrgy pnnatcd by rhc reactor typo. 
Estimated vrluc. 

' 
b 1 8  akailrMc for onc year only. 

Yews 
hlormoli:cd rrlcu,e /'lHy ( ( ; I { '  i2)-'/ 

h'l,Ill~ WASC. 

FHKI I ' IbRs Tord ' 1INRs 

150 
150 
I50 
I SO 

1970-1974 
1975-1979 
1960.1984 
1965-1989 

I. IVC'Hs GCHs 

13uX) 
3300 
1200 
330 

560 
3200 
BOO 
2100 

Tritiunt 

I l l \ %  

530 
430 
220 
6 1 

&00 
460 
210 
IVO 

Woo0 
6600 
T ( X l  
3 0  

UKIJ 
5 1 0  
5500 
?(KX) 

26 
26 
2b 
26 

96 
96 
% 
96 

46 
36 
44 
30 

1970-1974 
1975-1979 
1960-1984 
1985-1969 

Carbon-14 

1.6 
3.4 
3.4 
2 5  

5.4 
7.8 
5.9 
2 6  

9.9 
7.6 
5.4 
9.0 

0.12 
0.12 

. 0.12 
0.12 

1970-1974 
1975.1979 
1960-1984 
1965.1989 

U O  
540 
670 
460 

0.52 
0.52 ' 
0.33 
0.45 

0.71 
0.70 
0.75 
0.52 

0.22 
0 .Z  
Q 35 
0.12 

ludinc-131 

0.z  t2 

0.22 
0.35 
0.9 

0.060 
0.080 
O.OS0 
0.014 

0.0033 
0.0050 
0.0018 
OSMW 

6.3 
6.3 
6.3 
4.8 

0.017 
0.12 

0.0369 
0.0018 

197001974 
1975-1979 
3960-3984 
1965-1989 

I'a~~licululrr 

1.3 
1.3 
1.3 
1.3 

0.15 
0.*1 

O.CiN3 
0.0016 

0.0033 
0.0050 
0.0016 
0~000'1 

0.0014 
0.0014 
0.0014 
0.0014 

0.0010 
0.0010 
0.00 14 
0.0007 

0.M0 ' 
0.053 
0.M3 
0.0091 

1970.1974 
1975-1'179 
1960-1984 
1985-1969 

0.0014 
0.0031 
0.0002 
0 . W 2  

0.018 ' 
0.0022 
0.0045 
0.00?0 

Tritiunt (liquid) 

0.00004 * 
0.00004 
0.00001 
0.0002 

0.015 
0.015 
0.016 
0.012 

180 
350 
200 
370 

1970-1974 
1975.1979 
1960-1984 
1985-1969 

3.0 
1.4 
21 

0.79 

11 
36 
27 
2.5 

Olhrr (liquid) 

0.CQO2 
O.OOV2 
0.0002 
0.000? 

9.9 
3 
96 
I 20 

Il 
Il 
11 
11 

1970.1974 
1975-1979 
1980-1984 
1985-1969 

I 

0.019 
0.017 
0.014 
0.00JO 

2 9  
L 9  
2.9 
2 9  

0 . 3  
0.18 
0.13 
O.M5 

19 
42 
38 
41 

2 0 '  
0 . 3  
0.1: 

0.036 

- 5 5 '  .- 
4.F 
4.5 
0.W 

0.60 
0.47 
0.026 
0.030 

0.20 
0.16 
0.13 
O.M5 

0.20 
0.18 
0.13 
0.026 

2 1  
0.70 
0.36 
0.079 



~ ' J I ~ ~ c  39 
I:lcctrlcr~l energy p c ~ ~ r r i ~ l c t l  I)y nuclc i~r  r c ~ ~ c t o r s  worltl\vitlc 

Table 40 
Eslirnalcd rclcnscs of rndionuclidcs lro~ii rcaclon worldwide 

Yr'w 

Uciac I970 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1 9 n  
1978 
1979 
1960 
1981 
1962 
1983 
1964 
1985 
1986 
1987 
1968 
1969 

Taal 

l ' N I < s  

5.53 
2 54 
4.07 
5.52 
7.90 
12.12 
20.34 
22.70 
29.84 
34.00 
33.37 
40.08 
50.9: 
51.06 
63.92 
78.60 
94.62 
105.3 
117.3 
128.6 
135.9 

1050 

I'cur 

&iac 1970 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1 9 n  
1976 
1979 
l9m 
1981 
1'462 
1983 
1964 
I985 
1966 
1967 
1 Q6h 
1969 

Taal rclcax (7Uq) 

Average narnrl~ud rclcax 
P q  (GW a)''] 

N11Rs 

3.18 
1.53 
3.47 
5.30 
6.63 
8.20 
10.16 
13.36 
14.14 
16.66 
X.89 
21.18 
22.93 
25.20 
26.04 
3 1.27 
37.76 
40.07 
42.15 
44.2 1 
4l.23 

442 

h'oblc 
Emu: 

160000 
P_SOO 

161000 
244000 
312000 
385000 
lqJO0 
157000 
1721100 
2 16000 
24.7000 
94200 
107000 
I 16000 
135000 
I5 1(K)O 

59100 
Y 700 
61300 
6G7MI 
67fXIo 

3 l WIKU 

I720 

oacrry ~cncrurcd 

11117~s 

0.4 I 
0.16 
0.57 
0.65 
1.62 
2.02 
1.03 
2.45 
2.74 
3.6 1 
4.60 
4.61 
5.19 
5.03 
6.52 
7.29 
8.29 
V.53 
10.33 
10.77 
10.33 

99.5 

Elrrtricul 

G C H s  

18.92 
3.67 
4 16 
5. I5 
4.44 
5.28 
5.1'4 
5.55 
5.66 
5.68 
5.79 
5.56 
5.38 
6.00 
6.48 
7.00 
7.46 
6.6'4 
6.66 
7.93 
6.13 

137 

I'orl~'cu(aler 

0.26 
0.1 1 
0.22 
0.32 
0.42 
0.56 
0.6 1 
0.79 
0.86 
1.12 
1 . 5  
1.18 
1.32 
1.46 
1.56 
I .H6 
0.68 
0.69 
0 . n  
0.61 
0.63 

17.7 

0.1l10 

J l ~  

519 
179 
462 
670 
1360 
I5UI 
I330 
16-W 
IS.SO 
3 4 0  
-0*) 

37~0 
4ltKt 
J W  

5160 
5760 
47LX) 
53-W 
.SE 20 
6wJ 

591U 

GSEIK, 

-36 

(GI{' a)  

L I\'GRs 

0.74 
0.17 
0.17 
0.17 
0,62 
0.64 
1.49 
2. I5 
2.79 
3.44 
4.74 
4.74 
6.03 
6.66 
8.94 
6.67 
11.41 
8.74 
11.05 
11.93 
11.99 

106 

Tririun 

(1;e;dJ 

34 1 
104 
203 
285 
490 
SE7 
1610 
1900 
zzw 
28 30 
31 10 
31 10 
35 10 
3660 
4390 
SO60 
6520 
7150 
n m  
6360 
64 10 

71700 

39 

I'c 

10.6 
3.5 
7.5 
10.7 
16.6 
22.0 
25. I 
31.5 
36.2 
47.2 
9.8 
5e7 
6S.l 
70.7 
66.3 
46.1 
668 
91.3 
1111 
107 
ILffi  

1111J  

U 62 

Other 

(li+idJ 

112 
23.9 
31.0 
40.6 
40.5 
49.3 
326 
36.1 
39.5 
41.3 
429 
33.7 
34.7 
38.5 
42.1 
47.1 
13.6 
135 
10.2 
15.9 
16.4 

759 

0.41 

Flub 

0 
0 

0 . m  
0.006 
0.005 
0.11 
0.15 
0.11 
0.036 
0.17 
0.22 
0.55 
0.58 
0.52 
0.S 
0.61 
0.67 
0 . n  
0.81 
0.67 
0.81 

7.4 

I < r lcur  ITIfqJ 

lJ l l  

0.59 
0.26 
0.56 
0.85 
1.11 
1.36 
4.40 
5.79 
6.19 
8.20 
9.13 
O.(I(I 
Ll.7'4 
U.&b 
1.N 
1.15 
0.32 
0.3U 
0.35 
0.3& 
(1.26 

51.7 

0.024 

- 
Told  

3 . 8  
8. I 
12.5 
17.0 
21.6 
28.6 
39.3 
46.3 
55.4 
66.0 
69.6 
76.9 
91.0 
99.5 
1124 
133.8 
160.4 
171.3 
189.5 
20J.1 
211.4 

1844 



T n l ~ l c  41 
Collccl ivc  d o s e  p e r  u n i t  rclcrtsc o r  r n d i c ~ r t u r l i c l ~  l'rott~ r e ~ t r l o r s  

" Also assumcd lac I.WGRr and FUlls. 
Nro asrumcd fa ll\VKs. 

' Laal and regional. 
Eqrcasd in t c r m  or '''1 reiascd. 

1i.p o j  rclcarc 

Arhornc 

liquid 

T~ible 12 
Normalized collcclivc c f i c l i \ . e  doses  lrorll  r ad innuc l ides  r c l c i ~ s c d  I'm111 rcoclon, lC)115-1989 

Hw/~o,~u~-lilJC 

Nchlc pscs 

Tnt~um 

G r b n - I 4  

lod~nes * 

I'art~culalt~ 

Tn~iwn 

Other than 1r11r~rn 

Local and rcgronal compuncnlr only. 

Cu~npu>i/im~ Jar rcc~reirr (vpr 

l'\irl< 
1!\tfK 
GCK 

I'1VK 
13\VI< 
GCK 

I*\\% 
UWH 
GCR 

Reuror 

vP= 

PWR 
BWR 
GCR 
IiNR 
LWGR 
FBR 

Collrcri~c dorr prr writ rrlcacc 
( ~ I I M  S t s  p n q e )  

0.12 
0.26 

0.01 1 

1 l 

IPID ' 

340 
520 " 
510 

5JM 

0.61 

X I z b  
170 
40 

Elccrricol 

C M M  
~ r n a o r c d  

(W 

62.13 
2.35 
3.96 
5.?6 
5.66 
0.40 

2 

C o l l c r r , ~ . ~  cficr4~.c dose pm unic clcrrrirol cnwgv gcnoatcd (man Sv (GH' or1 ]  

Wetghrcd airrage 

Total 

.\ i r t~~wnc flucnfs 

1.4 

~ ' O M C  gatu 

0.010 
0.075 
0.02: 
0 K.1 
0.2.: 
0.018 

0 07'4 

Liquid cfflumu 

.'I/ 

0.020 
0.LmbS 
0.097 
0.30 

0 . m 9  
0.003 

0.033 

' 1 1  

0.030 
0.028 
0.OVV 

5 3 
0 . 3  
1.1 

0 33 

0 1 i 1 n  

0.0009 
O.aM1 
0.038 
0.0006 
0.0009 
0.0006 

0.004 

Pmicu /oru  

0.01 1 
0.WV 
O.OU38 
0.001 1 
O.M5 
0.0010 

0.022 

1 4 ~  a 

U . 2  
0.61 
0.U7 
F.6 
:.3 

0.22 

11 92 

I J I ~  

0.W03 
O . M ( n  
0.0007 
0.0001 
0.W69 
0.UKI5 

O.UW)6 



Tublc 43 
Collective clXclivc dose frorii ri~dionuclidcs ~ C I C I I S C ~  I'runi fci~clors worltlwidc 

Tablc 44 
Fuel reprocessing capncilics In 1919 

[I81 

Yew 

k f a c  1970 
1970 
1971 
1972 
1973 
I974 
1975 
1976 
1 9 7  
1978 
1979 
1960 
1981 
1982 
1983 
1984 
1985 
1955 
1987 
1968 
1989 

Taal 

Fuel rcprocernng planf 

France 
Marwulc UP I (GCR fucl) 
Cap dc L Ijaguc LrP2 (LWR fuel) 
Marwulc APM 

Germany, Federal RcpuMlc d 
L1luuhc 

Japan 
Tokal -Mura 

Lndla 
Tarapw (HWR and I.WR fuel) 
Tromby (Resuch ruaa fuel) 

USSR 
Kyrhrym 

Urnled Lngdan 
Scllalicld ( M a g o r  rcacta furl) 
Dounrcay 

Taal 

Noblc 

38 
18 
4 1 
62 
78 
96 
3 
33 
36 
47 
53 
16 
18 
M 
22 
36 
6.9 
6.6 
7.5 
7.9 
6.0 

666 

"C 

I9 
6.3 
13 
19 
34 
40 
45 
n 
65 
65 
99 

107 
123 
127 
15s 
177 
156 
164 
162 
192 
190 

3 5 5  

l i i r iwn 

5.7 
2 0  
5.1 
7.4 
15 
17 
I5 
18 
2 1 
28 
33 
41 
45 
44 

57 
64 
52 
59 
64 
67 
65 

72 4 

kc-pruroreuing rapucity ( I  ti') 

Collcrt i~~c cficrti~~e 

lJ11 

0.30 
0.13 
0.29 
0.44 
0.57 
0.70 
2 3  
3.0 
3.2 
4.2 
4.7 
0.32 
0.39 
0.43 
0.53 
0.57 
0.15 
0.14 
0.16 
0.17 
0.17 

'-3 

FBR 

5 

1 

6 

b l c t l  

MI 

.W 

I5iU 

2I.W 

Oxide 

400 

35 

210 

100 

400 

1145 

du.%c ( ITIUI  St,) 

I'wticu/rrrcr 

1.4 
0.61 
1.2 
1.7 
2.3 
3.0 
3.3 
4.3 
4.6 
6.1 
6.7 
6.4 
7.2 
7.9 
6.5 
10 
3.7 
3.7 
4.1 
4.4 
4.5 

'45 

Orhcr 
(li+id) 

5.3 
1.3 
2 1  
3.0 
3.3 
4.0 
1.6 
1.8 
2 0  
Z2 
2 3  
1.5 
1.6 
1.7 
1.9 
2 1  

0.62 
0.62 
0.65 
0.71 
0.72 

41 

Tritium 

( l iqui4 

0 . 3  
0 . a  
0.16 
0.23 
0.40 
0.4E 
1.3 
1.5 
1.9 
2.3 
2 5  
2.5 
2.8 
3.0 
3.6 
4.1 
5.3 
5.8 
6.3 
6.8 
6.8 

S6 

Told  

70 
28 
63 
94 
133 
161 
94 
119 
133 
175 
201 
176 
198 
205 
249 
283 
225 
240 
264 
2-19 
275 

3665 



ANNIX B: LKI'OSUm 1:KOM hiNJ-MADE SOURCES 01: I W I A T I O N  193 

B a s d  m cncrgy generated in 1990 and thc d ~ t u  In Tahlc 16. 
LWR o u J c  fuel unlcrr uhcruqsc tnd~caled. 
IIU'R fucl. * In the a r c  d lndta, about 190 I, in ~ h c  nu of ~ h c  RrpuMtc o(. Kaca,  about 100 I Is InVR lucl. 

C o u n q  

Argcntiru ' 

Dcl g urn 

Brazil 

Bulprirl 

Canada ' 

C h ~ n a  

~ \ o s l o v a l j a  

Enlrnd 

f iance 

Gcrrnany 

llungary 

India 

Japan 

Mcdm 

h'elhcrlands 

Pabslan ' 

Republic d Korea ' 
South Africa 

S p i n  

Swcdcn 

Suitrerland 

USSR 

Clnitd G n g d u n  

L'mlcd SUICI 

Yugoslavia 

Ton1 trwndcd) 

In~cr im 
s l o r o ~ r  

X 

X 

X 

X 

X 

X 

x 

x 

X 

x 

X 

Final  
sloragc 

X 

x 

X 

Rcprocerrinj 

x 

X 

x 

X 

X 

X 

x 

X 

X 

X 

x 

X 

x 

x 

X 

Ind ica i t c  a r n w n u  of s p e n r f ~ u l  

All 

Aierol 

150 

33 

1300 

1 500 

g e n o a r u l  in I W O  (I a-I) 

coun i r iu  

Oxidc * 
170 

170 

9 

57 

2500 

10 

6 

I200 

670 

54 

200 

loo0 

2: 

14 

23 

-W 

36 

230 

3 4  

100 

420 

140 

3 0 0  

19 

11OOO 

C o v n n i o  uirh 
reprocess 

hlrral 

150 

33 

1 3 M  

1500 

an i ~ c n l  to  

0.ridc 

170 

170 

9 

10 

8 

1200 

670 

-% 

'90 

loo0 

14 

100 

420 

I40 

4900 



Leu Ibn daeclion limit. 

Rcprorrsrin~ plant 

hnncc 
Cap dc IA l l ayc  

Llnilnl R~ngdom 
Scllrlicld 

Japan 
Tokal-Mun 

)'ear 

IORS 
1986 
1087 
I088 
I080 

1085 
1086 
1'487 
1988 
I989 

198s 
1986 
1987 
1988 
1989 

Elccwkd 
CnffK? 

p n o a e d  
fGH7 

6.1 1 
2.52 
3.04 
2.35 
3.65 

1.70 
3.8 1 
2.43 
2.84 
3.69 

1.2 
1.2 

0.93 
0.17 
1.1 

Total rclcasc (TDq) 

Electrical rnngy gmn~tcd (GW a) 

Sormalized rclcarc [TBq (GW a).'~ 

RcIcarc 

91 

32 
6 
15 
2 1 
25 

26R 
171 

78.3 
185.6 
677 

2.8 
2.7 
3.7 
2 5  
3.7 

1494 

36.74 

41 

(T&2, 

J~~ 

2600 
2WO 
3000 
ZSOO 
3 7 0  

I062 
2150 
1375 
1724 
2144 

260 
240 
260 
74 

240 

23630 

36.74 

643 

j4c 

7.0 
5.4 
9 .5 
3.6 
3.9 

29.4 

14.47 

2.0 

"c 

0.7 
0.7 

1.3 
7 6 
2.1 
3.0 
2.0 

124 

23.1 

0.54 

Airbornc 

6 s ~ r  

70300 
2W00 
3WK) 
27000 
42000 

238011 
53300 
340UO 
39800 
51700 

loo00 
I -mCKl 
12000 
2700 
9800 

453400 

36.74 

I2300 

Lipid 

% 

76 
78 
65 
48 
4 1 

52 
18.3 
15.0 
10.1 
9.2 

O.oal02 
0.000025 
0.000009 

412.6 

36.74 

11 

flucnts 

0.007 
0.03 
0.0 19 
0.024 
0.024 

0.0010 
0.0023 

0.00014 
0.00009 
0.00024 

0.108 

19.07 

0.0057 

flucnu 

IWnu 

430 
470 

8 I 
28 

2 2  1 
23.6 
25.0 

lOP0 

27.70 

39 

I J I ~  

0.002 
0.003 
0.004 
0.002 
0.002 

0.013 

19.07 

0.0007 

'37c~ 

0.002 
0.007 
0.001 
0.005 
0.001 

0.022 

14.47 

0.0015 

0.13 
0.13 

c 0.1 
0.12 
0.1 

0.13 
0.17 

0.880 

27.70 

0.032 

1 J 7 ~ ~  

29 
29 
7.6 
8.5 
I? 

325 
17.9 
11.8 
13.3 
28.6 

0.00008 
0.00017 
0.00015 
0.00009 
0.00001 

483.7 

36.74 

13 



Yews 

1970-1979 
1960-1984 
1985-1989 

1970-1979 
1960-1964 
1965-1989 

Normnli=cd r r l r ~ c  [TIlq (GW a).'] 

Airborn r/jlu*& 

1J1, 

0.098 
0.019 
0.0007 

'3, 

0.W2 
0.004 
0.006 

'11 

68 
52 
4 1 

'j7cs 

0 1 1  
0.036 
0 W2 

Liquid r/jlu*nlr 

I4c 

1.6 
3.4 
20 

aJfi 

14200 
12700 
12MO 

I I 

'-9 

0.046 
0.040 
0.032 

' W ~ o  

340 
120 
39 

Jl 1 

400 
405 
64 3 

I' 7cs 

loo0 
270 
13 

I4c 

0.55 
0.54 
0.54 

140 
48 
11  



Table 48 
EsUrnnted mlen5es of radlon~rcllda from fuel reproresslng p11~nt.s worldwlde 

Ycm 

Bdac 1970 
1970 
1911 
1972 
l 972 
1974 
1975 
1976 
1977 
1978 
1079 
1980 
1981 
1982 
1983 
1984 
1985 
1086 
1987 
1988 
1989 

Tatd 

Fud 
rc~ocascd  

(GW a) 

2.2 
0.6 
1 .O 
1.3 
1.7 
2.2 
4.8 
4.0 
3.9 
4.0 
4.8 
5.5 
7.4 
8.2 
7.5 
5.1 
9.0 
7.5 
6.4 
5.4 
8.4 

101 

Average n u d i d  release 

fa fud r r p r a a x d  
1% (GW a).'] 

Avoagr norn~aliud rclasc 
fa r n a g y  perntcd 

ITBq (Gw a).'l 

'291 

0.10 
0.03 
0.04 
0.06 
0.08 
0.10 
0.22 
0.18 
0.18 
0.18 
0.22 
0.22 
0.29 
033 
030 
0.20 
0.23 
0.25 
0.20 
0.17 
0.27 

3.9 

0.038 

0.002 

'H  

898 
252 
389 
530 
674 
891 
1810 
1460 
I250 
1810 
1840 
1980 
2810 
2760 
3000 
3080 
3920 
4690 
4640 
4300 
6MO 

49100 

490 

27 

137~s 

2 3 0  
633 
975 
1330 
1690 
2240 
5 3 0  
4320 
4530 
4130 
2620 
3000 
2400 
2050 
1220 
464 

354 
47 
19 
22 
42 

39600 

390 

2 1 

Rclcasr in liquid 

% 

306 
86 
133 
181 
2.M 
304 
54 I 
421 
500 
737 
367 
381 
306 
405 
346 
182 
1 28 
96 
80 
58 
50 

5840 

58 

3.2 

-- - 

"C 

1.2 
0.34 
0.52 
0.71 
0.90 
1.2 
2.6 
2.2 
2.1 
2.2 
2.6 
2.9 
4.0 
4.4 
4.0 
2 7  
4.8 
4.0 
3.4 
2.9 
4.5 

54 

054 

0.029 

eJflumfs (TEq) 

I W ~ u  

753 
212 
326 
444 
565 
747 
1590 
1320 
1360 
1610 
1140 
727 
86 1 
890 
890 
699 
521 
498 
2.72 
211 
332 

15900 

160 

8.6 

>H 

198 
56 
86 
117 
149 
197 
4 47 
446 
307 
227 
422 
265 
4 73 
3 70 
278 
358 
303 
180 
97 
209 
706 

5890 

flumrs (TRrl) 

"I 

0.001 
0.001 
0.002 
0.002 
0.003 
0.004 
0.008 
0.007 
0.007 
0.007 
0.008 
0.03 
0.02 
0.03 
0.03 
0.04 
0.05 
0.04 
0.04 
0.03 
0.05 

0.4 1 

58 

3.2 

0.0040 

0.0002 

"C 

4.0 
1.1 
1.7 
2.3 
3.0 
3.9 
8.5 
7.1 
7.0 
7.1 
R.4 
19 
25 
28 
25 
17 
18 
15 
13 
11 
17 

243 

I JI, 

0.22 
0.06 
0.10 
0.13 
0.17 
0.22 
0.47 
0.40 
0.39 
0.39 
0.47 
0.10 
0.14 
0.16 
0.14 
0.10 
0 . M  
0.005 
0.001 
0.004 
0.001 

3.7 

Rclrnrr in nirhune 

8shi 

3 K m  
8WO 
I.IR00 
18900 
2JocN 
31800 
68000 
57000 
SRBW 
56800 
68 1 IN 
68900 
9.W00 
103600 
93800 
65400 
104100 
95300 
81000 
68700 
103500 

1318000 

2.4 

0.13 

IJ7cs 

0.25 
0.07 
0.1 1 
0.15 
0.19 
0.25 
0.53 
0.45 
0.44 
0.44 
0.53 
0.2 1 
0.28 
0.31 
0.28 
0.19 
0.014 
0.011 
0.010 
0.008 
0.013 

4.7 

0.036 

0.002 

- -  

13000 

720 

0.047 

0.003 



A N N W  B: E X P O S U E !  FROM MAN-MADE SOURCES 01: KADIATON 197 

1 

Table  49 
Norrnnllzcd locul nnd r c ~ l o n n l  collccllvc c f i c t l vc  dosc frnm rucl rcprwc~s ing ,  1985-1989 

" Namalizcd fa the energy equiwlcnt d fuel reprocessed. 
The fraaion of fuel rcpr-d during 1965-1989 w s  0.04. 

H m i i o  
nuclide 

NormrrlLal rclcntc ' 

[Ttlq (GW or ' ]  

hirhome rfllurnb 

Collecritu darc 
per nnu rclcprc 
(man Sv ray.') 

11-3 
C-14 
K1-85 
1-129 
1-131 

Cs-137 

Tdal  

h ' o r m o l i d  c d l r r r i ~ r  dcuc 1- Sv (GW a).'] 

41 
2 0  

12300 
0 .009 
0.0007 
0.0015 

F a  Jucl r c p r o r b s d  

Liquid rfflurnla 

ITn rnrrgy gcnrrotad 

11-3 
C-14 
Sr-90 

Ru-106 
1-129 
Cs-137 

Taal 

0.004 
0.033 
0.004 
0.010 

0.00001 
0.0007 

0.05 

0.0027 
0.4 

O.EWT74 
44 
0.4 
11 

0.11 
0.81 
0.091 
0.25 

0.0003 
0.017 

643 
0.54 

11 
39 

0.032 
13 

0.0000018 
0.4 

0.012 
0.07 

0.08 

0.0012 
0.21 
0.13 
2 8  

1.1 

0.00005 
0.009 
0.005 
0.11 

0.042 

0.17 



Tnhlc 50 
Estirnnlcd lwsl nnd rcgionnl collective dtse from rndion~~clidcs relensed from fr~cl reprocessing pli~nts worldwide 

i ' w  

I3cf1nr 1970 
1970 
1971 
I972 
1973 
1974 
1975 
1976 
1977 
1978 

1979 
1980 
1081 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 

Total 

Total 

Cdlccrilu effeni~r 

4600 

dose (man .Yv) 

311 

0.5 
0.2 
0.2 
0 3 
o r  
0.5 
1.2 
1.2 
0.8 
0.6 

1.1 
0.7 
1.3 
1.0 
0.7 
1.0 
0.8 
0.5 
0.3 
0.6 
1.9 

16 

JH 

0.0m 
0.0005 
0.0007 
0.001 
0.001 
0.002 
0.003 
0.003 
0.002 
0.003 
0.003 
0.004 
0.005 
0.005 
0.005 
0.006 
0.007 
0.008 
0.008 
0.008 
0.011 

0.09 

Airborne 

1291 

0. I7 
0.05 
0.07 
0.10 
0.13 
0 17 
0.36 
0.30 
0.30 
0.30 

0.36 
1.47 
0.93 
1.16 
1.31 
1.63 
2.24 
1.87 
1.59 
1.33 
2.10 

18 

W~ 

3.7 
1 .O 
1.6 
2.2 
2.8 
3.6 
6.5 
5.1 
6.0 
8.8 
4.4 
4.6 
3.6 
4.9 
4.1 
2.2 
1.5 
1.2 
1 .O 
0.7 
0.6 

70 

"C 

0.5 
0. I 
0.2 
0.3 
0.4 
0.5 
1 .O 
0.9 
0.8 
0.9 
1 .O 
1.2 
1.6 
1.8 
1.6 
1.1 
1.9 
1.6 
1.4 
1.2 
1.8 

22 

"C 

I .6 
0 4 
0.7 
0.9 
12 
1.6 
3 4 

2.9 
2.8 
2.6 
3.4 
7.4 
10.1 
11.1 
10.1 
7.0 
7.3 
6.1 
5.2 
4.4 
6.9 

97 

131, 

0.OM 
0.02S 
0.038 
0.052 
0.066 
O.OR8 
0.19 
0.16 
0.15 
0.16 
0.19 
0.042 
0.056 
0.062 
0.057 
0.039 
0 . m  
0.002 
0.002 
0.001 
0.002 

1.5 

rrh 

0.24 
0.07 
0.10 
0 14 
o 18 
0 23 
0 SO 
0.42 
0.44 
0.42 

0.50 
0.5 1 
0.7 1 
0.77 
0.69 
0.48 
0.77 
0.71 
0.60 
0.5 1 
0.77 

9.8 

Liqiid 

I ~ R U  

53 
15 
23 
31 
40 
52 
1 1 1  
92 
95 
113 

80 
51 
60 
62 
62 
49 
36 
35 
18 
15 
23 

1110 

lJ7cs 

2.7 
0.8 
1.2 
1.6 
2.1 
2.7 
5.9 
4.9 
4.8 
4.9 
5.8 
2.3 
3.1 
3.4 
3.1 
2.1 
0.2 
0.1 
0.1 
0.1 
0.1 

52 

1.3, 

0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

"7cs 

180 
51 
78 
106 
135 
179 
421 
346 
362 
330 

210 
240 
192 
161 
98 
37 
28 
3.8 
1.6 
1.7 
33 

3200 



Tt~blc 51 
Normulized collccllvc cffc~tivc dose f rom ylob~~lly dlsperscd rudlonuclides 
for a Llmc period or IO,O(W) ycktn 

" Snmalization f a  total cncrgy gcncratcd. 
Numalitation f a  luel rcpracssed. 
Kumalization f a  total cncrgy gcncratd; thc contrihutim fran rcproxssing planls is wci&tcd according to the fraction of fucl rcprcccscd (0.M). 
Rclnsc to sea: 643 TBq (GW a)-'; remainder rcleascd to air. 

' For release to air a huh water: Ins hy a factor oi 10 for release to sea. 

For world population of 5 10' at lime d rcleasc. 
8 For %.orid population of lot0. 

Table 52 
Fstimaled releases of globnlly dispersed radionuclidcs and colleciivc effective dose Tor a time period of 
10,000 ycrtrs 

Kod ie  
nuclide 

11-3 
C-14 
Kr-85 
1-129 

Collccri~r dare per 
wit rclcare 

(mm SY T R ~ )  

0.0012 'f 
85 r 

O.OO(POO(P f 

4 8 

Rclcaae lo atmosphcrc a fresh waicr. factor of I0 lrsr f a  rclcaae lo m surfact. 
Global populruon in year drclcarc (19703.7 10q, 1975 4.1 10'. 1980 4.5 10'. 1985 4.9 lo0, 1989 5.2 104: aasumng3.6 10'personr la relcascs Morc 1970. 

h'ormnlkd 
collccrivc dare 

[mar: Sv (c;ne a)-'] 

0.09 
53 
0.1 

0.006 

Tdal 

Nnrmalktd ocrit , i~ relcarcd /T!lg (GUT a)-'] 

Yew 

Bcfac 1970 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
197l 
1978 
1979 
1960 
1951 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
I989 

Taal rclcasc (TBq) 

Dcsc commitment pcr unit relase (nGy TBq.') 

Popu~at~on 

Callcct~vc eKm~vc doac (man Sv) 

Tael collective cffcaivc dusc (man Sv) 

53 

Total 

98 
0.62 
490 

O.M)15 

Hcacrors 

7 1 
0.52 

' H  

1960 
592 
1140 
16M 
%70 
3210 
57CO 
5460 
57;O 
74CO 
8370 
'XM 
1 Ow0 
10900 
IlfilX) 
14330 
15930 
l74M 
16470 
19lZK) 
21 Is30 

193000 

0.00027 

b 

180 

Reprocersinb plonrr 

664 
254 
IZWKl 
0.038 

Release 

'*c 

15.8 
5.0 
9.7 
13.8 
22.6 
27.1 
36 .Z 
40.6 
45.3 
56.4 
65.8 
81.2 
97.3 
103 
116 
116 
110 
111 
117 
120 
127 

1440 

6.5 

IO'O 

122000 

(TBd 

Csk? 

32000 
6990 
I3600 
18900 
24000 
31800 
66000 
57000 
58800 
56800 
68 100 
68900 
95600 
lOM00 
93800 
65400 
104100 
95300 
81000 
68700 
103500 

13 180M) 

0.000043 

b 

2bO 

1'jnOO 

129, 

0.1 1 
0.030 
0.M6 
0.063 
0.060 
0.11 
0 . 3  
0.19 
0.19 
0.19 
0 . 3  
0 . 3  
0.3, 
0.35 
0.33 
0.24 
0 . 3  
0 . 3  
0.24 
0.20 
0.32 

4.3 

0 4 

1 0 ' ~  

17 



~ r l l l ~ l e  53 
N o r n ~ ~ ~ l i r c d  r o l l c c l l v c  c l T c ~ ' l i v c  dosc lo 11lc1111)cn of  t h e  p u l ~ l i c  I'IY)III n ~ d l a r ~ u c l i d c s  r c l c ~ i s c d  In e m u c n l s  f m m  i h c  

n u c l u ~ r  f u e l  c y c l e  

. b w c r  
Normulirrd rullwriru 

cffcnitu dare 
/won St. (GW a)-'l 

l w u l  und rrpiurlrl r~rnlpuncltl 

M I N ~ ~  

Milling 

M ~ n c  and mill ~ailings (rdrascs ovcr 5 y n n )  

I:ucl iahricariar 

R u a o r  opcradon 
A~mosphcric 
Aquat~c 

Rcprocssrrng 
Atmcsphcric 
Aquatic 

Tnnspata~ion 

Taal (rounded) 

1.1 

0.05 

0.3 

U.003 

1.3 
0.M 

0.05 
0.2 

0. I 

3 

Sulid n u t r  disyorul arid plulud rur r ipu~~rr~l  

Mrne and mill tail~ngr (rdciises of ladon obcr 1 0 . 0  ).cars) 

Reactor opention 
Low-lcvcl naste d ~ s p s a l  
In~crmcdialc-levd ~ a r l c  drspoul 

Rcproceving s l i d  u a r ~ c  disposal 

Globally dispersed radimucl~da (1runr;~tcd lo IO.WX) ycars) 

Total (rounded) 

150 

0.00005 
0.5 

0.05 

50 

ZU) 



Table 55 
Production and dose cslin~nlcs I'or ritdioisotopcs used in mcdic:rl, ~ulucational nnd induslrinl npplicnlions 

R d i *  
nuclide 

11-3 
C-14 
P-32 
S -35 

Ca-45 
G-51 
Fc-59 
Ga 4 7  
Sc-75 

L 4 l m  " 
Ks-85 

Tc-9% " 
Tc-99m 

In-111 
1 -13  
1 -15  
1-131 

Xc-133 
Pm-147 
11.201 

Dcvclopcd ccuntnes only. * Equ~\dcni lo 1.6 10' populauon (I.? 111\1lmcs IOOG ur.igi. In dcvrloprd counlrrrr plu 3.7 10' ilnics IWc uwgc ~n dcveloplng countria). - 1-1 and rcsonal (short-term) dose. Long-trrm F O I ~ C C I I ~ E  d ~ s r  cocl.liaenl I S  SS.(XU mln Sv ~ 1 3 ~ "  and annual cdlcclrvc cKcctlvc dmc I S  4,000 man SE 

Tord 

1650 
616 
995 
263 
20 
3 6  
8 

16660 
10 

613 
216 

163500 
63640 
314 

6359 
729 

4011 
321W 
75650 
1.5200 

R d i *  
nvcl~ile 

H -3 
C-14 
Kr -85 
1-1l3 
1-1 25 
1-131 

Xc-133 

Tdal 

(GHq) 

Indurrr). 
m d  olhd 

123 
1 IS 
I I 
8 
I 
8 

0.3 
1.2 

20: 
265 
75 

(0.07) 
2 

149 
3 
3 

75850 
2 

Q~rr r i r ic r  of rndiu~\oropo w e d  

r\n,irr~J global producrion 
o d  rclcme 

(l2lJqj 

0.13 
0.05 
0.02 
0.7 
O.(K, 
0.3 
16 

Annu111 normullzcd 
producrron 

(GBq pcr ldr popiilalror~~ 

60 
M 
10 

400 
40 
200 
1600 

Rerearc11 
L t r l i r ~ ~ i u ~ n  

1166 
469 
543 
134 
6 
79 

1 
0. L' 

(0.1) 

14 
12 

(0.4) 
(0.07) 
(0.5) 
174 
32 
3 

1 

Ilacpit d s  
and clinics 

25 
13 
24 
I0 
I 
25 
6 

16660 
10 

813 

163100 
63770 
314 

6353 
273 

39 64 
33260 

ISL'OO 

Collccrivc dare coflcicnr 
(man 51. p1jq-') 

I1 
lS(X) ' 
0.16 
0.022 
110 
-W 

0.14 

Educa~iui~al 
organiaions 

334 
16 

407 
I l l  
11 
114 
0.7 
0.6 

(0.05) 

-- -. 
1 

0.2) 
4 

133 
11 
3.: 

co J) 

r\nnwl rollerriw cffcrrisr 
dose 

(man 5s~) 

1.4 
66 ' 
0.004 
0.01 

7 
9 

0.4 

100 
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Trlhlc 56 
Collecllvc e ~ k c t l v e  dose r r o ~ i ~  lhc K y s l ~ l y ~ i i  nccidcnl 

Evdcuad 7-10 days alicr the accidcnt. 

Ebacuatd 250 days after thc acciden!. ' Eracua~cd 350 days aRn h c  accident. " Ebacuaicd 670 days after ihc accidcnt. 

r 

h'umhrr of 
indi%idrrol 

Table 57 
Estirnutcs or collcctivc cncctive dose rrorn re-entry to the n1n:osphcrc a n d  burn-up o r  the Cosnios 954 snkllitc 

Deposiriun density 

of C n ~  i n  re~ i tnu  
(Nlq mv2) 

a 
For tcmpcratc I3t1ludes d thc nocthcrn hcmlrphcrc 
AIS~rnlng 100% d '''I and "'G and 75% of othcr raltmuciidcr In rorc invmtory at Ihc limc of re-cnlry wrrc rcicasd lo Ihc atmosphere. 

F r m  Table 8, all pathways comhncd. 

Avcragc value lor Icmpcnlc latlludca of northern hcrnlrphcre; d~wdc hy 1.5 to ohtain nvrrilge fm norlhcrn hcmisphcre; dlvidc northern hemispherc avcrap 
M ~ U C  by d to obtaln avcragc valuc lor roulhcrn hcm~sphne. 
huuming global popviabon of 4 3 10' drslrtbulcd 89% In mrthcrn hcrmrphcc and 116 in ~oulhcrn hcrmrphcrc; for 3'~u, Ihc glahl ppula~lcn IS assumed 
to hc 10'". 

XIiOimuclide 

Sr-90 
B-95 
s'b.95 
Ru-103 
Ru-ID6 
1.1?1 

6-137 
Ba-140 
G-141 
G-144 
Pu.239 

Taal 

I 

Evmcus~td pnpulution 

7 

Collccri~u dme 
( m m  Sl) 

A w r o ~ c  eflecri~r dose (mSv) 

11% * 
260 

2000 
4200 ' 
3100 

Taal 

Core immron  
nr reenfry 

IT61 

3.1 
310 
co 
120 
5.4 
160 
3 ? 
400 

3 0 
9: 

0.27 

Fiilernnl 7't1rd 

2OOM) 
7400 
670 
330 
120 

Tram@ 

c ~ c i c n r  

{oz * 
(Rq m'. pcr Eljq) 

5300 
?70 
?lo 
120 

1000 
29 

5400 
? I  
63 

lbn1 

5400 

Sun-r\acuutcd populuho~~ 

170 
140 
39 
I9 

6.8 

loo00 
3MX)O 

Taal 

Deparirion ' 

( ~ q  m") 

0.012 
0.063 
0 . ~ 5  
0.01 1 
0.08 
0.005 
0 017 
0.009 
0 021 
0.11 
0.001 

520 
4.40 
120 
56 
23 

40-70 
4-40 

Trans{er 

c O C ~ ~ C ~ C N  

P, 
(nSv pcr flq m.') 

56.6 
3.78 
1.02 
0.75 
4.6 
4.5 
143 
1.13 
0.12 
1.6 
848 

600 
110 
240 
235 
70 

1300 

20 
4 

Dare 
commirrncnr 

(dl') 

0.70 
0.24 
0.045 
0.008 
0.04 
0.02 
2.5 

0.01 
0.002 
0.20 
0.93 

200 
lo00 

1200 

Collectiw 
cffecriw 

darrr 
(man St') 

2 0  
0.62 
a12 
0.02 
0.10 
0.06 
7.1 
0.03 
0.01 
0.52 
5.7 

16 
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T ~ h l c  58 
F ~ t l t i l l ~ t a  o r  r c ~ d l o n u c l l d c  r c l c t ~ s c d  ~ t n d  co l l c c l i vc  crkctivc dosc f r o m  msn-n111dc c n v i n ) n n i c n l r ~ l  s o u r c c s  of 
n ~ d l t ~ l l o n  

Source 

A~masphcric nuclcar tuling 
Global 
Loul 

Scm~pdadnrk 
Ncvada 
Aurlrllia 
Pacific l u l  rilc 

Undagracnd nuclur taring 

Sudcar weapons fabricalim 
Early p a i c e  

Hanford 
Qlclyabinsk 

L l c r  pnaicc 

Kudcar pown production 
Milling and mining 
R u a o r  operalion 
Fud reprocusing 
Fud cydc 

Rad~dsotopc production and usc 

Accidcntr 
'bee hblc l s l ~ d  
Chcrnobyl 
Kysh~ym 
Windsulc 
Pnlomaru 
n u l c  
SNAP 9A 
Cosmos 954 
Gu&d Juarcz 
Mohammcdia 
Gtiania 

Taal 

Taal d l c a i v c  ef fca~vt  dosc (man Sv) 

E.ncrnJ d o c  only. 
' From rclurc of "'I lo thc atmosphcrc. 

From r c l u r a  d rodionuci~dca Inlo thc Tccha R~vcr. 
Long-tnm collco~vc dcrc from rclusc d ''~n from ladings. 

Collrcri~u cfirrivc datc a 

I 

T m n a t d  at 10.000 yurr. 

( r n ~  

Loral ofid 
r c ~ i m d  

5600 
SOOb 
700 
160 

200 

6000; 
15000 

loo0 
mc 

2700 
3700 
4600 

300000 ' 

?Do0 

40 

3 0 0  
2000 

3 
0 

150 
60 
60 

3E0000 

SI) 

Globnl 

loo00 

IOOOOO 

m000 

6MYMO 

2100 
20 

23 100000 

23500000 

910 

40 

70 
0.01 
0 .E 

0.003 

0.05 

' 1 1  

24IXMO 

130 
57 

2.6 

P O  

1.1 
0.3 

1 .0 

l J l l  

6.50000 

IS 

0.M 
0.004 

6.0 

0.0006 
630 

0.7 

0.2 

Hclcarc 

NoMe 

Rues 

50 

32.00 
1200 

52 

370 

1.2 

(PflQ) 

rn.9 

604 

6.9 

5.4 

0.003 
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INI  l~Lnl lON 

Figurc I.  
Coniplrlnicnl niodcl uscd lo iisscss closes rmnl relcnscs 

or nldioactivc n~;~lcriills lo the atmosphc~r: from nuclwr &ling. 

Figurc 1 1 .  
Fisrion and fusion >iel& of etmosphcric nuclc~rr cxplcnions. 

11151 
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239 I'u 

140 Pu 

lo f 1 I I 1 I I 1 
I 10 10' I d 1 o4 16 lo6 10' 

HALF-LIFE (d) 

Figurc 111. 
Tmnsfcr ri~clor Pol Tmm production or rudionuclidcs in nlmmpheric nuclcar ksting 

b dcpasilion on the carlh's sudncc in the Lcnipcrr~tc m n c  or the northern hcmisphem. 

Figurc IV. 
Stronlium-90 und cncsiurn-137 in Lhc Lohi diet or Dcnmnrk 

I'oinlc: n~cnsurcd vulucs; lints: rcsulls or npplicnllon or r e g a s i o n  niodcls 
b the unnual dcpmltion dcnsilics. 



Figure V. 
Conlributions to slmnliuni-90 and cacsiurn-137 In Lolnl diet per unit deposition denslly 

dcrivcd fmm rcgrcssion rnodcl rcrults of n~casurcnlcnk in Argentina, Dcnrnnrk nnd the United Stntcs. 

Figure VI. 
Envirunnicnlill coniparlnicnt rntdcl of' lhc curlton cycle. 

[i:q 



Figum V11. 
Conlrihulions hy rcl~ctor typa Lo Lob11 c l c c l ~ i a l  cncrgv gcncratcd w.orldu.idc by nuclear mcuns. 

Fipun! VIII. 
I)istril~uLion or unnuill rclc~lscs or iodinc-131 in airborne clTlucnls lroni I'lVRs In the IJnikd S l ~ ~ l u ,  1988. 

(Number or vulua: 56; gwri~ctric mean: 0.038 Gllq; g~amclric  SI): 13.) 
11'21 



I I I 1 I I 
1960 1965 1970 1975 1980 1985 1990 

START-UP YEN\ 

Figure 1X. 
Normnli7rd rclcosc of rndionuclidcs from l1\VRs in thc Unitcd Shtcs during 1988, 

avcrugd for rcaclors of the sonic ngc (shrt-up year). 

Figure X. 
?tends in rclcucc of nohlc gwcs In nirhornc cflluenlc rrom rcnclors. 



Figurc XI. 
Trcnds in rclcwe of  trillum in airborne emucnls from rc~ctors. 

For LJVClts, only cstirnnlcd avcrage value is svailublc. 

Figurn XII. 
Trcnds in rclcnse of curbon-I4 In airborne cfflucnlc from reactors. 
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Figurc SIII. 
Trcnds in rclcrlsc or iodine-131 in airborne emuenls [rum reactors. 

Figure XIV. 
Tmnds in reiaise or purticuluk In slrlx~rne rfilucnls from rericlors. 
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< 
PWRs 

0 z 0 BWRs 

w GClL 

IWRE 

12 I I I I I I I I I I I I I I I I I I 1  
P P ? F ! ~ P P R ~ P ~ Z ~ ~ Z ~ % Z ~ %  
2 % % % % % % 2 % % % % % % % 2 % 2 Z %  

Figure XV. 
Trrnds in rclcnsc or Lrilium In liquid cllluents lrom rcacbrs. 

Figure XVI. 
Tmnds in mlcasc or r~d ionuc l ida  excluding tritium In liquld cllluenls rmm reactors. 

0 z 0 BWlb 

GClL 

IIU'RS 



Fipurc XVII. 
Normzlliz~d rclcilsc or rudionuclidcs avcrugcd over live-ycnr periods l o r  nll reactors. 

16 - NOW Carbon-14 A I'a~icula~cs 

To~al Carbon-14 
Noble gases A Par~icula~cs 

Iodine-131 O, O~hcr (liquid) 
Tri~ium 

lo4 - - - - 
m 

3 lo3 - 
2 

Figure XVIII. 
b c u l  and rrtgionlrl collcctivc c f i c l i vc  dose l m m  wlcasc o l  rudionuclidcs l m ~ n  reacton. 

' I h e  trend In lhc b l n l  elcclricul energy gcnen~lcd hy nucleilr m a n s  Is Indlcalcd 
by the h a v y  line (nunlericul vi~lucs on Icll uxis upply with units 0.1 GW a). 

0 Tritiun~ lodinc-131 A Trilium (liquid) 

A 01hrr (liquid) 
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2 lo0 - 
! < 
5 lo-] - 
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F i ~ u r e  XIX. 
Nuclcar fuel rcprocrtsscd wordwide. 

L)uh  bcforc 1975 an: inconiplclc. 

4 Tri~ium. Cap de La Hague 

0 Caaium-137. Cap de La Haguc 

Figure XX. 
Trends in normulired rclcuscs of triliurn and cucsiurn-137 in llquid cmucnts 

fmrn fuel rcproccsslng plnnts nl Cup de La Hague in Frunc-e 
und Scll~lficld in the l lnlkd Nngdorn. 
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INTRODUCTION 

1 . Ionizing radiation is widcly uscd for both h e  
diagnosis and treatment of injuries and disease . As a 
result of his  practice. individuals and populations 
receive significant exposure to radiation. allhough they 
normally receive in retuni the direct benefi~r in  hcallh 
care . Nevertheless, there is a continuing nced to 
analyse the Gequencies. doscs and trends of diagnostic 
and therapeutic medical radiation procedurcs world- 
wide . Such information permits the evaluation of 
regional difrcrcnces in mcdical radiation usage. com- 
parisons wih other sources of radiation. the identifi- 
cation of areas of concern. and the estimation of 
presumed detriment . I t  can also be used by ministries 
of health and other bodies involved in optimization 
and other aspects of radiation protection . 

2 . The Comn~ittee has repeatedly assessed ex- 
posures from thc medical uses of radiation . The 
available data have been evaluated and extrapolated to 
worldwide usage . In tbe UNSCEAR 1988 Report 
[Ul 1. the Commitlcc estimated that medical radiation 
cxposurcs ranged from 0.4 to 1 mSv annually per 
capul . Exposures from medical radiation. which 
amount to less than half the exposure to natural back- 
ground radiation. excccd those from all other man- 
madc sources . 
3 . The purpose of this Annex is to provide an 
updated review and assessment of medical radiation 
exposures worldwide . Within this framework. there are 
specific objectives. such as to detcrniine temporal and 
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rcgional trcnds in doscs and pracliccs; to asscss llow 
UIC ilitroduction of ncw tcchniqucs, radiation protcc- 
tion nicasurcs or quality assurance prograninics affect 
thcsc trcnds; to cvaluate the variations in dosc for 
givcn proccdurcs and for total pracliccs as wcll as thc 
rcasons for such variations; and to cxaminc thc agc 
distributions of paticnts subjcctcd to various procc- 
durcs. Whilc somc of thcsc objcctives arc descriptive, 
Lhcy could also scrvc as quantitative inputs for 
analysis. c.g. risk-hcncfit analysts. 

4. Mcdical radiation cxposures arisc from the dia- 
gnostic usc of x rays and other cxtcrnal radiation 
sources and internally adniinistcrcd radioisotopes as 
wcll as from thc thcrapcutic use of external and scalcd 
intcrnal sourccs of radiation and radiophamaccuticals. 
Thc basic information nccdcd for assessing mcdical 
radiation cxposurcs is thc frcqucncy of cach typc of 
diagnostic or thcrapcutic procedure arid thc doscs to 
all parts of thc body. Siricc thcrc arc considerable 
variations in valucs from country to country, comprc- 
hcnsivc data arc rcquircd to makc the assessment 

con~plctc arid accuratc. From data asscrnblcd in a con- 
sistcrit nianncr over timc, ilnporbat trcnds should bc 
apparcnt in cxposurcs froni mcdici~l radiation usagc. 

5. One impcdinicnt to UIC accuratc asscssmcnt of 
mcdical radiation cxposurcs has bccn thc incom- 
plctcncss or unavailability of data for many rcgions of 
the world. To  improvc this situation, the Comniittcc 
scnt a qucstionnairc on medical radiation usage to all 
Statcs Mcmbcrs of thc Unitcd Nations. Information 
was rcqucstcd on cxaniination and trcatmcrit facilities; 
the number, age- and SCX-distribution of patients; and 
doses from proccdures. Not all countries wcrc ablc to 
providc Lhe information rcqucstcd, but thc rcsporiscs 
received constitutc a valuable databasc for the 
Committee's evaluation, supplenicnting publishcd 
scicntific papcrs and reports and p c m i t t i ~ ~ g  a Inore 
complctc and accurate analysis of mcdical radiation 
exposures. Thc Conlrnit~cc gratefully acknowledges the 
response of so  many countries to thc UNSCEAR 
Survey of Medical Radiation Usagc and Exposures. 
The countries are listcd in Part A of the Rcfcrcnccs. 

I. ANALYSIS OF MEDICAL EXPOSURES 

6. Ionizing radiation is used for two main purposes 
in mcdicinc: diagnosis and U~crapy. Of hcsc,  diagnosis 
is much more common and is cxpcrienccd by niany 
morc peoplc. The doscs to pcrsons being cxamincd are 
usually quitc low. Radiation therapy, by contrast, is 
uscd mainly to trcat cancer paticnts. Whilc a high dosc 
dclivcrcd to a limited, predetermined location is 
rcquircd to kill malignant tissue, it is neccssary to 
restrict thc irradiation of surrounding nornial tissues. 

7. Radiation exposures from mcdical examinations 
and trcalrnents are determined by thc type and 
frcqucncy of the procedure and by the doscs to tissucs 
in thc radiation ficlds. Because of the great regional 
diffcrcnccs in thc availability of mcdical radiation 
scnficcs, it is necessary to have an cxtcnsive database 
to evaluate the radiation cxposurcs worldwide. Al- 
though morc counlrics arc now collecting statistics on 
mcdical radiation usagc, the Committee is still forccd 
to make rather largc extrapolations to dctcrmine the 
total dosc to all pcoplc. Thc availability of mcdical 
radiation data and the proccdures for extrapolation and 
dosc evaluations arc discussed in this Chapter. 

A. h1 EDICAL Hn1)MTION USAGE 

8. Xot all countries are able to provide statistics on 
mcdical radiation cxposures. To supplement the data 

that were available, thc Committee undertook a survcy 
in 1990-1991 of mcdical radiation usagc and expo- 
sures worldwide. Questionnaires wcrc scnt to 140 
countries, and over 50 rcspondcd. The data contained 
in thcsc responses, combincd with data i n  publishcd 
papers, cover more mcdical radiation scrviccs and 
cxposures than the data available for previous Reports 
ofthc Committee and thus pcnnit iniprovcd worldwide 
dosc estimates. 

9. An analogous survey. but limitcd to six common 
types of x-ray examination in 24 x-ray dcpartmcnts in 
10 Europcan countries, was carried out by the Com- 
mission of the Europcan Communities [M23]. Hither- 
to, ha t  survcy has scnlcd mainly for optimizing x-ray 
examination procedures rather than for describing the 
impact on the population of the doscs from the exam- 
inations [M23, M261. A survcy of x-ray cxaminations 
in the USSR is dcscribcd in a prclinii~~ary rcport [N4]. 
Two rclatcd surveys, one in China 1261 arid one in 
India (S401, hascd on sound statistical sampling have 
been made available to thc Committee. 

10. The improved databasc docs not obviatc the nccd 
for ex~rapolation of the available data, cspccially for 
the least dcvcloped rcgion~ of dlc world. In the 
UNSCEAR 1988 Report [UI 1, a good correlation was 
shown to exist betwecn thc nunlbcr of x-ray cxani- 
inations per unit of population and the numbcr of 
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physiciar~s pcr unit of population. Accordingly, data on 
diagnostic x-ray frcqucncics in a small numbcr of 
cou~~tr ics  could bc cxtrapolatcd to cstimatc diagnostic 
x-ray frcquc~~cics in all rcgions of thc world, bascd on 
a nlorc widcly available statistic, thc numbcr of 
physicians pcr unit population. Countries wcrc 
catcgorizcd as to lcvcl of hcalth carc, bascd on thc 
population pcr physician [Ul]. In countrics of hcalth- 
carc lcvcl I ,  thcrc is at lcast onc physician for cvcry 
1,000 population; hcalth-carc lcvcl 11, onc physician 
for 1.000-3,000 population; hcalth-care lcvcl 111, onc 
for 3,000-10,000 population and hcalth-carc lcvcl IV, 
onc for more than 10,000 population. 

11. Although thcrc will in futurc bc greatcr rcliancc 
on thc dircct reporting of examination or trcatmcnt 
frcqucncics, thc grouping of countrics according to 
Icvcl of health care is rctaincd here for the analysis of 
mcdical radiation cxposurcs. Thc use of hcalth-carc 
lcvcls has scvcral advantages: i t  givcs a basis for 
extrapolating data on mcdical radiation usage to the 
cntirc world: it allows comparing trends for diffcrcnt 
Icvcls of hcalth carc; and it is consistcrit with thc 
analysis in thc UNSCEAR 1988 Report [Ul]. 

12. Thc World Hcalth Organization (WHO) has 
carricd out two major surveys of physician dcnsitics 
(nurnbcr of physicians pcr 1,000 population) 12118, 
Wl]. Thc first set of data ccntrcd on thc ycar 1977 
and thc second on 1984. The 1977 data wcrc used by 
thc Committee to evaluate medical radiation exposures 
for h c  UNSCEAR 1988 Report [Ul]. It should be 
notcd that thcrc arc unccflainties in the WHO data 
bccausc physicians arc dcfined differently in difkrcnt 
countries. 

13. Thcrc may wcll also be questions of the validity 
of assigning an avcragc hcalth-care levcl to an cntirc 
muatry, for such a valuc may obscure widc variations. 
As an cxamplc, Brazil, at lcvel I1 (it has one physician 
pcr 1,035 population), is geographically and demo- 
grapl~ically hctcrogcncous, and its lcvcl of develop 
mcnt varies greatly [C14, D4]. Urban areas such as 
Brasilia (one physician pcr 500 population) arc typical 
of lcvcl I ,  while the states of Acrc and Maranhao (one 
physician pcr 3,000 population) approach levcl 111. 
Largc countrics at lcvcl I may also contain Iess-dcve- 
lopcd arcas, and in most countries, there arc diffcr- 
cnccs in h e  availability of mcdical radiation in urban 
and rural arcas. Since thc correlation between medical 
radiation facilities and numbcr of physicians is not 
ahsolutc, thc availability of n~cdical radiology in a 
particular country may be bcttcr or worse than 
indicated by its health-care levcl. particularly during 
pcriods of rapid dcvclopmcnt. Ecuador moved from 
lcvcl I1 to lcvcl I bctwcen the two WHO sunleys, but 
h e  dcnsity of equipment and frcquencics of cxamina- 
tion and trcatmcnt arc still typical oflevcl I I  countrics. 

14. As hcalth care islprovcs, i t  can be cxpcctcd that 
h e  distribution of thc world population in the four 
hcalth-carc c;~tcgorics will shift. In thc 1977 survcy, 
the distribution was as follows: 29%, 35%, 23% and 
13% in lcvcls I-IV, rcspcctivcly. In h c  1984 survcy, 
it was 27%, SO%, 15% and 8%. The most significant 
change was thc incrcasc in ttlc proportion of pcoplc 
living in countrics at lcvcl 11, as improvcmcnts in 
hcalth a r c  ~ i u s c d  countrics formcrly at lcvcls 111 and 
IV to rnovc up. Using the 1984 WHO survcy to 
dctcrniinc a country's I~calth-carc Icvcl and taking into 
account population growth, the numbcr of pcoplc in 
cach hcalth-carc lcvcl in 1990 was as follows: lcvcl I, 
1,350 million; lcvel 11, 2,630 million; lcvcl 111, 850 
million; and lcvcl IV, 460 million. 

15. Tablc 1 indicates the lcvcl of health carc and the 
population of thc 93 countries appearing in subscqucnt 
tables or othcrwisc discussed in this Annex. The table 
also lists thc infornlation obtaincd by thc UNSCEAR 
Survey of Mcdical Radiation Usagc and Exposures on 
the numbcr of radiologists and the nurnbcr of x-ray 
units, therapy units and rluclcar mcdicinc clinics. The 
availability of mcdical radiation services in the four 
hcalth-care lcvcls of the world is summarized in 
Tablc 2, which givcs t l~c  numbcr of radiologists and 
the number of facilitics per 1,000 population. Tablc 3 
lists the numbers of diagnostic examinations and 
therapeutic treatments. While some of thc rcspondcrlts 
gave the number of patients, others may have givcn 
the nurnbcr of examinations and proccdures. Although 
thc one may be a first approximation of the other, thc 
two quantities can diffcr by a factor of 3 or more, 
dcpcnding on the procedure. 

16. Therc arc s o n ~ c  general limitations in data 
obtaincd in surveys of mcdical radiation uses and 
cxposures. Thus, estimates of countrywide values are 
oncn bascd on cxtcnsivc extrapolations from small 
samples. Some data arc very coarsely rounded, while 
others may bc spuriously prccisc. Varying definitions 
(of, for example, "radiologist", "examinationn or "x-ray 
unit") and diffcrcnt ways of categorizing individual 
procedures contribute to thc variations and inexact- 
ness of all data. In sornc cases, national x-ray statistics 
may be co~ifounded by staristics on ultrasound cxarn- 
inations, cntercd as "radiological" proccdures. Thcse 
unccrtaintics underlie thc data obtaincd in the 
UNSCEAR Survcy of Medical Radiation Usagc and 
Exposures. Although Ihc data in the Tables arc givcn 
to two or sonlctimcs cvcn thrce significant figurcs, 
thc statistical precision is obviously alrnost always 
less. 

17. Thesc unccrtaintics notwithstanding, a reasonable 
degree of compilation and analysis scc~ncd fcasihle. 
The number of responses from lcvcl I cour~trics and 
the completeness of these responses, should give 
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adcquatc statistical rcliability. With data available for 
China and India, thc rcprcscntativc~icss of data on 
lcvcl I1 countries is also quitc high. For countrics with 
Icss-dcvclopcd mcdical scrviccs the precision is lowcr, 
but on a worldwide basis, this has littlc impact on the 
estimation of Lhc pcr caput effcctivc dose or thc 
collcctivc dosc from nlcdical radiation usagc. 

18. Mcdical radiation facilitics arc vcry uncvcnly 
distributed throughout thc world. Table 2 shows that 
thc numbcrs of facilities pcr 1,000 population are from 
20 to 1,000 timcs smallcr in countrics of health-care 
lcvcl IV than of level I, the numbers differing by a 
factor of up to 50 bctwccn diffcrcnt hcalth-care levcls. 
Within hcalth-carc levcls thcrc is gcncrally a closcr 
relationship bctwccn the number of facilitics and thc 
size of thc population, but even herc the variations are 
notablc. 

19. Thc trends obsenlcd in mcdical radiation 
facilities arc uncvcn. At lcvcls 11-TV the availability of 
facilities has generally been increasing with time. At 
Icvcl 1 the numbcr of mcdical and dcntal x-ray units 
and therapeutic x-ray units per unit population have 
decrcascd somcwhat Since the countrics constituting 
thc health-carc lcvcl may be different for the different 
periods, somc caution must bc exercised in attributing 
rcal differences. 

20. The data in Tables 2 and 3 can be used to 
estimate the total numbers of medical radiation 
facilities and usage in the world. These results are 
given in Table 4. The average normalized quantities 
havc been applicd to Lhc total population of each 
region. Thc main point to note is that level I, with 
25% of the world population, accounts for some 70% 
of thc diagnostic x-ray cxaminations and for 90% of 
the patients for therapy and nuclear medicine trcat- 
mcnts. Thcrc is still a far from cquitablc distribution 
of mcdical radiation scntices in the world. 

B. DOSE EVALUATION 

21. Doscs to tissues and organs from nicdical radia- 
lion exposures are evaluated in terms of absorbed 
dose. For x-ray examinations, the dose without back- 
scattcr at the entrance side of the patient is specified 
by thc air kerma. The effect of backscatter is included 
in the specification of the entrance surface dose. To  
facilitate thc summary of results and the comparison 
with exposurcs from othcr sources of radiation, it has 
been the practicc of the Committee to evaluate 
effective doscs from the procedures. Along with its 
simplifying advantages, this quantity has limitations 
whcn applied to nlcdical radiation exposures. 

2 2  Earlier assessments by the Committee of medical 
radiation exposures in the UNSCEAR 1958, 1962 and 

1972 Repolis [Us,  U9, UlO] strcsscd t l ~ c  gcrictically 
significant dose. This gavc sonlc common nlcasurc for 
thc uncvcn dose distributions from various proccdurcs 
and also rccognizcd that thc agc distribtrtion of 
paticnts or individuals cxanlincd diffcrcd from that of 
thc gcncral population. Thc ~ ~ S C S  to bonc nianow 
werc also cvaluatcd. Doscs to additional organs wcrc 
estimated in the UNSCEAR 1977 Rcport [U4]. Begin- 
ning with tllc UNSCEAR 1982 Rcport [U3] and con- 
tinuing in the UNSCEAR 1988 Rcport [Ul].  thc cffcc- 
tive dose cquivalcnt was cvaluatcd. Thc Conimittcc's 
decision to express patient doscs in tcrms of cffcctive 
dose is bascd mainly on the potential for comparisons 
this provides. Effcctive doses pcrmit, in principle at 
least, comparisons betwccn time periods, countries, 
health-care levels, medical mcthods and sources of 
radiation. 

23. It is not possible to obtain a correct estimate of 
detriment from multiplication of effcctive doscs to 
patients by the nominal fatality probability coefficients 
given by ICRP P8]. This has several reasons [D13]. In 
the fmt  place, patients are by their very nature a 
group which can expect to benefit from medical 
radiation exposure. Thus, for paticnts, radiation- 
induced detriment cannot be computed or regarded as, 
for example, an occupational hazard. Any analysis 
would not be fair without consideration of the increase 
in health obtained from the medical radiation usage. 
This is usually easily done in individual cases, but 
there are no gencral methods to compare overall 
hazards and benefits. 

24. Anothcr difficulty is that paticnts, because of 
their health status, may respond differently to the 
radiation exposurcs than thc base population. Mcthods 
of deriving separate risk estimates for paticnts, which 
would take account of thcir hcallh status, have not yct 
been fully dcvelopcd [H17, H341. Furthermore, the 
age and sex distribution of patients will rarely match 
that of the population for whom the nominal fatality 
probability coefficicnts of ICRP p8] were derived. 
Several ways to adjust for diffcrcnt age and sex 
distributions havc been suggested [S47, V9], but thesc 
have not bccn applicd to thc data in this Annex, since 
the purpose of using cffcctive dose herc is not to 
provide input for calculations of estimated detriment, 
but to facilitate comparisons bctwcen exposed groups. 

25. Most, but not all. of the values giver1 in this 
Annex were calculated as effective dose equivalcnts. 
Therefore, throughout this AMCX, a distinction is 
made between effective dose equivalents, HE 1111 and 
effective doscs, E 118). Typical values arc indicated for 
specific examinations. Average cffectivc doses or 
effective dose equivalcnts rcfcr to the arithmetical 
average among examined paticnls. Per caput doses 
refer to the arithmetical average in the entire popula- 
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tion (including non-examined individuals). Both of and modcls uscd affcct thc numerical results for both 
thcse may refcr to specific examinations or to total organ doscs and effective doses. The influence of thc 
doses for an cntire medical radiation practice. When modcls for thc radiation sourcc, thc human body, the 
avcragc or pcr caput doses from different countries are radiation transport calculation and the definition of 
combincd, this is normally done on a population- dose equivalent havc been investigated in scvcral 
wcightcd basis. papers IB2, D2, V7, 2151. 

26. Thc relationship bctwecn E and HE is discussed 
in a nunlbcr of publications IH36, L22, R27, S44, 
W28, 271. The results of dosc calculations are 
includcd in Tablc 5. Generally lower values of 
cffective dose compared to effective dose equivalent 
are obtained for examinations of the chest and skull, 
for mamnlography and for computed tomography. 
Higher values arc obtained for examinations of the 
abdomen and gastro-intestinal tract. The specific 
values are not always consistent in the various 
calculations. In particular, Hutla et al. [H36] obtaincd 
lower EmE estimates for the chest and skull and 
higher estimates for the abdomen than other authors. 
This difference is mainly attributable to the way the 
"rcmaindcr" dose was computed for HE IL22, H291. 
However, while the range of EME values of Huda et 
al. [H36] is widest, with. individual values ranging 
from 0.24 to 2.1, their average value for all 
cxaminations of 0.9 seems similar to average EME 
values from other sources. Thus, although WE values 
for specific types of examination may deviate Gom 
unity, the total effective doses for diagnostic x-ray 
examinations should be fairly similar whether 
computed with thc 1977 or the 1990 weighting factors. 
This has bccn vcrified for a range of typical 
cxaminations in scvcral countries. The EME values 
ranged from 0.93 to 1.13, a variation that is certainly 
no grcatcr than the variation in effective dose resulting 
from differences bctween countries in avcrage patient 
size (G21, M43]. The average of all EmE values is 
1.01, supporting the notion that effective doses for 
entire practices, such as diagnosticx-ray examinations, 
should be insensitive to the choice of weighting 
factors, even if individual examinations deviate 
somewhat morc. It should be noted, however, that the 
conclation between energy imparted and effective 
dosc becomes weaker with the ICRP 1990 1181 
weighting factors [H36]. 

27. The situation is similar for nuclear medicine 
cxaminations [H36, G21, G22, J8]. The average of all 
EME values is, as for x-ray examinations, around 0.9 
(Tablc 5). E/HE values cxcceding 1 occur mainly 
when the lhyroid is exposed. Values of the effective 
dose equivalent (HE) for most radiopharmaceuticals 
are listed in lCRP Publication 53  [IS]; values of the 
effective dose (E) for thcse substances are also 
available 1114, J91. 

28. Since organ doses are in most cases not 
measured but calculated, the underlying assumptions 

29. When cited papcrs statc exposurc only 
(expressed in C kg-' or in non-SI units), this has bccn 
convcrted to surfacc air kcrma using the relationship 
that 2.58 lo4 C kg-' is equivalent to 8.7 Gy. For 
therapy, cffectivc doscs are not easily used for 
purposes of comparison. Although effectivc doses to 
radiotherapy patients are bricfly discussed in this 
Annex, thc impact of therapy is primarily described by 
the number of patients trcated and the age- and 
sex-distribution of these patients. 

C. Il ENEFITS AND RISKS 

30. Exposures to patients in mcdical diagnostic 
examinations and treatments arc made in anticipation 
of the direct benefits to be rcceived by the paticnt. 
Usually the risk to the individual is small in 
conlparison with the benefit, and it is easy to justify 
the exposure. Risk can be assessed for the exposed 
populations, although thc procedures are not so 
straightforward. The dosc quantities to be used in 
detriment evaluations wcrc considered in the previous 
Section. Some general considerations on benefits and 
risks in medical uses of radiation are presented below. 

31. In diagnostic radiography, the dose must be 
sufficient to obtain the desired information. If too low 
a dose is chosen, the image may be of unacceptably 
low quality [G19]. Within a relatively narrow dose 
band, the amount of infonnalion is generally correlated 
with the dose used. This is, of coursc, not the case 
when high doscs arc simply the result of unsatisfactory 
technique, for example, too large a ficld, the incorrect 
positioning of the patient or incorrect film processing 
(undcrdevelopnicnt) in x-ray examinations. Even quite 
small deviations from satisfactory techniques can 
remove the correlation [Llg]. But to some extent, 
there is a posilive correlation between dose and 
information for a given technique: doses that are too 
low permit random noise to blur thc images so that 
they arc not clinically useful [G2]. Particularly in 
fluoroscopy, images may appear to improve in quality 
with increasing dose to the patient [B4]. 

32 In therapy, it is ncccssary that deterministic 
effects be induced in the target organ. In conscqucnce. 
the dose to the targct organ must usually exceed some 
threshold. Bclow this threshold, no bcncfit at all is 
likely to result. Above the lhreshold, the dose imparted 
to lhe target volume must be delivered within a 
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narrow range, sincc higher doses do not produce an 
extra bcnefit but may cause scrious injury or death. 
This description is simplified, sincc thc height of thc 
thrcshold can be mar~ipulatcd in various ways, such as 
with concuncnt chemotherapy, but i t  indicates that thc 
amount of bcncfit is not lincarly corrclatcd wit11 the 
dosc in radiotherapy. 

33. The risks associatcd with the diagnostic uscs of 
ionizing radiation arc normally limitcd to late stocha- 
stic cffccts, which are estimated to occur at a frc- 
qucncy of perhaps 0.01% for an avcragc examination 
(deterministic skin damage may occur after fluoro- 
scopy in extreme cases). At the individual levcl, these 
risks are almost always small compared to the benefit 
of diagnosis and treatment. They may also help to 
avert a competing risk; for instance, cardiac fluoro- 
scopy could entail entrance surface doses of several 
gray, possibly even inducing deterministic skin 
damage, but might obviate the need for open heart 
surgery. In contrast, the risks associated with 
radiotherapy treatment involve deterministic effects, 
which must be induced to a sufficient extent, and also 
late stochastic effects, which can occur in about 10% 
of therapy courses [WlO]. In fact, second cancers in 
radiotherapy patients are important sources of data for 
the assessment of radiation risks. 

34. From a radiation protection point of view, doscs 
should be maintained as low as reasonably achievable. 
This means that exposures above clinically acceptable 
minimum doscs, must be avoided. Thcrc is much 
potential for reducing the risks associated with medical 
radiation exposures for diagnostic or therapeutic 
purposes. While radiation protection is outside the 
scope of this Annex, the considerations involved 
influence the doses encountcred and therefore merit 
mention here. The A N I ~ X  discusses some ways of 
reducing doses from specific procedures. In particular, 
quality control programmes are setting targets for 
facilities whose doses are excessive, thereby reducing 
average doscs. 

35. Mass screening programmes continue to comc 
undcr scrutiny, and in most countrics mass lung 
screening programmes have bccn reduced or 
climinatcd. Mammography screening prograrnmcs, 
however, are expanding. Nationwide breast screening 
programmes and policies are in effect in Finland, the 
Netherlands, Swcdcn and thc United Kingdom. Scveral 
other European countries, Australia, New Zealand and 
several provinces in Canada have dccided to start such 
prograrnmcs [V17]. The bcncfits of such programmes 
are diminished if the scrcening procedures sub- 
sequently induce brcast canccrs. Since the frequency 
of breast cancer increases with age and the radiosensi- 
tivity of the breast decreases with age, the relative 
benefit of scrcening is much greater in oldcr women. 

The qucstion of sui~ablc age to start scrccning and 
how oncn to rcpcat it (in olhcr words, the qucstion of 
whcn the bcncfit outweighs thc dctrimcnt) has bccn 
studied by scvcral authors (A6, A8, D3, D6.110, M25, 
V1, Wll ] .  Thcsc considcrations apply only to mass 
screening programnics. In clinical cxarni~~ations of 
women in urhom brcast cancer is alrcady suspected, 
corrcclly pcrformed mammography will virtually 
always be bcncficial. 

36. There is certainly mcrit in sccking to restrict 
doses whcn thc radiological proccdurcs arc readily 
available. For most of the developing countrics, 
however, the more important need may be to expand 
the availability of mcdical radiation senriccs. Hcalth 
will improve wilh such an expansion, and lhcrefore an 
increased collective dose to the population due to 
higher examination frequency would be justified. Evcn 
here, however, it is important to maintain cquipmcnt 
in proper order and to introduce modern techniques to 
optimize the radiation exposures that are made for 
medical purposes. 

D. SUMMARY 

37. Medical radiation facilities are very unevenly 
distributcd in the world. Four levels of hcalth care 
have been defined, based on physician densities. 
Level I comprises countries with fewer than 1,000 
pcrsons per physician, level I1 countries have 1,000- 
3,000, level 111, 3,000-10,000 and level IV, more than 
10,000 persons per physician. Some 26% of the world 
population resides in lcvel I countrics, 50% in Ievcl 11, 
16% in level 111 and 9% in levcl IV countries. The 
data provided in response to the UNSCEAR Survey of 
Medical Radiation Usage and Exposures indicate h a t  
in 1990, there were 210,000 radiologists worldwide, 
720,000 diagnostic x-ray units, 1.6 billion x-ray 
examinations performed and 6 million patients 
undergoing some form of radiotherapy. Sonic 70% of 
these medical radiation services wcre available in 
countries of health-care levcl 1 and the remaining 30% 
to the three quarters of the world population that live 
in countries of health-care levels 11-IV. 

38. Medical irradiation entails benefits to the patient 
as well as detriment from the radiation exposure. 
Radiation protection is not in itself a subjcct of this 
Annex, but its effect on medical exposure is discussed 
wherc relevant. Doses to patients are described in 
terms of eflcctive dose or effective dose equivalent, 
depending on which of thcse quantities wcre available. 
The quantity effective dose (or effective dosc 
equivalent) was chosen to facilitate comparisons, but 
it is not used in any calculations aimed at assessments 
of detriment to patients. Instead, effective doscs have 



bccn supplcmcntcd, whcrc possible, with basic data on radiological impact, so t l ~ c  asscssnicnt of this practice 
cntrancc surface doscs or administcrcd activity to is bascd primarily on the nurnbcrs ofpaticnts receiving 
facilitate comparisons. For thcrapy patients, no single various trcatmcnts, with effectivc dose ~ s c d  as supplc- 
type of dosc quantity permits a valid dctcrmination of mentary infornlation. 

11. DIAGNOSTIC X RAY EXAMINATIONS 

39. Of thc medical uscs of radiation, the exan~ination 
of paticnts with x rays for diagnostic purposcs is by 
far the most frequcnt practice. Such examinations arc 
pcrformcd in all kinds of hcalth care establishments, 
including hospitals and medical clinics but also, e.g. 
chiropractic and pediatric clinics in many countries. 

40. Although the doscs from diagnostic x-ray 
cxaminations are gcncrally relatively low, the 
magnitude of the practice makes for a significant 
radiological impact. National data on diagnostic medi- 
cal x-ray cxaminations, provided in response to the 
UNSCEAR Survey of Medical Radiation Usage and 
Exposures and supplemented with published data, are 
evaluated in this Chapter. 

41. Although the frequcncies of examinations and 
dosc data are becoming available for many more 
counwies than in earlier UNSCEAR Reports, it is 
important to remember the limitations of thesc data. 
Often, estimates in the Tables are based on quite small 
and not necessarily unbiased samples. Minor differ- 
cnccs between countries or examinations should 
tbcrcforc not be ovcrintcrprcted. In general, values for 
exan~inations and proccdurcs are given to two signi- 
ficant figures, while summary data are shown with one 
significant figurc. 

A. FREQUENCIES OF EXAhIINATIONS 

42. Annual nurnbcrs of diagnostic medical x-ray 
cxarninations rcportcd by different countries span 
scvcral orders of magnitude. Tbey are shown in 
rclation to the population of the country and its level 
of health care in Figure 1; data for 1985-1990 are used 
for level I and data for 1980-1990 are used for levcls 
11-1V to encompass a greater number of countries. 
Countries of health-care level I fall on the upper edge 
of thc distribution; countries of lower health-care 
levels show fcwer cxaminations at the same relative 
populations. Whcn the same data (numbers of 
cxaniina~ions) are plotted against the number of 
physicians, a much tighter conelation is evidenL Only 
four countries fall somewhat below the general distri- 

bution: Ecuador, Honduras, Myanmar and Pcru. It 
could be lhat the pattern of cxaminations is diffcrcnt 
in thesc countries, but it is more likely that the numbcr 
of examinations has been undcrestimated. For instance, 
information Gom private practice is often unavailable. 
It could also be that the number of physicians has 
been ovcrcstimatcd; the definition of a physician is not 
standard, so this possibility should also be considered. 
On the whole, however, using the number of 
physicians as the basis for extrapolating bom averaged 
reported data to the nunlbcr of examinations 
worldwide seems well founded. 

43. The total annual frequencies (number of 
examinations per 1,000 population) of all diagnostic 
medical x-ray examinations performed in a country arc 
listcd in Table 6 and illustrated in Figure 11. The 
distribution of frequencies at each level is appro- 
ximately log-nornlal. The range in level I countries is 
a factor of 6 (200-1,280 cxaminations per 1,000 
population) and an order of magnitude or more in 
levels 11 and I11 (15-520 and 10-180 cxaminations per 
1,000 population, respectively). Only one value is 
available for level IV from the prcsent survey 
(Rwanda: 9 examinations per 1,000 population); this 
has been supplemented in this Figure by values 
available for Cote d'Ivoire and Nigeria for 1977 
(40 and 25 cxaminations per 1,000 population). 
Examination frequencies for individual patients or 
years may of course deviate considerably from these 
annual average values. Repcatcd exan~inations of small 
subsets of the population arc discussed in Section 
II.F.3. 

44. Most data on examination Gequencies were ob- 
taincd by surveys or registrations that were complete 
enough to give reprcsentativc results. In some cases. 
however, only small saniplirlgs were available that 
may not adequately rcflcct the availability of medical 
radiation services in the country. Thc frequency for 
Turkey, for example, is bascd on data from a single 
urban centre scrving only 1% of the population of the 
country. This vcry likely explains why it is so  
different from the frequencies in other countries of 
health-care level 11, and this should be recognized in 



dcriving thc avcragc valucs. In othcr cascs. samplcs 
may bc adcquatc in sizc but not completcly 
rcprcscntativc. For cxaniplc, thc frcqucricy for Brazil 
sccrns to be bascd on public hospitals only. 

45. Thcrc arc questions about the results for othcr 
countrics as wcll. According to thc 1984 WHO survcy 
of thc numbcr of physiciaris in various countrics 
[U18], Ecuador has movcd from lcvcl I1 to the bordcr- 
liric of lcvcl I .  Thc frcqucncy of cxaminations remains, 
howcvcr, clcarly typical of lcvcl 11, so thc classifi- 
cation has not yct bccn changed in this analysis. 

46. Thcrc is no question about thc health-carc levcl 
for the Unitcd States, but the valuc for cxamination 
frcqucncy in 1985-1990 of 800 per 1,000 population 
rests on considcrablc extrapolation. Some information 
indicates that the estimate could be an underestimate 
by up to 60% [BlO, G8, M2]. Comprchcnsive stati- 
stics on mcdical radiation arc often inadequate for 
collective dose evaluation. Many countrics emphasize 
thc dclivcry of medical SCN~CCS and pay less attention 
to the collection of data that might be needed to 
cvaluatc the collcctivc radiological impact, which is 
anyway a secondary consideration. That said, howcvcr, 
cstimatcs of cxamiriation frcqucncies are more broadly 
bascd than cver and are contributing to more reliable 
cstirnatcs of worldwide values. 

47. The population-weighted frcquencics of exam- 
inations in 57 countrics are summarized in Table 6. 
Since the values for somc larger countrics are usually 
abovc the median values, slightly highcr values arc 
dcrivcd for the population-weighted avcrages. These 
valucs arc 890 and 120 examinations pcr 1,000 popu- 
lation in countries of health-care lcvels I and 11, 
rcspcctivcly, for 1985-1990 and 64 cxaniinations per 
1,000 population in countries of health-care levels III 
and IV combined. Average frcquencics of cxamination 
have gcncrally bccn inncasing. Data are not available 
to show trends in individual countrics to any great 
cxtcnt, cxccpt at lcvcl I. Examinations in Thailand 
(Icvcl 111) increascd by 50% bctwecn the first period 
and the successive pcriods, and examinations in China 
increascd by 30% betwccn the second and third 
pcriods. At health-care levcl I, a few countries showed 
downward trcnds: Czechoslovakia, Finland, the 
Netherlands, Norway, Romania and Sweden. Increases 
wcre apparent for Canada, Cuba, the Federal Republic 
of Germany, France, Japan and Malta. 

48. Data on specific types of cxaminations are 
summarized in Table 7. The average frequencies are 
the population-weighted valucs (i.e. the total number 
of cxaminations dividcd by the total population of 
rcporting countrics). They arc best suited for thc 
evaluation of collective doses. These and other stati- 
stical parameters arc summarized in Table 8. The 

standard dcviations on thc unweightcd avcragc valucs 
may bc uscd to idcntify unusually high or low frc- 
qucncics of cxaniinations. For cxamplc, cxaminations 
of the chcst in thc RSFSR of chc former Sovict Union, 
cxaminations of thc abdomcn and gastro-intcstinal 
tract and computcd tomography in Japan and uro- 
graphy, angiography and mammography in t l ~ c  Fcdcral 
Republic of Gcrmany excccdcd thc avcragc valucs in 
1985-1990 by morc than two timcs thc standard 
deviations. Thcre may be mcdical or othcr cxplana- 
lions for the grcatcr frequcncy of spccific cxam- 
inations. 

49. The trcnds in examination frequcncics arc illu- 
strated in Figure 111. Thcse are the population- 
weighted avcrages of availablc data. The composition 
of the groups may vary from one period to another, 
thus affecting the comparisons. Countries of bcalth- 
care level I are well represented. At lcvcl 11, China 
and India are represented in the more recent periods, 
which helps the reliability of results. Too few data are 
available for countrics of health-care lcvels 111 and IV 
to give reliable averages. 

50. The rtlain type of examination at all lcvels is that 
of the chcst This examination made up 60% of the 
total in lcvcl I countrics during 1985-1990 and 70% in 
all other countrics. Examinations of cxtrcmities, the 
remainder of the skeleton and the digestive systcm 
(abdomen and gastro-intestinal tract) accountcd for just 
over 10% cach of thc total in levcl I countries and just 
under 10% in other countrics. This leaves about 10% 
for other more specialized examinations in countrics of 
health-care level I and only a few per ccnt for thcsc 
cxaminations in all other countrics. 

51. Almost all examinations arc bcing performed 
with increasing frcqucncy, cspccially in countries of 
health-care levels 11-IV. Thcre arc dilfcrcnces bctwcen 
countries wilh respect to the most prominent trends, 
howevcr. In countrics of hcalth-care level 11-IV the 
largest incrcase is in cxaminations of the chcst (from 
10 to 100 and from 20 to 50 cxaminations pcr 1,000 
population in levels I1 and 111-IV, rcspectivcly). In 
countries of health-care Icvcl I, the most notable 
increases arc in computcd tomography and examina- 
tions of thc skull and abdomen. Mammography 
cxaminations incrcascd threefold in lcvcl I countrics in 
1985-1990, compared with carlicr pcriods. 

5 2  A dccrcasing trcnd is notcd for cxaminations of 
the chcst in level I countries. This could be the rcsult 
of the decreasing emphasis on mass screening 
programmes. Examinations of the extremities, the 
spine and the gastro-intestinal tract and urography- 
cholecystography reached stable levels during the last 
two five-year periods. 



53. There arc wide variations in exaniination 
frequencies between countries, even if they are 
geographically close and culturally and economically 
similar. The total frequencies of examinations in 
European countries diTlcr by a factor of 3. A compara- 
tive investigation in France, Italy and the Unitcd 
Kingdom found differenccs which indicate that medi- 
cal exposures are not justified in the same way in 
thcse countries [C2]. The frequencies of x-ray exam- 
inations in the Nordic countries varied by over 50% in 
1982 from 500 to 800 per 1,000 population [S14], 
with the highest frequcncy in Finland, prinlarily 
because more radiological examinations took place 
outside of hospitals at health centres and private 
clinics. The frequcncy of colon examinations is fairly 
similar in the five Nordic countries, while stomach 
cxaminations are morc frequent in Noway, primarily 
because endoscopy is less used. Cholecystography is 
performed about twice as frequently in Sweden as in 
other Nordic countries, presumably because there are 
fewer radiologists who could perform ultrasonographic 
cxaminations. Sweden has the highest frequcncy of 
mammography, because the Government recommends 
screening, while Denmark and Norway have no 
screening apart from minor research projects. 

54. Statistics may be less accessible in health care 
systems where medical care is largely private and thus 
decentralized. They may also be less reliable; for in- 
stance, the incrcase in the number of x-ray examina- 
tions at hospitals in the United States could be due to 
a shift from private clinics to hospitals, making the 
change more apparent than real [Nl]. While compari- 
sons may be indicative, they must always be treated 
very cautiously. The definitions, methods of exam- 
ination, methods of measurement and other conditions 
may vary gready between studies. Thus, similarities 
and differenccs may be spurious and conclusions may 
be false, even in the rare cases where a formal 
analysis of statistical significance seems technically 
feasible. There may also be regional differences within 
countries. The frequencies of diagnostic x-ray exam- 
inations in the diffirent republics o f  the form& USSR 
are estimated to have ranged from 500 to over 1,100 
per 1,000 population in 1987 [S18]. Thus, even with 
centrally organized health care systems, differences 
may occur. 

55. Computed tomography is rapidly becoming a 
very important diagnostic technique. The number of 
computcd tomography scanners in the Unitcd States in 
1980 was 6.7 pcr million population, while the figure 
for Japan was 25 per million in 1984. In the United 
Slates, the number of computcd tomography scanners 
in hospitals increased from 3 million in 1980 to 12.3 
million in 1990 [M2]. In New Zealand, them were 
about 5 per million in early 1988, expected to be 20 
per million within a few years [PI 11. A study in 

Manitoba, Canada, sllowed the number of conlputcd 
ton~ography scans steadily increasing, from 200 per 
month in 1977 to 1,500 per month in 1987 [H4]. The 
number of computcd tomography scanners in the 
Unitcd Kingdom has increased from 1 scanner in 1972 
to over 200 in 1990 [S42]. The relative frequcncy of 
such examinations in thc Unitcd Kingdom is now 
estimated to be over 20 per 1,000 population [S42], 
contributing 20% of the collective effective dosc from 
x-ray examinations [S43]. 

56. The data in Tablc 8 show an unweighted average 
value of 22 cor~~puted tomography examinations per 
1,000 population in countries of health-care level I, 
with morc than 30 per 1,000 population in Australia 
and the Federal Republic of Gemany, 50  per 1,000 
population in Belgium and 97 per 1,000 population in 
Japan. In the UNSCEAR 1988 Report [Ul], the 
average frequency of computcd tomography examina- 
tions in countries of health-care level I was estimated 
to be 9 pcr 1,000 population. An upward revision 
would, therefore, seem justified. The procedure is used 
at negligible frcquency in all countries of health-care 
levels 11-IV: sollie 2 examinations per 1,000 popula- 
tion, at most, with many countries reporting none of 
thcsc examinations. 

57. The age- and sex-distribution of patients in dia- 
gnostic x-ray cxaminations, and the population- 
weighted averages of these for each of the health-care 
levels, are given in Tablc 9. Broadly speaking, patients 
subjected to x-ray examinations are older than ran- 
domly chosen members of the public. This does not 
riecessarily mean that x-ray cxaminations of children 
arc rare. Many examinations are in fact rather frequent 
in children (in particular, those of the chest, the 
extremities, the skull, the pelviships and the abdomen, 
and urography). 

58. For level 11-IV countries, the fraction of the 
patients that arc children is larger than for level I 
countrics. This difference is statistically significant. 
However, the frequency of child examinations may 
still be lower than in level 1 countries, since the total 
examination frequency is much lower. Although the 
detail is not given in Tablc 9, reports indicate b a t  the 
examination of infants and young children is not 
inirequent. The per caput cffective dose equivalent to 
childrcn in the Federal Republic of Germany in 1983 
was estimated to be 30% of the effective dose 
equivalent to an adult (M151. 

59. These general conclusions from Table 9 are in 
agreement with observations in the UNSCEAR 1988 
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Rcport [Ul] ,  whcrc it was also poinlcd out that the 
grcatcr proportion of children in thc populations of 
countrics of hcaltll-carc lcvcls II-IV is rcflectcd in a 
higher sharc (con~parcd to level I countrics) of 
children among cxamincd paticnts. The diffcrcnces in 
population agc structure appcar to be sufficient to 
cxplain the dilfcrcnccs in paticnt age. The avcrage 
agcs lor countrics contributing data for Table 9 could 
bc roughly calculatcd to bc 34 ycars at lcvel I, 27 
ycan at lcvel I1 and 24 ycars at lcvcl 111. Similarly, 
thc roughly calculated avcragc agcs for patients are 44, 
36 and 38 ycars. Thus, Ihc averagc pcrson in a lcvcl I1 
or I11 country is 7-10 ycars younger than the average 
pcrson in a lcvcl I country, and the average patient in 
lcvcl I1 or 111 countries is 6-8 ycars younger than the 
avcragc paticnt in a level I country. 

6 2  Population-wcightcd avcragc valucs of cffcctivc 
dose equivalent for spccific cxaminations arc suni- 
niarizrd in Tablc 11 and illustratcd in Figure IV. In 
linc with carlicr studics, avcragc doscs are conipara- 
tively high for gastro-intestinal tract examinations, 
about 4 7  mSv at health-carc lcvcl I. Angiography and 
computcd tomography also confcr rclativcly high 
doses, about 4-7 mSv. Urography doscs arc about 
3 mSv. Cholccystography and lumhosacral spinal 
cxaminations givc doscs of 1.5-2 mSv. Effcctivc dosc 
equivalents Iiom cxaminations of the abdomen or of 
the pclvis/hip arc of about 1 mSv. Ruoroscopic chcst 
examinations arc also associated with doses around 
1 mSv, whilc chcst radiography gives avcragc doses of 
0.14 mSv, and fluorographic mass miniature exaniina- 
tions, 0.5 mSv. Examinations of the skull or extre- 
mities cause avcragc effective dosc equivalents of 
0.05-0.15 mSv. The average for mimmography, 

60. Thc sex distributions do not dcviatc widely from 
1 mSv, may be spuriously high due to a very high 

thc distribution of malcs and fcmales in the 
value ( 9 5  mSv) reportcd from Czechoslovakia (valucs 

population. The cxccss of womcn undergoing chole- of about 0.5 mSv are reported from scvcral countrics). 
cystography in countrics of hcalth-care levcl I is well 
known and may possibly be related to diet. Likewise, 
the exccss of womcn in lcvcl I counlries having lower 
gastro-intestinal tract examinations was recognized in 
the UNSCEAR 1988 Report [Ul]. The excess of 
womcn in countrics of health-care lcvel I having 
pclvis/bip cxaminations is probably associated with 
femoral fractures and hip joint rcplaccments in older 
womcn. Thc data indicate consistently fewcr female 
paticnts in Icvcl II and level I11 countries than in 
lcvcl I countries, which, if correct, may rcflcct an 
uncvcn distribution of medical care in diffcrcnt 
countries. 

C. DOSES IN EXMXXNATIONS 

61. Estimates of doses to patients in diagnostic x-ray 
cxaminations, derived largely from the UNSCEAR 
Survey of Medical Radiation Usage and Exposures, 
arc listed in Table 10. The primary quantity shown is 
avcrage entrance surface dose, ESD, pcr examination. 
The dose-area product, DAY, was reported in one or 
two cases, but these values arc not included in the 
Table. Both quantities are readily measurable. When 
reportcd in response to the UNSCEAR Survey of 
Mcdical Radiation Usagc and Exposures, effective 
doses (or effective dose equivalents) are also listed in 
Table 10. Effective dose can be calculatcd from ESD 
or DAP i f  the projcction, tube kilovoltage and beam 
filtration arc known IB23, G23, H27, J3, R23, R24, 
R38, S45) and, if necessary, corrected for patient size 
and anatomy [L24, L25, S46). A reasonablc 
approximation of effective dose without such detailed 
information is possible from DAP [ L D ]  but difficult 
from ESD. In the absence of such data, effective doses 
were not calculated. 

63. The average effective dosc equivalents in coun- 
tries of health-care level I, illustratcd in Figure IV, 
indicate that, for the same examination, the doses were 
consistently higher in 1970-1979 than in 1980-1990. 
This does not necessarily mean, howevcr, that per 
caput effective dose equivalents arc decreasing, sincc 
the spectrum of examination changes as wcll. Com- 
puted tomography was alrcady mcntioncd above as 
one example of the developments that alfcct collcctivc 
doses appreciably. 

64. Comparison of the average doscs from cxam- 
ination in countries of health-care lcvcls I and I1 in 
1980-1990 is also illustrated in Figurc IV (carlicr data 
are not available for lcvcl 11, and data arc altogcthcr 
insufficient for lcvels 111 and IV). No consistent 
difference is apparent: reported doses for lcvcl I1 are 
about twice those for lcvel I for cxaminations of the 
lumbosanal spine, pelvis and hip, 20% higher than 
lcvel 1 doses for upper gaslro-intestinal tract 
examinations, similar to lcvel I doses for chole- 
cystography and for skull cxaminations; half the 
lcvel I doses for urography and for examinations of 
the extremities: and less than half the level I doses for 
examinations of the chcst, abdomen and the lowcr 
gastro-intestinal tract. While bascd on only two 
countries (China and India), the averages for level I1 
refer to a large population. Nevertheless, apparent 
differences betwcen health-care levels should be 
interpreted very cautiously. Somc reportcd differences 
between China and India arc biggcr than the apparent 
differences bctwccn the avcragcs of diffcrcnt health- 
care levels. 11 seems highly likely that dose differences 
of similar magnitude occur within thcse large 
countries. Conditions in China or India may also be 
quite different from conditions in other countries of 



level I1 or in countries of level 111 or IV, where the 
nlorc frequent use of fluoroscopy may cause higher 
doscs. 

65. Numerous factors of technique contribute to the 
dosc variation observed. Several such factors are listed 
in Table 12, which compiles both general information 
IN51 and information originally aimed at mammo- 
graphy [R18, S56] but relevant also in a general 
context. Patient size is not listed in Table 12, since it 
is not a controllable factor of technique, but it con- 
bibutcs appreciably to variation [L24, L25, V31, also 
bctween countrics. For instance, the weight of the 
reference Japanese adult male is 61.5 kg and the 
fc~nale 51.5 kg [TS], compared with 70 kg (male) and 
60 kg (female) of the ICRP reference man [12]. 

66. Variations in dosc for specific procedurcs arc 
discussed in more detail below. These include (a) 
fluoroscopy, because of its significant impact on pro- 
cedures and per caput doses; @) computed tomo- 
graphy, because of its rapid growth; (c) chest exam- 
inations, since thcy are so frequent; (d) mammo- 
graphy, with a view to its use in screening pro- 
grammes; (e) chiropractic examinations, since they are 
not well known; and (0 neonatal and child examina- 
tions, because these patients may be more radiosensi- 
tive than adults. 

1. Fluoroscopy 

67. Traditional fluoroscopy (in which a fluorescent 
screen receives an image) and photofluorography (in 
which the imagc on the screen is recorded 
photographically or electronically) often cause high 
absorbed doses in the patient. Tbere are two reasons 
for this: dose rates may be high and exposure times 
may be long. There are wide variations in patient 
exposures, even for the same type of examination, 
between patients, between equipment and between 
radiologists (see, e.g. [Rl]). Modem equipment with 
image intensifiers may mean that fluoroscopy and 
photofluorography do not cause relatively higher 
doses. The imaging properties of image intensifiers 
have improved, and the input screen size can now be 
large. Based on these technical developments, a dose 
reduction of about onehalf was possible with 
large-screen image intensifier photofluorography 
instcad of screenlfilm radiography (with full-size 
images) in posteriorlanterior (PA) projection in 
scoliosis examinations [MS]. A Swiss study of older 
and newer fluoroscopy units for chest screening 
purposes rcvealed a 30-fold range in dosc rates. 
Entrance surface doses ranging from 0.1 mGy for the 
most modem unit to 2.2 mGy for an old mobile unit 
were observed, the lower value being one third of the 
entrance surface dosc observed in the same study for 

scrcc~~/film radiography [M37]. Nonc~hclcss, modern 
equipment may also have a potential for high doses, 
but for son~cwhat different reasons. For instance, 
high-level fluoroscopic boost options for imagc 
enhancement can contribute to high doses and may be 
easily activated, c.g. by a simple foot pedal [C12]. 

68. Thus, fluoroscopy can cause a high dose to an 
examined paticnt. Furthenuore, its widespread use in 
countrics of health-care levels 11-IV contributes to high 
collective patient doses [Ul].  But where the Basic 
Radiology System developed by the World Health 
Organization [W3] is installed, there seems to be a 
potential for substantial dosc reductions, which are not 
yet reflected in reported data (see Table 10). Trials at 
a Swedish hospital [H7] indicate that doses for 
conlnlon examinations could be reduced by 80% [C2] 
or even more in comparison with older fluorographic 
systems. Trials in Colombia [W3], which show doses 
less than half of those observed in the United States, 
seem to corroborate these results. Furthermore, the 
effective dose equivalents for specific examinations 
(see Table 10) do not appcar to be consistently higher 
in level 11 countries than in level I countries. For 
levels I11 and IV, information is insufficient to draw 
any conclusion, but highcr doses may be suspected, 
owing to, for one thing, the absence of stable voltage 
in many countries [B18]. 

69. Intervcntional radiology describes procedurcs in 
which the physician utilizcs radiology for guidance 
before, during or after surgery or in relation to other 
examinations or treatments. Some examples are the 
placement of catheters for drainage, stone extraction, 
recanalization, the dilatation or occlusion of vessels 
and the infusion of pharmaceuticals, as well as the 
needle biopsy of various lesions. The dilatation of 
vcsscls by pcrcutancous transluminal angioplasty may 
be peripheral (PTA) or cardiac (PTCA). Most of these 
procedures require lengthy periods of fluoroscopy and 
may impart high doscs to patients and staff. On the 
other hand, the frequency of these often life-saving 
procedures is low. The total frequency of interven- 
tional radiology in Nordic countries varies from 0.3 to 
0.8 per 1,000 population [S14]. Of these, the higher 
values are obtained in countries with a high frequency 
of pcrcutancous nephrostomy. PTCA, with potentially 
very high doses, is practised at a rate of 0.03 to 0.05 
procedures pcr 1,000 population [S14]. The number of 
PTCA procedurcs in the Unitcd Statcs increased to an 
estimated 400,000 in 1990 [K29]. 

70. Average effective dose equivalents in 
interventional radiology were determined by Diaz- 
Romero ct al. [Dl81 for 1,389 patients at Tcnerife, 
Canary Islands. The results included an adjustment 
factor of 0.85 to take account of the age distribution 
of patients (see Section 1.B and [H4]). After recalcula- 
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tion to rcmovc the adjustment factor, the cffcctivc 
dosc equivalcnts (HE) rarlgcd from 1.9 niSv (for 
ncphro-urinary procedures) to 15 mSv (for abdominal 
artcriography). Some spccific dosc data and otl~cr 
information arc given bclow for cardiac, ccrcbral and 
nephro-urogenital intcrvcntional radiology, as wcll as 
for othcr typcs of fluoroscopy. Gonad doscs for somc 
intcrvcntional radiology procedures are available 
[V14]. Fluoroscopically guidcd fallopian tubc rccana- 
lijation as a treatment for infertility has been attracting 
intcrcst rcccntly. Average absorbed ovarian doscs of 
8.5 + 5.6 mGy (corresponding to an effcctive dosc 
equivalcnt of about 2 mSv) wcrc recorded by 
Hcdgpcth ct al. [H45]. 

71. Thc grcatest radiation dose to individual paticnts 
in fluoroscopy is associatcd with the imaging of the 
heart (intcrventional or otherwise). Skin doses in 
cardiac angiogaphy often approach 1 Gy, and during 
coronary angioplasty skin doses between 1 and 5 Gy 
were recorded for 31 patients in an Australian study 
[HI]. A maximum skin dosc of 43 Gy (for 1 hour of 
fluoroscopy and 2 minutes of digital subtraction angio- 
graphy) is quotcd in Finland [P12], corresponding to 
an cffectivc dosc equivalcnt of about 1,400 mSv. This 
was a unique casc, and typical skin doses were around 
1 Gy (corresponding to an effcctive dosc equivalcnt of 
about 10 mSv). In a French study, Moroni el al. 
[M30] highlighted some special situations with very 
long exposure times in angiography or catheterization, 
such as the sampling of pancrcatic hormone to detect 
mute cancer or hepatic cmbolizadons. Entrance surface 
doses of 2 Gy and gonad doses (outside the primary 
beam) of 3.2 mGy were observed in single 
examinations. A study in the Unitcd Kingdom [T9] 
reportcd that cntrancc surface doses of up to 1 Gy 
were in the normal range for digital subtraction 
angiography (including the associatcd fluoroscopy). 

7 2  Some variations are difficult to assess. Paticnt 
doscs diffcrcd significantly between cardiologisls in 
onc hospital in the Netherlands, but not in another one 
[Kl]. Digital subtraction angiography @SA) with 
pulsed high dose-rate fluoroscopy should permit 
patient doses to bc reduced to about one third of the 
dosc in conventional angiogaphy. To some extcnt, 
however, this may be offset by more liberal use of the 
procedure [J6, P2]. Thc rangc of cntrancc surface 
doscs and organ absorbed doses in angiography 
cnumeratcd in two reviews IS37, V14] are sum- 
marized in Table 13. For cercbral angiography during 
the embolization of artcriovcnous malformations, 
effcctive dose equivalents to patients of 6-43 mSv 
were recorded [B29] for entrance surface doses of 
170-1,400 mGy, a rangc exceeding that given in 
Table 13. In another study [F3], effective dose 
equivalents in cerebral angiography ranged from 2.7 to 
23 mSv (average: 10.6 mSv). Of this dose. fluoro- 

scopy contributed 6755, cut filnis 26% and DSA 7%. 
Absorbed doses to organs in thc hcad in convcntional 
and DSA in the Fcdcral Rcpublic of Germany wcrc 
given in [G17]. DSA causcd lowcr orbital doscs; 
convcntional angiography produced lowcr doscs in thc 
cervical marrow, the ccrcbcllum and thc parotid 
glands. 

73. Whilc imaging of thc hcart causes high indi- 
vidual doses, the collcclivc dosc is mainly influcnccd 
by the much more frcqucnt fluoroscopic exanlinations 
of the gastro-intestinal tract. In the Unitcd Statcs, thcse 
causc avcragc cffcctive dosc equivalents pcr cxamina- 
tion of 2 4  mSv (uppcr gastro-intestinal tract exam- 
ination) and 4.1 mSv (barium cncma). Due to thc frc- 
quent use of thcsc examinations, thcy producc annual 
collective effective dose equivalents of 18,500 and 
19,900 man Sv, rcspectivcly. Togcther, this is ovcr 
40% of the annual collective dose due to diagnostic 
x rays in the United Statcs [Nl]. Fluoroscopy time in 
gastro-intestinal tract examinations is an important 
source of dose variation [H33]. Screening time can be 
reduced significantly with no loss of examination 
quality [H14]. Tbis, coupled with radiation protection 
attention [B4, S541, means that dencasing doses per 
examination are to be expected. Of course, examina- 
tions causing very low doses have little impact cvcn if 
they are frequent Fluoroscopy of the extremities 
produces absorbed doses of a fcw milligray [ C l l ]  and 
effective dose equivalents of'O.1 mSv or less. 

74. In Japan, effcctive dose equivalcnts pcr cxam- 
ination of the upper gastro-intestinal tract were found 
to be 2.1 mSv for radiography and 2.8 mSv for fluoro- 
scopy, with a total of 5 mSv when both proccdurcs 
were utilized. Owing to the frequent use of thcsc 
examinations, thcy cause annual collective effective 
dose equivalents of about 35,200 man Sv (radio- 
graphy) and about 43,400 man Sv (fluoroscopy). This 
is about 43% of the total annual collective effective 
dose equivalcnt from all x-ray diagnostic examinations 
in Japan [M4]. Suleiman et al. [S34] reported the 
following absorbed doscs for upper gastro-intestinal 
tract examinations in the United States, apparently 
indicating somewhat lowcr cffcctivc dosc equivalents 
than in Japan: thyroid, 0.2-3.5 mGy, lung, 0.9-4.2 
mGy, red bone marrow, 0.8-5.4 mGy and uterus, 0.2- 
1.0 mGy (all numbers rcfcr to the sum of radiography 
and fluoroscopy). In another survey in the Unitcd 
States, cntcroclysis caused cntrance surfacc doscs thrcc 
times higher &an dedicated peroral small bowcl study 
(123 + 60 mGy as opposcd to 46 2 21 mGy) [T14]. 

75. In extracorporeal shock-wave lithotripsy, fluoro- 
scopic x-ray imaging is used to localizc renal stones. 
One estimate from the Unitcd States of a likely 
surface air kerma was about 225 mGy [Ll]. Other 
estimates, also from the United States, gavc surface 
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doses of 10-300 mGy, with average female gonadal 
doscs of about 1 mGy ( B l ,  G13). The dose increased 
with increasing stone burden and paticnt weight, and 
stones in the uretcr resulted in higher average doses 
than renal stoncs [CB]. The introduction of a radiation 
control programme in the United States permitted 
cxposurc reductions of between 20% and 60% [G5]. 
An invesligation in Canada produced similar values, 
with an average entrance surface dose of 140 mGy, 
corresponding to an effective dose equivalent of about 
0.8 mSv [H5]. Average surface doses of 30-34 mGy 
wcre observed in Taiwan [C20]. The authors attributed 
their relatively low doses to, among other things, small 
average patient size, which permilted low current for 
spot films. 

76. An alternative to extracorporeal lithotripsy is 
percutaneous lithotomy. In this procedure, fluoroscopy 
is uscd to localize the renal stones for extraction. A 
Swedish study reported an average effective dose 
equivalent to the patient of 4.2 mSv (range: 0.60- 
8.3 mSv) [G4]. In Finland, percutaneous nephrostomy 
(which is a part of percutaneous lithotripsy) generated 
entrance surface doses to patients of 160 mGy [V13]. 
Thus, the newer technique of extracorporeal lithotripsy 
does not seem to cause higher radiation exposure; if 
anything it does the reverse [V13]. An investigation in 
the United Kingdom [R3] gave similar results. Extra- 
corporeal renal stone lithotripsy has been much more 
successful than the corresponding technique for gall- 
stones [M33]. Although gallstones are more frequent, 
only a limited number of patients are suited to sucb 
treatments [Z5], so the frequency of this procedure is 
not expected to increase markedly. 

77. Numerous suggestions for reducing doses in 
fluoroscopy have been made. During placement of 
feeding tuba ,  a procedure that is not diagnostic and 
does not rcquire an image of high quality, ordcr- 
of-magnitude dose reductions (from entrance surface 
doses of about 300 mGy) were achieved by removing 
the anti-scatter grid and increasing the iris of the video 
camera [R20]. Similar reductions were possible for 
nasocntcral tube placements [R13]. This is of signi- 
ficance, since many of the patients in question are 
exposed to these procedures repeatedly. A broader 
overview of measures to reduce doscs in fluoroscopy 
has been published 11131. 

2. Computed tomography 

78. In computcd tomography ( C T ) ,  the conditions of 
exposure are quite difircnt  from those in conventional 
x-ray imaging. This has required the development of 
specific techniques for assessing patient dose from 
computed tomography. Usually, the dose in a single 
CT slicc is estimated using either the computed tom& 

graphy dose index (ml) or the multipl~-scan 
average dose (MSAD) [C23, C241. CTDI is dcfined as 
the integral along the axial, z, direction of a single- 
slice dose profile, D(z), dividcd by the nominal slice 
width. MSAD is the average dose across the central 
slice from several contiguous slices. These two para- 
nleters are related, and, under certain conditions, are 
identical for 7 mm thick slices. For thicker slices, 
MSAD underestimates CTDI, by 10%-15% for a 
10 mm slice [C23]. Entries under ESD in Table 10 are 
actually such slice doses, as indicated in a footnote. 
From slice doses, organ doses and, ultin~ately, 
effective doses can be estimated [J7, S43, 2161. 
Studies in the Nationwide Evaluation of X-ray Trends 
(NEXT) programme in the United States in 1990 
[C23] indicated MSADs in examinations of the head 
of, usually, 34-55 mGy, although doses as high as 
140 mGy were encountered. 

79. The dose per examination by computed tomo- 
graphy varies with the type of examination. On 
average, the effective dose equivalent to patients 
undergoing such examinations was 3.2 mSv in a study 
in Manitoba, Canada, in 1987 [H4]. Since there were 
18.2 examinations per 1,000 inhabitants in Manitoba, 
computed tomography contributed 0.06 mSv to the 
annual per caput dose from nledical exposure. Effec- 
tive doses, as well as effective dose equivalents, in 
1989 for specific cxaminations and for all computed 
tomography in the United Kingdom were compiled by 
Shrimpton et al. [S43]. On average, the effective dose 
is lower than the effective dose equivalent by a factor 
of 0.7, with ratios for specific examinations ranging 
from 0.5 to 1.5. Only for the cervical spine is the ratio 
greater than unity. Their results, and associated data 
on examination frequency [S42], are summarized in 
Table 14. Absorbed organ doses recorded in the same 
project are given by Jones and Shrimpton [J7]. 
Dctailcd information on eye lens and gonadal doses 
during computed tomography were given by Rosen- 
kranz et al. [R2]. 

80. In computed tomography, the absorbed dose for 
a given examination varied by a factor of 3 in New 
Zcaland [P l l ] ,  and a factor of 5 in Sweden [MI]  and 
the United Kingdom 1-1. In Japan, the effective dose 
equivalent for the same examination varied by a factor 
of up to 3.5, depending on the scanner unit [N8]. 
Table 15 summarizes some of the dose data obtained 
in that study. Panzer et al. p 3 ]  noted even greater 
variation, by a factor of up to 10, with 122 scanners in 
the Federal Republic of Germany. Researchers in the 
USSR found that some dose variability was unavoid- 
able due to the clinical situation [All ,  but apparently 
some of the variation could be removed. This would 
be important, since the general use of computed 
tomography is increasing at Ihe same time as doses 
per examination arc also increasing [H4]. Siddlc et al. 



discussed variation between scanner units [S29] and 
between procedures IS301 in Australia in connection 
with the risk of causing cataracts in the eye lens. They 
concludcd that while ncithcr scanner variation nor 
procedure variation led to doses approaching the thrcs- 
hold for cataracts in thcir studies, a potential for such 
doscs does exist A low-dose technique for computcd 
tomography orbital volume measurements reduces lens 
doscs from over 100 to 11 mGy [M24]. 

81. In somc cases, thc dosc from a computed 
tomography examination is lower than h e  dose from 
similar examinations with conventional techniques. For 
instance, conventional myelography of the lumbar 
spine gives effective doscs equivalents that are five to 
nine times higher than those for computcd tomography 
of the same region (HE = 9-18 mSv compared to 
1-2 mSv), whilc cffectivc dose cquivalcnts are similar 
for the two techniques for cervical spine myelography 
(about 2 mSv) FBI. However, patient doses from 
computed tomography examinations are typically an 
order of magnitude higher than those from conven- 
tional x-ray diagnostic examination, as reported in the 
Federal Republic of Germany [PlO] and in the United 
Kingdom [S43]. 

82. Fetal doses in computed tomography 
examinations of pregnant patients were evaluated by 
Felmlce et al. [F6] and Panzer et al. [P9]. Both articles 
provide the necessary formulae for dose calculation. 
Felmlee et al. concluded that clinically required head 
scans can be performed with little or no dose to the 
fetus, and that the prudent use of body scans can be 
considered. 

83. Several European countries arc at present 
collaborating on quality assurance measures to reduce 
the variability in doscs from comparable computed 
tomography scans [C9]. Such efforts at reduction are 
expected to reduce average doses (or rather, since both 
the number of examinations and the dose per examina- 
tion are increasing for other reasons, as detailed above, 
to limit the rate of increase). Equipment failure can, of 
course, increase doses; as an example, the accidental 
loss of filtration increased entrance surface doses in 
head and body scans by somc 25% [Y2]. 

3. Chest examinations 

84. Individual doses are usually low in radiographic 
chest examinations. Digital computcd radiography 
could permit even smaller doses than screentfilm 
radiography (although some effort might be required 
to achieve acceptable image quality) [JlO, K24, L19, 
M34]. As an example of doses in conventional cbest 
radiography, the effective dose equivalcnt averaged 
over all chest x-ray units in Manitoba, Canada, and 

over all projections in 1987 was 0.07 mSv [H241. Thc 
authors stressed that lateral projections (takcn in 
addition to postcrior/antcrior or anterior/postcrior in 
70% of the Manitoba examinations) contributed most 
to the cffectivc dose equivalent for a chest cxamina- 
tion. For posterior/antcrior only, the avcragc entrance 
surface dose was 0.12 mGy, corresponding to an 
effective dosc equivalent of about 0.02 mSv. For 
lateral projections, an avcragc cntrance surface dosc of 
0.59 mGy (corresponding to an effective dose cqui- 
valent of about 0.06 mSv) was calculated based on 
phanto~i~ measurements [H6]. 

85. A collaborative study in Sweden and the United 
States [ M I  found that the entrance surface air k c m a  
for posterior/anterior chest projections was 0.16 mGy 
in Sweden and 0.14 mGy in the United States (all 
Swedish facilities and 75% of United Statcs facilities 
use scatter suppression, mostly grids and in a few 
cases air gap). These similar average doses are the 
result of quite different underlying conditions. Since 
grids typically increase the dose by a factor of 2 or 3, 
an even higher dose could have been expected in 
Sweden. Slower screenlfilm systcms in Sweden would 
act in the same direction. On the other hand, in 
Sweden, higher tube voltage, more appropriate total 
filtration, the absence of singlc-phase units, over- 
processing and a mandatory quality assurance pro- 
gramme all act in the directi6n of lower doses. As a 
rough approximation, the air kernla values divided by 
0.75 correspond to entrance surface doses with back- 
scatter. Using this approximation, the entrance surface 
doses are 0.16 + 0.75 = 0.21 mGy in Sweden and 0.14 
+ 0.75 = 0.19 mGy in the United Statcs. Thus, they 
are of the same order of magnitude as the doscs in 
Manitoba. As usual, there was considerable variation 
around the averages. In Sweden, the air kerma values 
ranged from 0.022 to 0.58 mGy, a 26-fold difference 
[MI ,  while in the United States they ranged from 
0.004 to 0.70 mGy, a 175-fold difference [R14]. 

86. Studies within the Nationwide Evaluation of 
X-ray Trends (NEXT) programme of chest examina- 
tions in United States hospilals in 1984 and private 
practices in 1986 [R14] showed no overall difference 
in doses (an entrance surface air kcrma of 0.14 mGy 
in both cases). Fewer private practices use scatter 
suppression grids. For each technique (with or without 
grid), doses were slightly higher in private practices. 
One of the causes of higher doses may be that 41% of 
the private practices, as opposed to 17% of the 
hospitals, undcrprocesscd thcir films. 

87. In spite of low doses, cbest examinations con- 
tribute 5,100 man Sv annually in the United States, 
over 5 %  of the collective effective dose equivalent 
from medical x-ray usage, reflecting the fact that this 
is the most frequent type of x-ray exar~iination apart 



from dental x-ray exan~inations [Nl 1. Some countries 
conduct extellsive chest screening programmes, oficn 
with photofluoroscopy rather than radiography. For 
conventional equipnicnt, photofluorography causes 
doses at least some five times higher than radiography 
in chest examinations [Ul] ,  and depending on the type 
of fluoroscopy, the duration ctc., it can cause doses 10 
times higher [Ul]. 

88. Entrance surface doses in chest radiography have 
been studied in Hunan Province, China (health-care 
Icvel 11) [YI]. For photofluorography, the average 
dose was 6.1 mGy. while for full-size image radio- 
graphy, the dose was 0.6 mGy. The average entrance 
surface dose during fluoroscopy was 9.6 mGy. 

89. Mammography is used in two contexts: for 
clinical examinations in order to investigate suspected 
breast cancers and for the mass screening of healthy 
women in order to detect such cancers. The preferred 
dose quantity in mammography is the mean absorbed 
dose in glandular tissue [ I l l ,  N14]. A summary of 
recent results of dose studies in mammography in 
countries of health-care lcvel I is given in Table 16. 
The average of mean glandular doses ranged from 0.6 
to 4.8 mGy per film. Reported effective dose equi- 
valents spanned an even widcr rangc: results of the 
UNSCEAR Survey of Medical Radiation Usage and 
Exposures gave an average effective dose equivalent 
of about 1 mSv and a rangc of 0.03-9.5 mSv. Since 
n~ammography is probably subject to more quality 
control and standardization than many other exam- 
inations, at least in countries whcre here are 
mammography screening programmes in effect [K16, 
L10, N12, P15, T11, Z8], the degree of variation is 
remarkable. 

90. For a state-of-the-art screening programme, 
1 mGy may be a representative breast dose (2-3 mGy 
if an anti-scatter grid is used). The dose varies with 
breast thickness [T20, W32] and composition [AlS]. 
There are, as noted in the UNSCEAR 1988 Report 
[Ul], considerable performance variations between 
systems, e.g. in Italy [Cl]  and the United States [K2, 
PI]. One source of variation is lack of a quality assur- 
ance programme. In the report from Italy cited in 
Table 16 [R19], it is observed that wilh the criteria 
used by the authors, 24% of the centres surveyed used 
too high a dose, 24% had a poor image quality and 
14% had both high doses and poor images, illustrating 
the potential for quality assurance. To meet this need. 
the Comnlission of h e  European Communities has in- 
troduced European guidelines for quality assurance in 
mammography screening [C19]. In Washington Slate, 
United States, 30%-70% of 131 mammography centres 

wcrc not in compliance with various quality assurance 
reconimendations [F7]. This sul)ject is further dis- 
cussed in Section lI.F.4. An important diffcrcnce 
exists bctwecn xcron~amn~ographic systems (typical 
mean absorbed breast dose: 4 mGy) and scrcenlfilm 
systems (typical v;ilue 1 mGy) [H42, L17, R18]. The 
scrcen/Piln~ value is, in fact, an average of results 
without anti-scatter grids (0.6 mGy) and with grids 
(1.3 mGy); the latter, in turn, is an average of moving 
grid (1.1 mGy) and stationary grid (1.5 mGy) [D17]. 

91. In a study in Italy, low-dose plates pcrmit~ed the 
surface air kerma to be reduced by 15%: to 4.4 mGy; 
a further 15% reduction was possible with an in- 
creased film-focus distance [Cl]. In the United States, 
15 new mammographic units of 8 different models 
were tested, using identical scrccnffilm combinations 
with and without grids [K2]. The mean glandular dose 
varied between 0.4 and 2.2 nlGy with a grid, 0.4 and 
2.1 mGy without a grid, at 28 kVp. In another study 
in the United States, four different screen/film systems 
were tested [PI]. The mean glandular dose varied 
from 0.6 to 3.2 mGy at 25 kVp and from 0.5 to 
1.8 mGy at 30 kVp. Five different types of filn~ were 
tested in a study in the United Statcs of the effects of 
prolonged exposure, delayed processing and increased 
film darkening [K21]. Each of these increased dose, 
by 20%-30%, and optimal viewing dcnsity was 
differel~t for each film type. i'he Nationwide Evalua- 
tion of X-ray Trends (NEXT) programme, also in the 
Unitcd States, observed average mean glandular doses 
of '0.93 mGy in 1985 and 1.6 mGy in 1988 for 
sacen/film mainniography [R12]. For xeromarnmo- 
graphy, the values were 3.9 mGy in 1984 and 
4.3 mGy in 1988. In 1985, 36% of facilities had an 
unacceptable image quality, but by 1988 this 
proportion had dropped to 13%. 

5. Chin)prnclic examinations 

9 2  X-ray examinations are also performed in con- 
nection with chiropractic, either at the chiropractic 
office or by a collaborating medical radiologist. The 
main types of examination are cervical spine, thoracic 
spine and lumbar spine. In the province of Manitoba, 
Canada, the entrance surface doses for these three 
types of examinations were 0.6, 1.8 and 3.5 mGy, 
respectively, corresponding to effective dose cqui- 
valents of 0.03, 0.24 and 0.41 n ~ S v  per examination 
and collective effective dose equivalents of 0.4, 0.8 
and 6.2 man SV for a population of 1 million [HS]. 
This averaged 0.22 mSv per patient and gave a per 
caput effective dose equivalent of 0.007 mSv. These 
values agree closely with corresponding values for the 
Unitcd States [Nl ] and indicate that chiropractic 
exa~nirlations do not make a significant contribution to 
either individual or t l~e  collective radiation dose. 
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93. Ncvcrthclcss, these avcragcs do not reflect thc 
cxtent of the dose variatio~i cncountcrcd among rhiro- 
practic officcs. In the Manitoba study, the ratio of 
maximum to niinisiun~ dosc was as great as 23 IH8j. 
This is similar in magnitude to the variations found in 
n~cdical diagnostic radiology [S23]. In its response to 
the UNSCf3R Survey of Medical Radiation Usagc 
and Exposures, the National Radiation Laboratory of 
New Zcaland pointed out that entrance surface doscs 
niay be difficult to interpret, because chiropractors use 
a conlplcx systcnl of plane and wedge filters and dia- 
phragn~s to obtain even irradiation of contrasting tissue 
regions. According to the Laboratory, the filter and 
diaphragm systems lcad to doses lowcr than those ob- 
tained in approximately equivalent medical procedures. 

6. Neonatal and child examinations 

94. The pattern of diagnostic examinations is such 
that children may get highcr doses than adults. For 
instance, a study in the Netherlands reported the 
highest doscs per examined patient for persons under 
age 5 years or between ages 25 and 50 years. The 
reason was that the most frequent examinations were 
abdomcn, lumbar spine, intravenous pyelogram and 
computed tomography of the head, all of which cause 
doscs in the middle to upper range [V16]. Further- 
more, the exposure conditions and field sizes must be 
adapted, otherwise the cffcctive dose from exam- 
inations of infants would be highcr than that to an 
adult. This also applies to high-dose procedures, such 
as interventional cardiac catheterization, which is used 
on infants with a variety of congeni~al heart diseases 
[W16]. Phantoms [ V l l ]  and tables are available for 
the determination of absorbed organ doscs to children 
in various x-ray examinations [T12]. With theoretical 
methods, Zankl et al. [Z2, ZlS] obtained organ doses 
for an infant and a child for the most common radio- 
graphic examinations and demonstrated the strong 
dependence of organ doses on body size [V3]. Linds- 
koug P l l ]  providcd tables of suitable exposure 
parameter settings. 

95. Fetal doses in computed tomography wcre 
discussed above in Section II.C.2. Fetal absorbed 
doses in Japan during screening of the upper gastro- 
intestinal tract ranged from 0.3 to 5.5 mGy [02]. To 
the cxtent that pelvimetry is performed by x rays 
instead of ultrasound, doses (including possible fctal 
doses) are decreasing where computed tomography 
scanners are available, but not using their cornpuled 
tomography feature. Pelvinictry with Scan Projection 
Tomography (a non-tomographic survey view with the 
scanner) causcs doses about one tenth of those with 
conventional x rays [G9, W331. 

96. For premature infants, chest examinations can be 
medically very important Weingartner et ai. [W2] 

stressed the iniportancc of suitable equipment and 
careful patient referral for x-ray imaging for this 
sensitive group of patients. Faulkncr ct al. IF41 listed 
various ways to rcducc doses per film but also pointed 
out that neonates may be subjected to l a g c  numbers 
of examinations during thcir stay in hospilal. Thcy 
also nicntioned that thc average dosc to the infant 
patient is dctcrmincd mainly by the number of 
examinations, which depends on clinical symptoms. In 
the UNSCEAR 1988 Report [Ul], other examinations 
of nconatcs (barium, computed tomography, angio- 
cardiography) wcrc discussed. 

97. Ruiz et al. [R22] studied entrance surfacc doses 
to children of different age groups from frequent 
simple examinations of the abdomcn, hip and pelvis, 
skull, spine and chest Thc ranges of doses they 
observed in the Madrid area to children less than 1 
year of age (AP projection) wcre 0.8-1.7 mGy (abdo- 
men), 0.8-1.3 mGy (pelvis), 1.1-3.2 mGy (skull) and 
0.1-0.5 mGy (chest). The variations observed, as well 
as the fact that skull doses for some examinations 
exceeded suggested reference values for adults [M38], 
were said to demonstrate the need for quality assur- 
ance programmes. Similar data collected from the 
United Kingdom [C22] showed that some skull doses 
exceeded the CEC reference dose values. 

98. A study covering 11 member States of the 
European Community [S19], which considered typical 
x-ray examinations performed on infants (abdornen, 
skull, chest, spine, pelvis), showed large variations in 
entrance surface doses, far gra ter  than the known and 
expected variations for corresponding examinations of 
adults. The maximum entrance surface doses for the 
abdomen, skull, chest and spine wcrc almost 50  times 
higher than the minimum doses, and for the pelvis, a 
76fold difference was found. The study had been 
standardized on the size of the infant so that no 
additional variation was introduccd. It should be 
possible to remove some of the dosc variation, which 
would presumably lcad to lower average doses to 
infants in future x-ray examinations. 

99. Most of the patients subjected to scoliosis 
radiography are females bctween 10 and 16 years of 
age, and many of them are examined repeatedly, 
perhaps 20 times in all, for prolonged pcriods. so that 
considerable doses result from the total course of 
examinations. It is likely, however, that technical 
improvements will reduce doses pcr examination. As 
an example, the filtration systems common in 
chiropractic practice can rcduce doses to scoliosis 
patients significantly [A2]. Computed radiography 
seems to reduce doses by about an order of 
magnitude, both with large-screen image intensifiers 
[M5] and with photostimulable phosphor imaging 
plates [K12. U 2 ] .  A disadvantage is that neither 



technique permits the er~tire cervical, thoracic and 
lumbar spine of a tall teenager to be shown on a 
single image [M5, K221. One study in Sweden found 
lhat the effective dose equivalent with state-of-the-art 
technique was 0.07 mSv for one examination. Other 
tcchniqucs gavc up to 10 times higher doses. Pub- 
lished figures indicated that certain techniques could 
give doses a furthcr order of magnitude higher [H39]. 

100. Several authors have examined the utility of 
filtration in paediatric radiology. For abdominal 
examinations of 10-year-old children, niobium 
filtration neither impaired the image quality 
substantially nor reduced doses significantly [J4]. Rare 
earth (erbium, hafnium) filters have been received 
with mixed reviews for paediatric radiology (and for 
general radiology; they are discussed below wilh 
respect to dental examinations). Although they do 
permit dose reductions of 20%-25% with unimpaired 
image quality, the cost is high [D12, S39, W151. 
Adams [A91 advocated rare earth fdtcn but also 
pointed out that a number of other items in a quality 
assurance programme are at least as important. A 
more advanced technical development, computed 
radiography using photostimulable phosphor imaging 
pla~es, permits dose reductions of 30%-50%, compared 
to sacen/film systems, in various examinations of 
children, infants and premature babies [B24]. An 
addcd benefit is that the findings can be highlighted 
using image post-processing. 

101. In computed tomography, paediatric body scans 
using ceramic detectors allow 50% dose reductions 
compared to xenon detectors, with a negligible 
reduction of image quality [P17]. Naidich et al. [N9] 
addressed the potential for low-dose mmputed 
tomography of children, comparing a 10 rnA setting to 
the more routine 140 rnA (at 120 kVp) for lung 
examinations. In spite of increased image noise and 
loss of low-contrast detail, the low-dose examination 
produced images of acceptable quality. 

D. DENTAL X-RAY 
EXAhllNATIONS 

102. Although the enective dose to a patient from an 
oral radiographic examination is low, the frequency of 
examinations is high enough to warrant study of dose 
distributions. Country-by-country frequencies of dental 
examinations arc listed in Table 17, and the entrance 
surface doses and effective doses or effective dose 
equivalerils per examination, mainly for intraoral films, 
are listed in Table 18. Representative frequencies of 
dental examination were estimated in the UNSCEAR 
1988 Report [Ul] to be 250 and 4 per 1,000 popula- 
tion in countries of health-care levels I and 11, 
respectively. Since then many additional studies have 

bccn performed, providing a wider basis for estimates. 
The population-weighted average examination 
frequency for countries of health-care levels I, 11 and 
Ill for 1985-1990 were, according to Table 17, 350, 
2.5 and 1.7 per 1,000 population, respectively. Some 
data wcrc collcctcd on age- and sex-distributions, but 
these appear too scattered to warrant formal analysis. 
It is noted, however, that dental examinations of 
children are rather frequent 

103. In the UNSCEAR 1988 Report [Ul], the average 
effective dose equivalent for a procedure involving 
about two dental film exposures was estimated to be 
0.03 mSv. The population-weighted average effective 
dose equivalent per examination for countries of 
health-care level 1 in 1985-1990, calculated from the 
data of Table 18, was about 0.03 mSv (the weighted 
per caput effective dose equivalent is about 0.01 mSv). 
For countries of health-care levels TI-IV, the effective 
dose equivalent per exanlination is probably much 
higher; according to Table 18, the average dose per 
examination was 0.2 niSv at level I1 (based mainly on 
Brazil) and 0.32 mSv at level 111 (based on Myanmar). 
These averages correspond, however, to per caput 
effective dose equivalents of only 0.001 mSv at 
level I1 and 0.0003 mSv at level 111, due to the low 
examination frequencies. 

104. For dental x-ray examinations, the collective 
effective dose equivalent in Sweden was estimated to 
be 79 man Sv in 1984 [Sl], while a similar estimate 
for Finland in 1981-1985 was 15 man Sv [H2]. The 
population of Sweden, 8.3 million in 1984, is twice 
that of Finland. However, individual doses were 
slightly higher in Finland. The results mainly reflect 
differences in examination frequency; the examination 
frequency in Sweden is rather high, 1.9 films per 
inhabitant in 1986, due to a national dental service 
programme that provides relatively frequent exam- 
inations. 

105. In contrast, the dental x-ray collective cffective 
dose equivalent of 2,000 man Sv in France in 1984 
[BS] cannot be explained just by the largcr population 
of France (54.9 million in 1984) or by the examination 
frequency (0.5 films per inhabitant in 1984 [BS]). 
Instead, the difference arises from the average doses 
per examination, which are at least 2-3 timcs higher 
than in the Nordic countries [BS]. Benedittini et al. 
[B5] noted that the bitewing entrance surface air ker- 
ma was halved in the United States between 1973 and 
1981, and that the value of 6.9 n ~ G y  in France in 1984 
was comparable to the value of 5.7 rnGy in the United 
States in 1973. According to the authors, an important 
explanatory factor is that there is no nationwide 
quality assurance programme for dental radiography in 
France, while quality assurance programmes have been 
implemented in lhe United States [BS]. 
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106. Doses due to intraoral exa~~iinations span an 
order of magnitude, with cffeclive dosc equivalents for 
a complete mouth examination ranging from 0.02 to 
0.28 mSv, according to a survcy in the Netherlarids 
[V2]. For rotational panoramic radiography of an adult 
fcmalc, Gibbs ct al. estimate the cffective dosc 
equivalent to be 0.01-0.03 mSv [G12]. A later study 
in the Netherlands [VlO] found a fourfold difference 
in avcrage entrance surface doscs for various bitcwing 
radiography techniqucs (2.5-9 mGy), and a 35-fold 
range for individual measurenlents (0.9-31 mGy). A 
review of recent studies in countrics of health-care 
level I found effcctive dose equivalents for single 
ir~traoral exposures from 0.001 to 0.05 mSv and for 
panoramic exposures from 0.007 to 0.08 mSv [S33]. 
A similar rcview [W30] that calculated effective doscs 
using ICRP 1990 weighting factors found a range of 
values for full-mouth examinations of 0.03-0.14 mSv, 
average 0.08 mSv, and a range for panoramic 
examination of 0.003-0.016 mSv, avcrage 0.007 mSv. 

107. With such small effective doses, treatment 
courses involving several examinations over a longer 
period will also cause relatively small doses. Sewerin 
[ S l l ]  estimated the total effective dose equivalent to 
a patient during a seven-year treatment with osseo- 
integrated implants, with concomitant x-ray examina- 
tions, to be about 1.7 mSv. The study assumed, how- 
ever, that two-dimensional imaging is suflicient in 
pre-operative examinations. Ohen, cross-sectional 
information is requested, using computed tomography 
of the skull, which gives doses that are higher by 
several orders of magnitude [ClO]. The extent to 
which computed radiography is needed in this situa- 
tion is somewhat controversial [M36, S321, but given 
its increasing availability, cor~lputed tomography will 
presumably be uscd more often in the future. The 
doses in computed tomogaphy of the mouth region 
can bc higher than in conventional dcntal x-ray 
examinations [K13, S55] and similar to those in other 
computed tomography examinations of the hcad and 
neck. 

108. The average organ doses encountered in various 
dental x-ray examinations in France arc summarized 
in Table 19 [Bj]. The doses were dctermined by 
means of a phantom and are presented here because of 
the detailed anatomical subdivision. A few doscs arc 
in the range one to several milligray, but most are less 
than 0.2 mGy. Absorbed doses to the thyroid and the 
eye lens in a study in the United States [TI31 were 
quite similar to those in Table 19. According to an- 
other study in France [P14], entrance surface doscs 
were about 15 niGy for intraoral films and about 
1 0  mGy for panoramic examination. Since image 
quality is slighlly inferior with panoramic 
examinations and since rectangular collimation, 
lead-backed film and lead aprons are likely to reduce 

h e  thyroid doses from intraoral films [B26], 
panoramic examination is not expected to supplant 
intraoral films. No~iethclcss. the frequency of 
panoramic examinations merits study. In a number of 
countries, they arc uscd lo screen orthodontal 
anomalies in children (W191. 

109. Computation arid intcrprctation of the cffcctivc 
dose or effective dose equivalent are not entirely 
straightforward for oral radiology [H38, S3]. Th' IS was 
particularly problematic bcforc the ICRP recom- 
mendatio~~s of 1990 (181 were publishcd, since most of 
the organs exposed belonged to the "remainder" group, 
for which the ICRP 1977 rccommcndations p l ]  pro- 
vided only average weighting factors. As an illustra- 
tion, whcn the effective dosc equivalent [ I l l  was 
calculated for a single bitewing film with 60-70 kVp 
machines in New Zealand, the result was 0.067 mSv. 
When effective dose was calculated from the same 
data according to the ICRP recommendations of 1990 
[I8], which provide specific weighting factors for 
some additional organs, the result was only 0.005 
mSv, about 7% of the former value [W12]. 

110. Maruyama [M31] obtained a similar rcsult in 
Japan: effcctive dosescalculated with 1990 weighting 
factors p8] were 539446% of the effective dose 
equivalents calculated with 1977 [ I l l  weighting 
factors. However, this calculation was quite sensitive 
to whethcr the skin was considered a target organ. If 
it was, the trend was reversed, and the cffective doses 
were about twice the effective dose equivalents p31]. 
Velders et al. [V12] in the Netherlands obtained 
bitewing cffective dose equivalents of 2-11 pSv for 
various parameter combinations and effective doscs of 
1-4 ~ S V .  

111. Several reviews in the United Kingdom, the 
United States and elsewhere summarize reccnt deve- 
lopments in dental x-ray exposure reduction [B27, 
H44, K3, K4, K25, T2, T3, T7]. For instance, in 
panoramic radiography, exposures were reduced 34% 
79% with rare earth intensifying screens and heavy 
metal filtration, and image quality was the same or 
better [K3, SlO]. However. the advantages of rare 
earth and other thin I<-edge filters are not uncontcstcd. 
Byrne et al. [ B E ]  in Canada found a surface air 
kcrma reduction for intraoral films of about 15% (as 
opposed to the filter manufacturer's claim of 40%). 
but thyroid dosc was actually incrcascd. MacDonald- 
Jankowski et al. in the United Kingdom conlirmcd the 
surface air kerma reduction but noted the possible 
disadvantages (unsharp images due to movement and 
x-ray tube wear) of the associated prolongation of 
exposure time [M35]. In a subsequent study [M42], 
the authors concluded that while thin K-edge filters 
reduced entrance surface dosc and, to a certain extent, 
total dose to thc hcad, orbital dose might be increased. 
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112. White ct al. [W31] rcgardcd niobium filtration, 
with a 20%-30% dose reduction, compatible with 
acccptablc images on D-speed film. With faster (E- 
specd) filni, niobium filtration significantly degraded 
the quality of the image. Other theoretical and 
practical studies suggest the limitations of niobium 
filtration [J 12, M21). 

113. Exposure varies widely with technique, also in 
lcss frcqucntly performed cxaminations. Correctly 
performed [B28], video fluorographic examination of 
vclopharyngcal function causes one tenth of the dose 
obtained with cinefluorogaphy, which causes entrance 
surface doses in the 6-30 mGy range [I3]. 

E. WORLDWIDE EXPOSURES 

114. The collective effective dose equivalent from 
diagnostic medical x-ray examinations performed 
worldwide is presented in Table 20. Estimates of the 
frequencies of each examination and the average doses 
havc bcen combined to detcnnine the collective dose 
for each health-care level and for the entire world. The 
average frequencies of examinations given in Table 7 
have been used to indicate the relative frequencies, 
with the total corresponding to the population- 
weighted average for all examinations (Table 8). The 
data for level IV are insufficient for separate analysis 
and are instead included with hose  of level 111. 

115. The average doses per examination werc derived 
from data in Table 10 and listed in Table 11. Where 
estimates of dosc were not available for level TI 
countries, they werc assumed to be the same as for 
level I countries. Moreover, for lack of data, the doses 
in level In-IV are assumed to be the same as doses in 
levcl 11. The data for level I1 are the population- 
wcighted data reported for China and India, which 
may be expected to be representative. However, some 
doses are less than the more widely based averages for 
level I; recognizing that the values in level I1 are 
unlikely to be lower than those in level I and in order 
not to undcrestiniate the collective dose, the higher 
values (i.e. level I values) have been assumed also for 
levcl 11. This applies to examinations of the chest 
(radiographic and fluoroscopic), extremities, skull, 
abdomen and lower gastro-intestinal tract and to 
urography. 

116. The estimate of the collective dose lrom all 
diagnostic x-ray examinations performed in one year 
on the world population of 1990 is 1,600,000 man Sv. 
The corresponding estimate in the UNSCEAR 1988 
Report [Ul j was 1,760,000 man Sv. The difference 
may well be no more than a sampling effecL The 
results for level I are little changed. The per caput 
effective dose (and effective dose equivalent) is 

0.9 niSv, compared to 1.0 n1Sv in the earlier analysis. 
However, the value of 0.9 niSv includes data of 1980 
for the United States, which probably underestimate 
h e  present examination frequency lM2]. For level 11, 
h e  cstimatcd per caput effcctive dose has been 
reduced, from 0.2 mSv to 0.1 mSv. Few data had been 
available for the earlier analysis, but the situation is 
much improved now that data from both China and 
India arc available. For levels I11 and IV the previous 
range of 0.03-0.07 mSv, again based on very few data, 
has now bcen set at 0.04 mSv. There is still uncer- 
tainty in the collective doses from Icvcls II-IV, but 
their significance is less than that of levcl I, which 
alone contributes 78% of the estimated worldwide 
collcctive dosc. 

117. Previous uncertainties regarding the use of 
fluoroscopy in developing cou~ltries are lessened now 
that data are available for China. While chest photo- 
fluoroscopy is still a common examination, accounting 
for 43% of all examinations in the country (Table 7), 
the effective dose per examination is now reported to 
be 0.3 mSv (although 1.0 mSv has been used in Table 
20), compared with 3.4 mSv reported previously [Ul]. 
Assuming that the higher dose still prevails would 
increase the estimated collective dose worldwide to 
1,940,000 man Sv. 

118. Specific examinations contribute to the total 
collective dose from diagnostic medical x-ray cxam- 
inations as shown in Table 21. The examinations are 
listed in decreasing order of their contribution to the 
worldwide collective dose. The most prominent contri- 
butors in level I are upper gastro-intestinal tract, 
computed tomography, chest mass miniature, spine 
and lower gastro-intestinal tract. The doses are 
relatively high for the examinations of the gastro- 
intestinal tract, and togetl~cr upper and lowcr gastro- 
intestinal tract examinations contribute more than 30% 
of the collcctive dose in level I and 1 9 7 ~ 2 2 %  in 
levels 11-IV. The importance of chest fluoroscopy in 
levcl I1 countries is apparcrit (it conlributed 42% of 
the total collective dose). The relative frequency of 
this examination in levels 111 and IV was less than in 
levels I and 11, but i t  was also tbe highest contributor 
to the total collective dosc at this level. Other 
examinations of the chest were important in level 11 
(mass miniature) and levels I11 and IV (radiography). 
Examinations of the abdomen and pelvis/hip were 
more important in levels 11-1V than in levcl I, but 
computed tomography contributrd much lcss to. the 
total collcctive dose at the lower health-care levels. 

119. Doses from all diagnostic x-ray examinations 
havc been evaluated in a number of countries. The 
resulting effective dose equivalents, provided in 
responses to the UNSCEAR Survey of Medical Radia- 
tion Usage and Exposures or available in published 



arc summarized in Table 22. In a few cascs, cffective 
doscs or cffcctive dose equivalcn& for all cxamina- 
tions were calculated from data provided for specific 
examinations in Tahlcs 7 and 10. Tablc 22 indicates 
that thc latest annual cffcctive dose equivalent per 
caput attributable to x-ray cxaminations in countries o l  
hcal~h-care level I rangcd from 0.3 to 2.2 mSv. 

120. The population-wcightcd per caput cffcctive dosc 
equivalcnt in hcalth-care Icvcl I countries, based on 
Table 22, for 1980-1990 is 1 mSv. This is the samc 
value as that given in thc UNSCEAR 1988 Report 
[Ul] for available data rcported for 1976-1984. The 
data for Canada, Czcchoslovakia and the United Statcs 
in Tablc 22 arc for 1980. Updated values might have 
incrcascd thc 1980-1990 average somewhat, especially 
in vicw of the increasing trends in computcd tomo- 
graphy [M2]. Thus, the wcighted average for 1982- 
1990 is 1.2 mSv. The unweighted average and median 
valucs of data for level I rcported in Table 22 are both 
about 0.8 mSv. This agrees with the fact that relatively 
high doscs are reported from Japan and the former 
USSR (RSFSR only), both of which have large 
populations. 

121. The reported estimatcs of effective dose or 
cffective dose equivalent from diagnostic medical 
x-ray examinations arc less extensive for levels 11-IV 
than for level I. An overall range of 0.02-0.2 mSv is 
evident from the data in Table 22. The values at the 
lower end of the range were underestimated when 
fluoroscopy was not included. The estimates at thc 
uppcr end of the range werc made before 1980. It can 
only be said that the estimates of collective dose based 
on the frequencies of examinations and average doses 
in Table 20 appear reasonable. The per caput doses in 
that analysis were 0.1 mSv in level I1 anb 0.04 mSv 
in levels 111-IV. 

122. The estimated annual per caput and collective 
effective dose (equivalent) from diagnostic x-ray 
examinations, taking resulls of the different sampling 
melhods used into account, are summarized in 
Table 23. The collective dose totals arc the values 
rounded subsequent to calculation. The values for the 
medical examinations for levels 11-IV are those 
determined in Table 20. The per caput effective doses 
and the collective dose from dental examinations were 
determined from average frequencics and doses cited 
in Section 1I.D. These doses are less by a factor of 
100 than those from medical examinations. The total 
collective dose from diagnostic x-ray examinations 
worldwide is just over 1.6 million man Sv. 

F. TRENDS 

123. It is anticipated that both the total number of 
diagnostic x-ray examinations and the frequency of 

cxaniir~ations pcr unit population will incrcasc 
worldwide for simple demographic reasons, at lcast up 
to the year 2000 and probably to 2025 [Ul]. Thcrc are 
rliree main reasons lor this cxpccta~ion: 

(a) population growth. Even if the rclativc frcquency 
of cxaminations per unit population rcmaincd 
constant, thc absolute number of examinations 
would grow by 60% from 1988 to 2025 as a 
result of population increase; 

@) growing urbanization. In gcneral, urban popu- 
lations have more acccss to health care and a 
much higher frequency of radiological examina- 
tions than rural ones, and the percentage of thc 
urban population is expected to rise from 41% to 
65% between 1988 and 2025; 

(c) agcing of the population, particularly in Europe. 
Since the older population accounts for a 
disproportionately high utilization of medical 
radiation procedures, the ageing of populations 
leads to increasing examination frequencies. 
However, in Africa and Latin America, the 
proportion of young persons will increase, Al-' 
though the frequency of examinations increases 
as the population ages, an older population 
would be less at risk for stochastic effects 
because of the time periods required for thcir 
induction. 

124. In general terms, these factors governing 
long-term trends in examination frequencies and doses 
are likely to remain valid. For specific countries and 
groups of countries, over a shorter period and for 
specific examinations, trends may be more com- 
plex and difficult to discern, analyse or forecast. 

125. It was mentioned above that according to the 
UNSCEAR Survey of Medical Radiation Usage and 
Exposures, the total frcquency of all x-ray exam- 
inations at health-care level I increased from 810 per 
1,000 population in the mid-1970s to 890 pcr 1,000 
population in 1985-1990, representing a 4% increase 
in the population-weighted average per 5-ycar period. 
The unweighted average increased by 2% per 5-year 
pcriod (not statistically significant). This observation 
is supported by independent estimates that thcre 
should be at least a slowing in the rate of increase of 
frequencies in the future conlpared to the 1970s [S7, 
S14]. The composition of the examination types 
changes, however: there are, for examplc, fewer chest 
examinations and more con~puted tomography in 

- . .  
recent years. 

126. Trends in individual countries deviate from the 
average. Increasing total frequencies of x-ray 
examinations are evident in France (+18% per five- 
year period), the Federal Republic of Germany 
(+lo%), Japan (+13%), Malta (+69%), United King- 



dom (+lo%) and particularly in Cuba (+342%). Sonic 
diffcrcnccs may rcflcct changcs in survcy mcthods that 
givc morc complctc rcsults rathcr than real changcs in 
cxanlination frcqucncics. Dccrcasing total frcqucncics 
of examinations arc rcportcd in Finland (-10% per 5- 
ycar pcriod), Norway (-16%) and Romania (-16%). 
Thc Ncthcrlands [B21, B22] and also the Russian 
Fcdcration show first incrcasing, thcn decreasing 
trends, with pcak cxamination frcquencics in the carly 
1980s. In Japan, the incrcasc is duc chicfly lo 
radiographic cxaminations; thc incrcascd usc of 
fluoroscopy has bccn relatively moderate since 1970, 
with a slight decline since 1987 [M32]. 

127. In countries of health-care levels 11-IV, thc 
frcqucncy of examinations appears to be incrcasing, 
with a 1985-1990 population-weighted frequency of 
about 100 pcr 1,000 population. Unwcightcd avcragcs 
incrcascd by some 25% pcr 5-year period, and the 
trend appears to be statistically significant. In the fcw 
countries that could supply data for more than one 
timc pcriod, trends are less scattered than at health- 
care lcvel I. Very clear increases occur in Ecuador and 
in India. Decreasing examination frequcncics wcrc 
rcportcd for Brazil and Nicaragua. 

128. One reason for slower rates of incrcase or slight 
dccrcascs in cxamination Gequcncics in countries of 
health-carc lcvcl I is that ncwcr modalities, such as 
mapct ic  rcsonancc tomography, endoscopy and ultra- 
sonography, are replacing some x-ray examinations. 
X-ray cxaminations condnuc, however, to be the most 
imponant imaging mcthod, accounting for 79% of 
diagnostic imagcs in Europe in 1988 and a projected 
77% in 1993 [H40]. Hill [ H a ]  expects the relative 
usc of computed tomography and of nuclear mcdicinc 
examinations to rcmain constant, at 2% each. This 
prediction appcars low for computed tomography 
considcring its rapid incrcasc, which more than offsets 
h c  dccrease of othcr examinations in the United 
Kingdom [S42], cvcn if a constant percentage may 
mcan an incrcascd number in some countrics. Finally, 
Hill expects thc sharc of ultrasound examinations to 
incrcase from 17% to 19% and that of magnetic 
rcsonancc imaging to remain constant, at 1% [H40], 
although the intcrprctation of these pcrcentages is 
hampcrcd by thc omission of endoscopy. 

129. Broadly, the UNSCEAR Survey of Mcdical 
Radiation Usage and Exposures shows that doses pcr 
cxamination arc decreasing for most procedures in 
countrics of hcalth-care lcvcl I (not cnough infor- 
mation is available from othcr countrics to draw 
conclusions about trends). This gencralization is 
supported by indcpcndcnt reports from, for example, 
Australia [H37], thc Federal Republic of Germany 
[G7], Japan [M4], Sweden [V4], thc United Statcs 
IS61 and the USSR [S18]. The decrease from the 

1930s to the 1980s may bc by a faclor of 5-15, and 
h a t  1970 to 1980, by a factor of 1.5-3 [G7, HIS, 
V19]. 

130. TIIC trcnds for spccific procedures or countries 
arc morc complicated. Tablc 10 indicatcs dccrcasing 
doscs pcr proccdurc in Auslralia, Finland and Swcdcn: 
dccrcasirig doscs for gastro-intestinal tract imaging 
(important, sincc thcy arc at the uppcr cnd of thc dosc 
rangc) but not for othcr cxan~inations in Czccho- 
slovakia; and no strong changc in Romania. Trcnds in 
computed tomography doscs cannot bc disccrncd 
dirccrly Gom Tablc 10, but as was shown in Scc- 
tion IT.C.2, thcsc doscs arc incrcasing. Hcnce, the total 
dosc for all x-ray cxaminations per cxamincd paticnt 
may be unchanged or only slightly decreased. This 
agrccs with thc impression of doscs per cxamincd 
paticnt in Tablc 11. Thc population-weighted annual 
per caput cffcctivc dosc equivalent is 0.93 mSv for 
1985-1990 from analyses of ficqucncies and doses 
(Tablc 20) and 1.2 mSv for 1982-1990 from available 
estimates from countrics (Tablc 22), indicating that 
there has been no significant change for countrics of 
hcalth-care lcvcl I from thc estimate of 1 mSv given 
in thc UNSCEAR 1988 Rcport [Ul]. 

131. The rapid dcvelopnicnt of morc powerful yet 
cheaper computers is revolutionizing all imaging 
mcthods, with and without ionizing radiation. As an 
example, data obtaincd in computed tomography (or 
magnetic resonance tomography or nuclear medicine) 
can now be assembled into three-dimensional pictures 
that can easily be rotated by the analyst [F12, F13, 
T17, W171. This may permit lower doses per examina- 
tion: with pelvic trauma, for example, a thrce-dimen- 
sional examination obviatcs the need for plain radio- 
graphs to supplcrnent a coniputcd tomographic exam- 
ination [Sg], eliminating an average entrance surface 
dosc of 23 mGy per cxamination. Thus, new informa- 
tion is obtained, and morc uscs of lhcsc techniques 
become possible. 

132. The transition to digital systcrns in industrialized 
countrics is likely to continuc. At prcscnt 15%-30% of 
exanlinations arc digital [B9, 031. Digital radiography 
uscs large image intensifiers or photostimulable 
phosphor imaging platcs. Chest cxaminations using 
digital tcchniqucs can produce substantial savings of 
timc and moncy for film, chemicals and archiving 
[)(23]. Whilc the quality of the imagc with a large 
iniagc intcnsilicr is not as good as with full-size 
imagcs'on film, thc diffcrcrrcc can bc snlall cnough to 
be clinically ncgligiblc. If fluoroscopy is not uscd, an 
image intcnsificr can rcducc paticnt cxposure lo one 
third that of full-sizc images on film [K23, MlG] or, 
in situations such as pcriphcral angiography, to one 
tenth IP211. 
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133. The alternative technology of imaging plates with 
photostimulahle phosphor [TlOj scclns to havc been 
more widcly adopted in Japan than large image intcn- 
sificr computed radiography. Worldwide, about 1,000 
such systcnis had becn installed by thc end of 1991, 
700 of them in Japan [Bg]. This systcm also pcmiits 
substantial dosc reductions, partly becausc it scparatcs 
the two functions of dctcction and display, which arc 
combined in convcntional radiographical film [W5]. 
For chest radiopaphy, cxposurc was 20%-44% of the 
standard cxposurc with a screcnlfilln con~bination 
[R17, S24, S25] or cvcn 15% in pacdiarric chest 
imaging [K19]. In cxaminations of the uppcr gastro- 
intestinal tract, cxposure was 32% of that with a 
scrcen/film combination [S26]. For urethrocystography 
the dose-area product was reduced iron) 13 mGy an2 
to 1.3 mGy cm2 [Z9]. As the technology improves, 
digital imaging is also becoming a mcthod of choice 
in difficult situations like cardiac imaging [DlS]. 

134. Digital computed radiography with imaging 
platcs not only gives a potential for lower doses pcr 
image but also permits more sophisticated experiments 
in dose reduction. Using stacked imaging plates, such 
experiments can also be made in the course of actual 
diagnosis on paticnts without undue cxposure [R17]. 
However, persistent anecdotal evidcncc (see, e.g. [J5, 
F8J) indicates that somc of the dosc reduction per 
image in computcd radiography may be offset by a 
tendency of radiologists to obtain more images per 
patient than they would have done with conventional 
snccn/fim systems. Also, while ovcr- or under- 
exposure shows up in conventional radiology as 
incorrect blackening of the film, considerablc ovcr- 
cxposure can go undetected in a digital systcm unless 
exposure is specifically monitored [B9, W5]. 

135. Thc use of rare earth intensifying screens is one 
of thc more important technical developments leading 
to lower doses per examination. While such screens 
arc by no means ncw, having becn available sincc the 
early 1970s, they are not yet utilized in all relevant 
situations. For instance, sample studics indicate that 
fewcr than 50% of thc radiographic cxaminations in 
the United Kingdom were carricd out with rare earth 
scrccns in 1986 [NS]. Other factors remaining con- 
stant, a complete transition to rare earth Screens would 
reduce the collective effcctivc dose from x-ray cxam- 
inations in the United Kingdom by 3,000 man SV 
[NS]. It sccms highly likcly that rare earth snccns will 
continue to be more widely used, reducing the doscs 
per examination. 

136. The lCRP rccommendations of 1990 [I81 suggcst 
h a t  dose cons~raints or investigation lcvcls should be 
considcred for some common diagnostic proccdurcs. 
While this is not to be construed as advocating thc 
introduction of limits for medical exposures, it is 

likely that iniplem~ntation [C16, NS] of the rccom- 
mcndatiot~s would truncatc thc upper end of the dosc 
range for many examinations. Since doscs per exam- 
ination vary by a factor of 10 or more, cvcn in a 
single hospital [H37, 071, such a truncation could be 
cxpcctcd to rcducc averagc doscs. 

137. National recommcndations arc also likely to lcad 
to rcduccd doscs. Scrccn/film speed is the overriding 
cause of paticnt dose variation in the Unitcd Kingdom, 
and fluoroscopy time in gaslro-intestinal tract exam- 
inations is the sccond b i a c s t  causc [H33]. A United 
Kingdom report IN51 gives dctailcd rccommendations 
for reducing patient doscs (a second report [ N l l ]  dcals 
specifically with computcd tomography). It cstimatcs 
that about half of the currcnt collcctivc cffcctivc dose 
to patients from x rays could bc avoided. This con- 
clusion is drawn in spite of the relatively low frc- 
quency of examinations (about twice as many exam- 
inations per caput are performed in France and tbe 
United States). 

138. Recommendations to restrict doses raise a 
number of questions: more stringent referral criteria 
are a subject of some dispute [Fl, K7, Kg], the value 
of access to old radiographs may be limited [Ol ]  and 
h e  benefits of rare earth filtration arc challenged. 
However, sincc it has been suggested that in the 
United Kingdom the collective effective dosc from 
diagnostic x rays could be halved there is 
probably a potential for similar dose reductions in 
many countries. If this potential is realized, as it 
probably will be in a number of countries, doscs will 
go down. 

1. Specific x-ray examinations and techniques 

139. Fluoroscopy and photofluorography usually cause 
highcr doscs than scrcen/film radiography, particularly 
with older equipment, and are thus largely being 
replaced in industrialized countries. It is less clear if, 
or how quickly, this change will occur in developing 
countries. There, the higher cost of scrccnltiim 
radiography is a more important consideration than in 
industrialized countrics [T8]. In Tunisia, where over 
50% of the equipment is fluoroscopic, the technique is 
thought to be excessively utilized [G16]. The authors 
judge that 6096-7096 of the general practitioners 
equipped with fluoroscopy use thc examination only to 
please patients, not for diagnostic advantage. Infor- 
mation campaigns are under way to reduce the 
demand for fluoroscopy. 

140. In general, chest screening is becoming less 
frequent. For conventional postcrior/antcrior chest 
examinations with full-size images on film, doscs arc 
decreasing. In Manitoba, Canada. thc average entrance 
surface dosc decreased from 0.3 mGy in 1979 to 
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0.07-0.12 mGy in 1987 IH6, H241. Some techniques 
may give a higher dose to patients, howcvcr. The 
difference in transmission between mediastinum and 
lungs is a complication that can be alleviated with 
shaped filters or with image processing in coniputcd 
radiology. Alternatively, the problem can be cir- 
curnvcntcd by bcani modulation, a technique that pro- 
duces high image quality but with an increase in dosc 
of up to 25% compared to air-gap scrcen/film systems 
[AlO]. Beam modulation may, however, obviate the 
need for additional examinations, which could reduce 
patient dosc for the entire diagnostic procedure. 
However, such specialized equipment is not expected 
to be in wide usage in the near future. 

141. The growing use of computed tomography has 
been noted, with greater numbers of scanners and 
higl~er frequencies of examination in countries of 
health-care level I [C9, N5, S14). In the Unitcd States, 
computed tomography is the most frequently pcr- 
formed x-ray examination in hospitals, accounting for 
56% of ihe total examinations [G8]; including all other 
medical centres and practices, computed tomography 
constitutes some 9% of all examinations [BlO]. 
Furthermore, the number 'of slices imaged on each 
patient has risen as the time required to perform scans 
and reconstruct images has decreased: However, since 
little change has occurred in the dose required per 
slice, the dose per examination is likely to have 
incrcased substantially [NS]. Indeed, the averagc 
effective dose equivalent due to a body scan at the 
Mayo Clinic in the Unitcd States was 15.6 mSv 
(range: 9-60 mSv) in 1988 [V8]; in 1980, the com- 
parable figure for the Unitcd States was 1.1 mSv [N 11. 

142. About half of the computcd tomographies in  the 
Nordic countries in 1987 were head examinations 
[S14]. Computed tomography has largely replaced 
encephalography and cerebral angiography that was 
performed in cases of trauma, tumours or apoplectic 
strokes. In these applications, magnetic resonance 
tomographs may tend to replace computcd tomo- 
graphy, although the latter is expected to remain an 
important tool, along wilh ultrasound, for abdominal 
examinations. Likewise, computed tomography will 
probably remain important in oncology, for therapy 
planning and for follow-up examinations after treat- 
ments [S14]. Judging from United Kingdom statistics, 
computed tomography now contributes more than any 
other single type of diagnostic procedure to the 
colicctivc dosc from x-ray examinations (about 20%), 
and the trend is still rising [S42, S431. 

143. As indicated in the UNSCEAR 1988 Report 
[Ul] ,  the nuniber of skull x-ray examinations 
incrcased significanlly between 1964 and 1980. The 
more recent data in Tables 7 and 8 reflects mixed 
trends, but a report from the United States [MI81 
shows that several investigators suspected over- 

utili7ation of skull radiography bccausc of concerns of 
possit~lc malpractice suits. The attention drawn to this 
may have altered this trend. Also. plain film skull 
examinations arc increasingly being replaced by 
computed tomography examinations. 

144. The number of countries with nia~nmography 
screening programmes has been increasing [C6, M9, 
R6, T I ,  V6]. While doses per cxamination are 
reasonably low, with surface doses now in the range 
of 1 mGy [Vl], the impact of mammography screen- 
ing on the collective dose is not negligible. For 
instance, i t  is estimated that, when fully implemented, 
a nationwide screening programme in Sweden will 
increase the collective effective dose equivalent due to 
diagnostic x rays by about 5% [V4]. However, 
because doses per exaniination are decreasing, the 
collcctive dose docs not increase as fast as the number 
of examinations. For instance, in Manitoba, Canada, 
the number of examinations in a population of about 
1 million increased from 4,800 in 1978 to 24,000 in 
1988, i.e. about fivefold. The collective breast dose 
has also increased, but at a much slower rate, from 40 
man Gy in 1978 to 97 miin Gy in 1988 [H31] (the 
averagc breast dosc decreased by 50% during that 
period). 

145. In dental radiology, the trend is very clearly 
towards reduced doses per examination [G3, K4, Sl]. 
Thus, the absorbed dose to the parotid glands for 
common radiographic techniques decreased by one 
order of magnitude for every 20-year period between 
1920 and 1980 [B15]. This trend is expected to 
contitiue. Goren ct al. [G3] reported a dosc reduction 
by half in the Unitcd States but noted that only 13% 
of surveyed dental practices used high-speed 
class E films. According to them, if such films were 
used at all dental practices, the dose would again be 
halved. However, it must be noted that the slower 
class D film is someti~ncs used owing to its higher 
averagc film contrast [W12]. Nevertheless, some dose 
reduction attributable to the use of class E film is 
expected. Other factors, such as reduced beam size, 
are also expected to lead to dose reductions. Digital 
coniputcd dental radiology cxists, but apparently the 
resolution and latitude are still inferior to that of 
standard dental film [W18]. Thc relatively bulky 
sensors may impede projcclions and the small image 
area hampers the evaluation of bone lcsions and 
neutralizes dose reductions because more views are 
required [G20]. Thus, the technique is not expected to 
spread rapidly in the near future. 

2. Alternatives to x-ray exnnliriation 

146. Conventional radiology still dominates clinical 
radiology (over 80% of all examinations in the Nordic 
countries are done using conventional methods), and 
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no radical dccrcasc in tllc nccd for convcntional 
radiology is cxpcctcd [S14]. Nevcrthclcss, in nlany 
cases, the information nccdcd clinically can be 
obtail~cd in rnorc than one way. Bcsidcs diagnostic 
x-ray examination, dlcrc may be mcthods in nuclcar 
medicine, or cndoscopy, ultrasonography, niagnctic 
resonance tomography or othcr altcrnativcs. Of thcsc, 
ultrasonography is the most rapidly growing imaging 
modality, with salcs of cquiprncnt growing 20% annu- 
ally, an cstimatcd 60,000-90,000 unils in operation 
worldwide and somc 60-90 million cxaminations 
annually [M8]. This corresponds to 4%-6% of the 
1,600 million x-ray cxaminations pcrformcd annually 
worldwide. To somc extcnt, x-ray examinatio~~s 
causing high individual doscs are being replaced. For 
instance, magnetic resonance tomography, or some- 
times transcranial-Doppler sonography, may be sub- 
stituted for cranial angiography [R8]. 

147. An example of a diagnostic situation where nuc- 
lear medicine is an alternative to x rays is provided by 
non-cutaneous melanomas. A study in Italy indicatcd 
that radioimmunoscinti raphy, using monoclonal anti- 
bodies labclled witb '''In or w m ~ c ,  bad a signifi- 
cantly highcr diagnostic sensitivity than conventional 
x-ray cxaminations [C9]. The investigators plan to 
compare radiation doses and to pcrform cost-bcncfit 
analyses. 

148. The inacasing use of alternative methods is not 
always accompanied by a corresponding decrease in 
conventional x-ray usage. The use of diagnostic ultra- 
sound during pregnancy more than doubled in the 
Unitcd Statcs between 1980 and 1987 [CS]. Prcnatal 
x-ray examinations arc rare, but considering that 
radiation exposure of the fetus can now be avoided, it 
might have bccn cxpectcd that thcy would be even 
rarcr instead of having remained about the same 
during tbe period. A possible explanation is that the 
use of x rays is rclated to the numbcr of Caesarcan 
sections, since pelvic x-ray examinations are still used 
to assess the nccd for such delivery [C5]. Trcnds in 
obstetric radiography arc discussed further in the 
following Scction. 

149. In contrast, urography docs seem to indicate 
dccrcasing use of x rays as thcre is increasing access 
to ultrasound. The frequcncy of x-ray urogaphy 
examinations was 16.8 pcr 1,000 inhabitants in Italy in 
1978 and 10.5 per 1,000 in 1988 [C9]. Doses per 
examination in Italy werc 7.1 mSv in 1983 and 4.8 
mSv in 1988, corresponding to pcr caput doscs of 0.09 
and 0.05 mSv, rcspcctivcly [C9]. I t  should be notcd 
that not only ultrasound but also more sensitive 
saecn/film combinations and fewcr films per exam- 
ination contribute to the dcaeasing doscs per caput 
[C9]. Furthermore, computed tomography is also 
replacing urography, and an important reason for the 

dccrcasc in the numbcr of urographics is that indica- 
tions, c.g. for calculus checking, have changcd [S14]. 
Some contrast urography has been rcplaccd hy srinti- 
graphy and othcr mclhods in nuclcar mcdici~lc, which 
usually impart effective doses that arc an ordcr of 
magnitude or so lowcr [NlO, W211. 

150. According to the samc report [S14], urcthro- 
cystography and hyslcrosalpingography l~avc also 
decrcascd, at least in the Nordic countries in the 
1980s. In Swcden, the numbcr of cholecystographies 
dccrcascd by about 70% aftcr 1975, to sonlc 24 per 
1,000 inhabitants in 1987 (a 72% dccrcase from 
1970-1974 to 5 pcr 1,000 in 1985-1989). This dc- 
aease was due to the rcplacemcnt of cholccysto- 
graphy with ultrasonogaphy. The other Nordic coun- 
tries have even lower currcnt frequencies of cholc- 
cystography: a frequency of 0.4 per 1,000 inhabitants 
was repofled for Norway in 1988. 

151. Some trends in x-ray diagnostics, ultrasono- 
graphy and endoscopy have been investigated in the 
Federal Republic of Gcrmany [Kg]. For abdominal or 
total body (paediatric) examinations, here  wcre 
marked decreases (309b-60%) during 1978-1984 in 
x-ray diagnostic examinations in hospitals and cor- 
responding increaks in sonographic examinations. 
Abdominal x-ray examinations also decreased by 
about 60%, while endoscopy increased (mainly gastro- 
scopy, but also some coloscopy). During a similar 
period, 1981-1984, the frequency of abdominal x-ray 
examinations made by radiologists in private practice 
(who rarely use sonography) increased, but by the 
relatively small amount of about 20% [K9]. It was 
also found that orthopaedic practitioners in the Fcdcral 
Republic of Germany were increasingly favouring 
sonography for screening and follow-up examinations 
of hip joint diseases in infants [Kg]. Before the 
introduction of hip joint sonography, 1.45 x-ray 
exposures wcre takcn per examined infant: in 1984; 
after the introduction of sonography, 0.95 x-ray 
exposures per infant werc takcn. In the Unitcd Statcs, 
the number of ultra-sonographic cxaminations in 
radiology departments of hospitals increased from 3.5 
million in 1980 to 1 2 1  million in 1990 [M2]. During 
the same period, the number of x-ray cxaminations 
also increased from 114 million in 1980 to 181 million 
in 1990. 

152. Endoscopy not only complemcnts but to a large 
extent replaces x-ray. examination of the gastro- 
intestinal tract, as was obscrvcd in the Ncthcrlands 
[GIs]. In Swcden the number of x-ray cxaminations 
of the stomach also dccrcascd, from 187,000 in 1975 
to 33,000 in 1987, and will presumably decrcasc 
further, as endoscopy is now available at almost all 
Swedish hospitals [S14]. In contrast, colon exam- 
inations remained rclalively constant over the period, 
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partly because coloscopy is more painful for the 
patient and more difficult to manage. These trends 
may not bc universal, even in countries of health-care 
lcvcl I (see Table 7). 

153. The number of magnetic resonance tomographs 
has almost doubled each year in the United Statcs 
[SS]. According to one estimate, which is almost cer- 
tainly too low, the total number of units in operation 
worldwide was about 1,200 in 1989, with 800 of these 
in the United States, 150 in Japan, 60 in the Federal 
Republic of Germany, 30 in France, 30 in Italy, 24 in 
the United Kingdom and 40 in other countries [Bl l ] .  
Another estimate, based on interviews with all 
suppliers of such tomographs, indicated that about 
3,500 units were in opcration worldwide in January 
1990. Of these, about 1,800 were in the Unitcd Statcs 
and 550 in Japan. About 375 units were mobile [S12]. 
With regard to h e  examination profile, 48% of the 
magnetic resonance tomographies in Sweden in 1989 
involved the brain and 36% the back [S12]. Other 
applications included studies of the abdomen, joints 
and limbs. Recently, magnetic resonance mammo- 
graphy has also become available [KS]. 

154. In spite of this development, computed 
tomographs using x rays also continue to increase. 
Smathcrs IS61 believes that magnetic resonance tomo- 
graphy will largely supplant computed tomography. 
Equally, it can be postulated that, instead of decreas- 
ing, as Smathers believes, computed tomography will 
continue to increase and eventually reach a plateau. In 
fact, the use of computed tomography of the skull has 
been increasing at such a pace in several countries that 
the use of magnetic resonance tomography of the skull 
has been decreasing. This particular trend is not 
expected to continue for long, since if it did, measures 
would be presumably taken to limit the possible 
ovcruse of computed tomography. 

3. Particular patient p u p s  

155. Trends in obstetric radiography are a source of 
particular concern because of the risks to the irradiated 
fetus. It has been suggested that the abdominal ina- 
diation of pregnant women has been virtually replaced 
by other diagnostic techniques [M6]. This notion is 
supported to some degree by a Swedish study, which 
shows that the number of x-ray examinations during 
pregnancy in 1987 was 38% of the number in 1975 
[S14]. In h e  United Kingdom the number of x-ray 
examinations during pregnancy did not seem to be 
lower in 1970-1981 than in 1950-1959 or 1960-1969 
[G6], but the number of films per examination did 
decrease, and h e  timing of x-ray examinations shifted 
towards late pregnancy with practically no first 
trimester exposures after 1972. Gilman et al. [G6] 

estimated that 12% of all pregnant women in the 
United Kingdom had been examined with x rays in 
1976-1981. An indrpendcnt study by the National 
Radiological Protection Board (NRPB) [K14] gave an 
estimatc of 4.2% in 1977. The difference may be due 
in part to the NRPB estimate being low and in part to 
a statistical uncertainty of the Gilman estimate [K14]. 
According to Gilrnan et al. [G6], the withdrawal of the 
so-called "10-day rule" of ICRP [I91 may lead to an 
increase in the frequency of x-ray examinations of 
pregnant women. 

156. From time to time concern is expressed about the 
undue medical exposure of children [Dg]. It may be 
expected that various radiation protection recommen- 
dations will be introduced in response to such concern; 
as a result, the rate of increase of examinations of 
children may be restrained in the future. The pattern 
may be more complex in developing countries: as 
shown in Table 9, the fraction of examinations per- 
formed on children is larger in developing countries 
than in industrialized countries (an exception are 
hip/femur examinations, which are performed on a 
higher fraction of children in level I countries than in 
countries of levels 11-IV). 

157. In most cases, while a smaller fiaction of the 
patients at health-care level I are children, the fie- 
quency of examination of children is still greater than 
at other health-care levels because the total x-ray 
examination frequency is high. However, because 
chest fluoroscopy is frequent at all health-care levels 
and because there is a higher fraction of children 
among patients at lower health-care levels, the fre- 
quency of examination for children under 16 is about 
2, 12 and 4 per 1,000 population at levels I,  I1 and 111, 
respectively. It was mentioned in Section 1I.B that the 
higher fraction of children among patients in levels I1 
and 111 countries is probably due partly to the demo- 
graphic structure in developing countries, where a 
greater part of the population consists of children. 
Since h e  frequencies of examinations are generally 
increasing in dcvcloping countries, the frequency of 
examinations of children can also be expected to 
incrcase. 

158. A somewhat different kind of exposurc occurs if 
x-ray examinations are performed intentionally on 
persons who are not really patients. For instance, 
healthy persons may be subjected to examination in 
connection with employment or for insurance pur- 
poses. Thus, an estimated l million pre-employment 
lunibar spinal x-ray examinations were performed in 
the United Statcs in 1978 w 1 7 ] ,  conesponding to 4.4 
examinations per 1,000 population. Due to their 
dubious predictive value [M17], these examinations 
are being eliminated in several countries, albeit at 
differing rates. There were 140.000 employment- 
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rclatcd x-ray examinations in the Unitcd Kingdonl in 
1983 [W9], representing as many as 2.5 per 1,000 
population. These exarliinations (mostly of the chcsl) 
causcd a collective effective dosc equivalent of about 
5 man Sv, corresponding to a per caput dosc of about 
0.1 psv. 

159. In connection with the increased incidence of 
ostcoporotic fractures among elderly pcrsons. bone 
dcnsitometry has beconic an iniportant tool for 
measuring bone mineral content, especially in  
industrialized countrics. There are two typcs of bone 
absorptiomcters besides computed tomography: single 
photon absorptionletry (SPA) and dual photon absorp- 
tiomctry (DPA). SPA is mainly used for cortical bone, 
DPA mainly for cancellous bone. Formerly, 1 5 3 ~ d  was 
used as a photon source, but more recent equipment is 
bascd on x rays [W13] or '*'I. The entrance surface 
dose sustained by the patient in an examination of this 
type is about 0.02-0.05 niGy for x-ray equipment 
[K15, H411, corresponding to an effective dose equi- 
valent of about 0.8 pSv, and 0.01-0.18 niGy for 1 5 3 ~ d  
equipment, with the lower doses in more recent tests 
[S27]. Computed tomography can also be used, but the 
effective dose equivalents may be up to three orders of 
magnitude greater [K15]. 

160. The Committee is aware that small subsets of the 
population of paticnts are subjected to rcpeatcd exam- 
inations to an extent that allows substantially higher 
doscs than average. It has, howcvcr, proved difficult 
to obtain data illustrating the full extent of this 
variation. A well-known study of breast cancer inci- 
dence in tuberculosis paticnts in Massachusetts in- 
volved 2,573 women who had been examined by x-ray 
fluoroscopy on avcrage 88 times, with an average of . 
the mean absorbed dosc to the breast of 790 mGy 
[B30]. However, it is believed that this study is not 
rcprescntative of current conditions. It might bc 
expected that many of the paticnts concerned were old, 
meaning that the potential for expression of late 
effects of radiation should be limitcd. However, 
scoliosis patients are routinely subjectcd to periodic 
cxaminations in childhood [DlO]. Sonic premature 
babies may be subjected to rcpcatcd chcst x-ray 
cxaminations. Preston-Martin ct al. [PI81 assert that 
patients with parotid gland tumours had cxpcrienccd a 
greatcr amount of prior radiography (nioslly dental) 
than controls. 

161. In theory, it should be possible to compile 
further statistics on multiple examinations in countrics 
such as Germany, where a document is available to 
paticnts on request for the recording of radiological 
procedures (Rontgenpuj?). In reality, few patients seem 
to avail themselves of this opportunity IB311, so the 
information to be had may be limited. A study at 
major hospitals in  Nurnberg and Munich indicated that 

of tl~osc paticnts undcrgoing x-ray cxaminations, 
which was two thirds of a l l  admittcd paticnts, about 
52% had 4 or niore films taken, including 12% with 
morc than 20 films and 1% with morc than 100 films 
[S16]. The county council of Stockholm, Sweden, 
kceps a computerized record of all patients, bascd on 
social security number (B371. The record shows that 
no niorc than nine paticnts, i.e. 0.001% of the popula- 
tion concerned, had 14 or more cxaminations in 20 
years. In the U ~ ~ i t c d  Kingdom, about 1% of the popu- 
lation accumulated a lifetime effective dosc equivalent 
due to diagnostic x rays of morc than 100 nlSv [H15]. 
The maximum dose encountcrcd in the study was 
about 200 mSv. Most of the paticnts with thc highest 
doses had no more than 10-15 examinations, albeit 
almost always they included several cxaminations of 
the lower gastro-intestinal tract and urographic cxam- 
inations. In a Canadian case study [R5], a 60-ycar-old 
male had 29 different examinations between 1957 and 
1983, apparently resulting in an effective dosc 
equivalent of 283 mSv, 41% of which came from 
fluoroscopy. 

4. Effects of quality nssumnce programmes 

162. The technical and physical parameters involved 
in quality assurance are discussed at length in a British 
Institute of Radiology Report [M7]. Standardized 
mcthods, guides, training and involvement of manu- 
facturers must be implemented in quality assurance. 
The standards adopted in several countrics for dia- 
gnostic x-ray examinations describe indications and 
contraindications for proccdures, patient preparation, 
contrast agent, positioning, technical parameters (e-g. 
voltage, grid, screens), number of views, other pos- 
sible examinations and special regulations for radiation 
protection. A complementary report on the optimiza- 
tion of image quality and patient exposure [MI91 puts 
quality assurancc in diagnostic radiology in a wider 
perspective (see also [G19]). A report from the United 
States [N3] discusses quality assurancc for all types of 
diagnostic imaging equipment. Numerous authors 
stress the importance of patient dose sunteys in 
auditing the optimizalion process, s o  that not only 
theoretical output from technical paramctcrs but also 
actual results are asscssed [B9, F2, N5, N11, V9). 

163. Quality assurance programmes for x-ray 
diagnostics were begun in the United States in the 
early 1970s and bccame firmly established in 1980, 
when federal recommendations were made [B33]. 
Their success is easily explained: h e y  have led to 
both economic savings and dose reductions IB34, P5]. 
Nonetheless, such programmes are likely to gain still 
wider acceptance in the future, as evidenced by a 
survey of over 2,000 automatic film processors in the 
United States, whicb revealed underprocessing in 9% 
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of mammography facilities, 33% of hospilals and 42% 
of private practices IS53). In dental radiology in the 
United States, quality assurance programmes became 
generally acccptcd more rcccnlly: about 80% of the 
dental hygiene prograninlcs surveyed had sonic sort of 
programme in 1990, as opposed to about 50% in 1985 
[FlO]. Quality assurancc programmcs arc likely to 
become cstablishcd all over the world (see, e.g. [P4]). 
In fact, the cost reductions attainable should make 
quality assurance even more attractive in devcloping 
countrics [Bg]. 

164. The introduction of quality assurance is expected 
to dccrcasc doses per examination worldwide, as i t  
results in lower doses per projection, fewer retakes 
and fewer unnecessary examinations [G18, NS]. Miku- 
Sovii el al. [M39] attributed 15-18-fold variation in 
entrance surface doses in gastro-intestinal tract cxam- 
inations to the lack of a quality assurance programme 
and calculated that effective doses in such cxamina- 
tions can be reduced 70% or more. They stated that 
thcir results showed the need of a quality assurance 
programme in Czechoslovakia. 

165. It is difficult to predict the pace at which quality 
assurancc will be introduced in different countries. 
Data from the UNSCEAR Survey of Medical Radia- 
tion Usage and Exposures arc summarized in Table 
24. It appears that quality assurance is relatively well 
cstablishcd for x-ray diagnostics, even in devcloping 
countrics (although a few responses from countries of 
health-care level I mention a reluctance to accept 
quality assurancc). Note that in Canada and in the 
Unitcd States, while there are only recommendations 
at the national level, thcre are provincial or state 
regulations that are lcgally binding. 

166. Some observations on the effect of quality 
assurance can be quoted. In the United States, per 
capul doses in dental radiography arc decreasing. In 
Spain, quality assurancc programmes are being started 
in collaboration with the Commission of European 
Communities, which has adopted (M22, M38] the 
reference dosc levels originally suggested by 
Shrimpton et al. IS381 and chosen as guidclincs in the 
United Kingdom [NS]. Before quality assurancc was 
implemented, entrance doses were up to fwe times 
higher than thcsc maximum values, but with quality 
assurancc at least some of the causes of higher doses 
could immediately be successfully corrected [C9, 
V18]. For lower gastro-intestinal tract examinations in 
the Madrid arca. eUective dose equivalents at one 
centre were 0.8 2 0.1 mSv, while they ranged from 
5 5  2 1.0 to 14.1 % 2.2 mSv at four others [C13]. The 
authors concluded that quality assurance programmes 
should yield significant dose reductions. In Sweden, 
mandatory quality assurance requirements were 
introduced in 1981 and are an important explanatory 
factor behind dose reductions [G19]. 

167. Several quality assurancc programmcs of varying 
scope are in effcct in European countrics and else- 
where [B35, DS, E4, G19, H21, IA, V15, W4]. For a 
discussion of patient exposure criteria in the Europcan 
Community, see (H46, M38, W20). The Commission 
of chc European Coniniunities has prepared two 
documents to provide guidance for optinkation of 
image quality and patient dosc in adult and paediatric 
radiology [C3, C17]. Organ doses under optimal 
cxposurc conditions arc available for examinations of 
adults [P7]. As shown in Denmark [HI21 with respect 
to fluoroscopic systems, such programmcs need not 
depend on the availability of health physicists; 
provided a suitable test protocol is devised, radio- 
graphers on site can perform very useful quality 
assurancc. A study by the European Federation of 
Medical Physicists [C4] tabulated the occurrence in 20 
European countrics of assessment protocols (17 
countries had from 5 to 13 protocols for equipment, 
16 countries had from 2 to 10 protocols for image 
quality), of routine quality assurance procedures (6 
countries required quality assurance procedures at 
regular intervals, 12  others required such procedures 
occasionally or at least on installation); and of auxi- 
liary equipment checks; and it recorded the implemen- 
tation of various recommendations. 

168. Reject and repeat ratcs, which reflect the quality 
of radiographs, have been reported by many groups 
but rarely from developing countries. Bassey et al. 
[B32] provide an analysis from Nigeria (health-care 
level III since 1980). At first, the rcpcat rate was 
124%. As a result of increasing awareness and 
corrective actions in response to the project, the rcpcat 
rate dropped rapidly, to an average of 2.5% (average 
for the entire year analysed: 3.7%). The authors noted 
that a formal quality assurarice programme would 
reduce repeat ratcs and exposures further. As such, 
these repeat rates were not particularly high, in fact, 
3.7% is low compared to the Unitcd Kingdom INS]. 
But, as chc authors say, criteria for repeating may 
differ, and films of marginal quality may have been 
accepted in Nigeria for economic or practical 
reasons [B32]. 

169. Quality assurance can certainly be applied not 
only in hospitals but also in general medical practice, 
although general practitioners may be less aware of 
quality assurance methods. In New Zealand, a study 
using an anthropomorphic ankle phantom examined by 
22 general practitioners resulted in 2 fully acceptable 
sets of radiographs, 8 dcficient sets and 12 rejected 
sets, 4 of which were completely undiagnostic [L5]. 
Nevertheless, the authors were not overly concerned, 
since the range and number of radiographic procedures 
performed in general practice is small and presents 
very litde radiation hazard to patients and staff. 



170. For countrics of health-carc lcvcl I ,  thc p p u -  
lalion-wcightcd avcragc annual frcqucncy of diagnostic 
x-ray exalninations in 1985-1990 was 890 per 1,000 
population, rathcr similar to thc cstimate in the 
UNSCEAR 1988 Report [U 1 ] of 800 per 1,000 popu- 
lation. Examination frcqucncics in individual countrics 
of hcalth-care lcvel I rangcd from 320 to 1,290 pcr 
1,000 population, and both increasing and dccrcasing 
national trcnds arc evident. For hcalth-care levels II-  
IV, data arc lcss cornprchensivc, but at a first 
approximation the avcragc frequency is 120 examina- 
tions per 1,000 population at lcvel I1 and 64 per 1,000 
population for levels I11 and IV combined. While the 
total x-ray cxamination ircquency seems to be rela- 
tivcly constant at health-care level I, indications are 
that the frequencies of cxarninations arc increasing at 
lcvels 11-IV. During the 1980s, some 60% of all exam- 
inations were of the chest, 15% of the extrcmitics, 
10% of other skclcton and 10% of the digestive 
system. The pattcnl of cxaminations varies with time 
and with health-care Icvel. 

171. Broadly spcaking, the total examination frequen- 
cies arc expected to continue to increase at all hcalth 
care Icvels. There arc two main reasons for this: the 
increasing proportion of oldcr people in populations 
and increasing urbani7ation. The increasing availability 
of altcrnativc modalities, in particular ultrasound, may, 
howcver, limit somewhat the rate of increase. Patients 
subjcctcd to x-ray cxamination arc, on average, oldcr 
than randomly choscn mcmbers of the public. None- 
theless, many cxaminations are rather frequently 
pcrformcd on childrcn undcr 16 ycars of age. With the 
exception of hiplfcmur examinations, a greater fraction 
of examined patients are childrcn in countries of 
health-care lcvel I1 and 111, pcrhaps bccause those 
countries have younger populations. However, exam- 
ination frequencies exceed those of hcalth-care level I 
only in the case of chest fluoroscopy. 

172. The doses to paticnts from diagnostic x-ray 
examinations vary widely. In certain cardiac pro- 
cedures, entrancc surface doscs of scvcral gray occur. 
High doses are delivered in fluoroscopy with conven- 
tional equipment. This does not mean that fluoroscopy 
is an unfavourablc procedure, even from the restricted 
vicw of dose limitation, since with modem image 
intcnsificrs low doscs can he achicvcd. Ruoroscopy 
during extracorporeal lithotripsy causes smaller doscs 
than those encountered in conventional renal stone 
extraction. Computed tomography is being used more 
frequenlly, and effective doses (at prescnt averaging 
about 5 mSv per examination) arc increasing. Chest 
x-ray doses are decreasing, with effective doses per 
examination now often under 0.1 mSv, but lhe vast 
numbcr performed still causes chest examination to 

contribule scvcral tens of pcr rent of thc collcctivc 
cffcctive dosc. Mammography cxaminations now givc 
low absorbed doscs to brcasts, oftcn undcr 1 n~Gy,  but 
cxtcndcd screening prograninlcs, commonly ainied at 
all wonlcn ovcr age 40 years, could add scvcral pcr 
cent to collective doses. Dcntal x rays oftcn cntail 
effective doscs less than 0.1 mSv pcr cxamination but 
affect large groups, and thus add a pcr ccnt or so  to 
thc collcctivc dose. Chiropractic x-ray cxan~i~iations 
cause low doses per examination and affect fcw 
people. Children arc a particularly sensitive group. 
Chcst examination of neonatcs and scoliosis testing of 
teenage girls wcre mcntioncd as problcm areas. 

173. Pcr caput annual effcctive dosc equivalents from 
the diagnostic use of x rays rcportcd from a numbcr of 
countrics of hcalth-care level I rangcd from 0.3 to 
2.2 mSv. For countries of hcalth-care Icvel I ,  thc 
population-weighted average of values from 1982 to 
1990 is 1.2 mSv. The estimate of per caput dose from 
analysis of population-weightcd frcqucncics and doses 
of cxaminations is 0.9 mSv, which is littlc different 
from the estimate of 1.0 mSv given in the UNSCEAR 
1988 Report. For countrics of hcalth-arc levcl 11, 
which have a population of 2.6 billion, information is 
still limited, yet more complete than for the 
UNSCEAR 1988 Rcport [Ul]. Thc estimated pcr 
caput effective dose equivalent is 0.1 mSv (1988 esti- 
mate: 0.2-1.0 mSv). Doscs at health-care levels III and 
IV (0.04 mSv) are more uncertain, but they do not 
much affect the worldwide avcragc due to thc low 
examination frequencies. 

174. These overall trcnds are derived from non-homo- 
geneous data. Both examination frequencies and 
patient doses vary rather widely, between neighbouring 
countries and even within countries. Also, similar total 
cxamination frequencies or total effective doses may 
be composed in different ways in different countrics. 
Particular importance is attached to the trcnds for 
computed tomography, which is characterized by in- 
creasing examination frequency as well as increasing 
doses. Quality assurance programmes have amply dc- 
monstrated that dose variation can be decrcascd arid 
unnecessary exposurc reduced. 

175. The estimates of average individual and collec- 
tive doses to the world population from diagnostic 
medical x-ray examinations (0.3 mSv and 1.6 million 
man Sv) are at the lower end of the ranges suggested 
in thc UNSCEAR 1988 Rcport [U l ]  (0.35-1.0 mSv 
and 1.8-5 million man Sv). There is, at prescnt, some- 
what less uncertainty about the frequencies and doses 
from fluoroscopy examination in countries of hcalth- 
care levels 11-IV. The doscs from dental x-ray exami- 
nations are less than those from medical x-ray exami- 
nations by two orders of magnitudc. 
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Ill. DIAGNOSTIC USE OF 

176. Thc rapid pacc of change in nuclcar mcdicinc 
~nakcs asscssnlcnt difficult, but a fcw trcnds can bc 
idcntificd. Of the many diffcrcnt radionuclides uscd in 
nuclcar nlcdici~~c cxaminations, Q g m ~ c  and 1311 are thc 
most in1 rtant. As a rulc, the dosc pcr procedure is 
less for '"'Tc, which has a shorter half-life, so it is 
prcfcncd and uscd in the majority of cascs. Evcn so, 
the usage of 1 3 1 ~  is grcat c~lough to rnakc an important 
nominal contribution to thc collcctive dose. In 1986, 
for example, only 13% of all nuclear mcdicinc 
cxaminations in Swcdcn cmploycd I3lI, but it 
contributcd 51% of the collcctivc dosc of 420 man Sv 
[V4]. By comparison, 56% of thc cxaminations in 
1971 wcrc made with I3l1, which contributcd 92% of 
the collcctive dose of 520 man Sv. In the USSR, 77% 
of all examinations in 1981 utilized l3'1 [N4]. The 
most commonly uscd radionuclide in dcvclopirlg 
countrics is l3'1, and this is the main reason the 
average cffcctivc dose per cxamination is highcr in 
these countrics than in industrializcd countries. 

A. FREQUENCIES OF EXAhlINATIONS 

177. The frequcncies of diagnostic nuclcar mcdicinc 
cxaminations performed in countries are listed in 
Table 25 (total frequency) and Table 26 (frcqucncy of 
the main types of examinations). The results are 
mainly from the mSCEAR Survey of Medical Radia- 
tion Usagc and Exposurcs, supplcrncntcd wilh 
published data. As a first approximation, the total 
frequency of all nuclcar mcdicine cxaminations is 
about 16 pcr 1,000 population in countrics of hcalth- 
care levcl I, 0.5 pcr 1,000 population in countrics at 
lcvcl 11, 0.3 per 1.000 population at lcvcl U1, and 0.1 
per 1,000 population at level IV. The numbcr of 
counlrics at levels 111 and IV reporting information is 
much too small to be considcred rcprescntative. Thc 
distributions of available data for 1985-1990 arc illu- 
strated in Figure V. 

178. Gcncrally highcr examination frcqucncies (20-40 
per 1,000 population) arc reported for Bclgium, 
Czechoslovakia, the Fcdcral Republic of Germany, 
Luxembourg and the Unitcd States. The reasons for 
the higher frequency seem to differ: there are many 
liiter/splecn and rcnal cxaminations in Czechoslovakia; 
many bone examinations, lung perfusions and thyroid 
scans in thc Federal Rcpublic of Gcrmany; many 
cardiovascular examinations and lung pcrfusions in the 
United Statcs; and all cxaminations arc more frequent 
in Belgium and Luxen~bourg. Although the lotal 
nuclear mcdicinc cxanlination frequency in Canada (13 
cxarninations per 1,000 population) is typical of 

hcalth-care lcvcl 1 countries, thcrc arc about 10 times 
as many brain cxanlinations (4 pcr 1,000 population) 
as thc ;lvcrage for hcalth-care Icvcl I (0.4 pcr 1,000 
population). In sonlc countrics, all practitioners arc 
permittcd to use radiopharmaccuticals, while in many 
othcr countries, they arc availablc only in hospitals or 
clinics. 

179. I n  nuclcar mcdicinc, not only the total exam- 
ination frcqucncics but also the patterns of exan~ina- 
tions appcar to diffcr more than the frequencies and 
pattcrris of x-ray cxaminations- Averages for the main 
kinds of cxamination at different health-care lcvcls are 
given in Table 27 and illustratcd in Figure VI, which 
shows that bone and cardiovascular examinations are 
the most frequcnt. However, thcsc averages may con- 
ccal widely diffcring practices. Some such diffcrcnces 
are discussed below. Three types of avcrage measure 
are given in Table 27: the population-weighted 
average, the unwcighted average with its standard 
deviation, and median values. Of these, the population- 
weighted averages arc the most relevant for purposes 
of collcctivc dosc estimation, while unweightcd aver- 
ages and medians may be of interest when individual 
countries are compared to others. 

180. Huda et al. [HI71 point out differenccs between 
North American and European countries: P P " ' ~ ~  is 
uscd rnorc frcquc~ltly in Manitoba, in Canada, and in 
thc Unitcd States. Examinations of the brain are less 
frcqucnt in Europc than in North Amcrica, and 
cardiovascular cxarninations are somewhat less 
frequcnt. Within Europe therc are no differcnccs in 
cxamination frequcncics bctwccn Sweden and the 
Federal Republic of Germany [H18, KlO]. However, 
the use of w m ~ ~  is as common in the Federal 
Republic of Germany as in North America but not as 
common in Sweden. There could, of course, be local 
deviations from this pattern within North America. 
The data for the United Statcs are averaged over a 
largc number of states; thc data for hlanitoba and 
Nova Scotia quotcd in the text and Tables rcfcr to 
only small parts of Canada, so that the extrapolations 
made from tlicsc must bc rcgardcd as tentative 
approximations. 

181. Intra-regional differences in examination patlcrns 
may occur cven where nuclear ~ncdicine has a similar 
total radiological impact. For instance, the Netherlands 
and Swcdcn are similar in many respects, and the im- 
pact of diagnostic nuclear mcdicine is similar in the 
two countrics. Nevcrthcless, there are several impor- 
tant diffcrcnces bctwccn the two countries IB3, V4]. 
Thus, while the usc of 9 9 m ~ c  is similar (used in 65% 



of cxaminatior~s in the Netherlarids and 63% in 
Sweden), much more 1231 and much lcss 1 3 1 ~  are used 
in the Netherlands tllan in Swcdcn (in 10.1% and 
3.0% of examinations in the Netherlands compared 
with 0.6% and 14.1% of examinations in Sweden). 
The  use of 201Tl is morc common in the Netherlands 
than in Sweden (6.8% and 2.5% of  cxaminatio~ls, 
rcspectivcly). 

182. The use of also differs in countrics with 
similar nuclear medicine practice. Renal clearance w i h  
5 1 ~ r  arc important in Swcdcn (9.1% of examinations), 
but the radionuclide is hardly used at  all in the 
Netherlands (0.2% of examinations). Canada [HI71 
and Germany [KlO], with sorncwhat higher per caput 
doses from nuclear medicine, report little or no use of 
"~r-EDTA, altl~ough other "Cr radiopharn~aceuticals 
are used in Canada (sodium chromate and chromic 
chloride); w m ~ c  rather than 5 1 ~ r  is used for inulin and 
creatinine clearance measurements of the glomerular 
filtration rate. 

183. Figure VI shows that nuclear medicine 
examinations in countrics of health-care level I are 
morc frequent by an order of magnitude or more than 
in countries of lower health-care levels. Only for 
thyroid uptake studies arc the relative differences not 
quite so  great. At  health-care level I some 30% of 
examinations were of bone, some 20% were of the 
lung and some 15% were cardiovascular. These 
examinations are all being performed more frequently. 
The percentages ofbrain (5%), Iivcr/splecn (5%-lo%), 
renal (59"-10%) and thyroid (15%) examinations are 
decreasing. Trends in individual countries may deviate 
from this general pattern. Generally, the data indicate 
increased frequencies with time in the total number of 
nuclear medicine examinations. Myanmar reports a 
steadily decreasing examination frequency, from 0.54 
per 1,000 population in 1976-1980 to 0.1 1 per 1 ,OM) 
population in 1985-1990. 

184. Nuclear medicine is continuing to develop in 
China, and morc than 800  hospitals now practice 
nuclear medicine [W7]. The most frequent imaging 
procedures are liver scintigraphy, thyroid imaging, and 
lung, kidney, bone, brain and heart imaging, in [hat 
order [W7]. The most conlmon function tests are 
thyroid uptake, rcnogam and cardiac function [W7]. 
In function tests, w m ~ c  is the most frequently used 
isotope [L14, W7]. Thus, the data cited in the 
UNSCEAR 1988 Report [Ul], according to which 
w m ~ ~  was not used in China, were not representative. 
Wang and Liu [W7] regard 113m~n as the prin~ary 
alternative when w m ~ c  is unavailable and stress that 
the long half-life of the '13sn parent makes 113m~n 
generators suitable in developing countries, where low 
cost and long transport times are imporbnt 
considerations. Nonetheless, 1 3 1 ~  is still a big 

conlrihutor to  effective dose i l l  China 1261 and ill 
India. 

185. Information from other dcvcloping countrics is 
very limited. In Tunisia, diagnostic nuclear medicine 
in vivo is practised at one clinic in Tunis, which is 
equipped with scintiscanncrs. Radionuclides arc  
brought from France on a regular basis, which ensures 
supply but excludes short-lived isotopc! [M13]. In 
Nigeria, with a population of about 1 0 0  million, one 
scanner is available in Lagos. About 79% of the 1,000 
patients referred in 1982-1984 had thyroid-related 
pathology, and most of the other examinations con- 
cerned h e  liver, the brain or bone [F5]. In Zaire, with 
a population of 3 0  million, one nuclear medicine 
facility exists in Kinshasa, but apparently work there 
is hampered by many very difficult problenls [I6]. 

186. Most of  the examinations in nuclear medicine are 
perfonncd on adult paticnts. For instance, 98% of  all 
examinations in the United States are performed on 
patients who are at least 15 years old (and 90% were 
3 0  years o r  older) [Ul]. Examinations of children 
appear to be  somewhat more frequent in eastern 
Europe [Dl ,  Ul ] .  There is no particular type of 
examination specifically aimed at children, apart per- 
haps from neonatal hypothyroidism screening, which 
is performed by radioimmunoassay in viao and thus 
causes no patient dose [16]. 

187. The  age- and sex-distributions of  patients 
subjected to diagnostic nuclear medicine examinations 
are given in Table 28. On average, the population 
examined is older than the general population and also 
older than tilose receiving x-ray cxaminations. 
Relatively high proportions of renal examinations are  
performed on children in countries of health-care 
level I. At health-care level 11, bone and brain 
examinations of children are relatively frequent. T h e  
proportion of children examined is higher in countrics 
at health-care levels 11-IV, as was  also the case for 
diagnostic x-ray examinations, but the difference 
between health-care levels is smaller than for x-ray 
examinations. As with x-ray examinations, the excess 
of children among examined patients may well depend 
on demographic factors (there are more children in 
these countries). Since total nuclear medicine 
examination frequencies are much lower at health-care 
levels 11-IV, the frequency of examined children is 
consistently smaller at these health-care levels than a t  
level 1, in spite of the higher percentage of children 
among examined persons. 

188. As expected, more women have thyroid 
examinations and more men have cardiovascular 
examinations (with the exception of China). 
Olherwise, the sex distributions appear to be  fairly 
s ~ n d a r d .  



189. The average amounts of radioisotopc compounds 
administered for some imporlant procedures in 
diagnostic nuclear medicine arc listed in Table 29. 
Only the major radiopharmaceuticals reported in use 
arc included. The listing must ncccssarily compress 
the information received, which was of uneven detail 
to bcgin with, making it difficult to calculate effcctive 
doscs. Some comments are, however, relcvanL 

190. The activity administercd per examination seems 
to be more standardized than the factors that influcnce 
dose in diagnostic x-ray examinations. This is also true 
for different levels of health a r c .  Thus, the vast 
differences in dose per examination between countries 
of different levels are due to the choice of radio- 
pharmaceuticals not to different amounts of activity 
for any given procedure. 

191. Thyroid examinations contribute as much as half 
of the collective dose from all diagnostic nuclear 
medicine procedures. Typical cffective dose equiva- 
lents in the province of Manitoba, Canada, in 1981- 
1985 were 3.9 mSv for 13'1, 1.2 mSv for and 
1.5 mSv for * m ~ ~ .  The substitution of other nuclides 
for 1311 in most cases reduced the estimated collective 
dose by a factor of 3.6 [H35]. Cardiovascular cxami- 
nations caused comparatively high doscs, from about 
10 mSv ( 9 9 m ~ c  erythrocytes) to about 20 mSv (201Tl 
chloride). Brain examinations with w m ~ ~  gluconate 
caused 8-10 mSv, bone examinations with 99mT~ 
phosphate up to about 7 mSv. 

192. Tomographic investigations with single photon 
emission computed tomography (SPECT) require, on 
average, higher activities per examination than similar 
planar examinations. Consequently, SPECT tcsts could 
lead to higher patient doscs [El], at least for 
examinations such as myocardial scintigraphy, regional 
cerebral blood flow, bone scintigraphy, liver 
scintigraphy, radionuclide ventriculography and t a t s  
with tagged monoclonal antibodies. In principle, 
positron emission tomography (PIX) should also 
require high activities per examination, but thc doscs 
do not seen1 to be extrcmcly high, at least not with 
"F substances, which result in effective dose 
equivalents o i  up to 6 mSv per procedure [M43]. 

193. Examinations of children form an important part 
of the evaluation of patient doses, since the dosc per 
unit activity can be much higher for children than for 
adults [IS, T6]. Two important differences between 
children and adults should be taken into account when 
considering cbe use of radiopharmaceuticals and 
evaluating doses. Physiological differences such as 
differing body weights can lead to a different (higher 

or lower) effective dosc for children after admini- 
stration of a given amount of activity [S15, T6]. 
Age-related dose coen?cicnts [IS, 1141 lake these 
physiological differences into account. Another dif- 
ference is the greatcr sensitivity of children, reflected 
in the higher risks per unit dose. As nlcntioned in 
Scctior~ I.B., this could in pri~~ciple also be taken into 
account. 

194. Absorbed doscs, cffective dosc equivalents and 
effective doses per unit activity of various 
radiopharmaceuticals adn~inistered to patients have 
been derived and arc listed in ICRP Publication 53 
(for H3 [I51 and in its Addendum (for E) [I14]. 
Supplementary information can be found in the MIRD 
(medical internal radiation dose) reports, most recently 
on wm~c-labelled bone imaging agents [W6], red 
blood cells [As], l l l ~ ~ ~ - l a b e l l e d  platelets [R21] and 
w m ~ c - ~ ~ ~ ~  aerosol [A13]. Some MIRD estimates 
may be inexact, (K26, T15], particularly with respect 
to Auger emitters [HZ, K27, S481. 

195. Thcrc is not yet a wide basis for calculating 
cffective doses from nuclear medicine examinations. 
For instance, individual differences in metabolism 
could contribute to variability. Furthermore, individual 
organ doses may vary with disease conditions, al- 
though effective dosc may be a more robust quantity. 
Table 30 lists typical effective dose equivalents from 
examinations. The effectivc dose equivalents were 
calculated using the dose factors in ICRP Publication 
53  [I5], but patient ages or sizes were not considered. 
There are three further sources of variation in 
estimated effective doscs (cffective dose equivalents): 

(a) each examination category represents several 
types of procedure. Perhaps the most extreme 
example is kidney examinations: renograms are 
occasionally made with 12S~-hippurate with a 
typical effective dosc of 0.01 n ~ S v  while renal 
scintigraphy with 99" '~c  gives at lcast 1 nlSv per 
examination; 

@) a givcn procedure can be done with different 
radionuclides. A good example is thyroid 
scintigraphy: performed with w m ~ c ,  the effective 
doscs are under 1 mSv; performed with 1311, 
they approach 100 mSv. The diffcrcnce is 
important since *"'Tc is typically less accessible 
in developing countries; 

(c) Lhe amount of activity administered for a procc- 
durc differs; Ihis, howcver, is not a major source 
of variation in doscs. 

1%. I11 principle, it is desirable for analytical purposes 
to specify the age distributions of patients; however, 
these are likely to be different for each type of exam- 
ination. To illustrate the dependence of dose on age, 



Tablc 31 providcs thc avcragc and pcr caput effcclivc respcctivcly. Most of thc collcctivc dosc (81%) is 
dose equivalents from thc avcragc activities admini- rcccivcd at lcvcl I. Thc dose per cxamination averagcs 
stcrcd and the frcqucncics of cxaminations dctcrnlincd 5.7 mSv at lcvcl 1, but it is about four timcs highcr at 
for Manitoba, Canada [H17]. Thc agc-dcpcndcnt doscs lcvcls 11-IV. Thc pcr caput dosc is 0.09 nlSv at lcvcl I 
pcr unit activity administcrcd wcrc takcn from ICRP but is, bccausc of much lower frcqucncics, an ordcr of 
Publication 53 1151. magnitude lcss at lcvcls 11-IV. 

197. Thc cffcctivc dosc cquivalcnts to childrcn in 
Tablc 31 wcrc cornputcd with agc-rclatcd dosc 
co~~vcrsion factors whcrc possible, but when no data 
wcrc availablc it was assumcd that the activity admini- 
stcrcd to a child was the same as that to an adult. The 
cffectivc dosc to children pcr unit activity can be 
much higher than that to adults, and examinations of 
childrcn are not all that rarc. This is particularly true 
in thc case of renal examinations, which constitute 
some 10% of all procedures. 

198. Doses to unborn children after the administration 
of radiophamaccuticals to prcgnant patients may, 
according to Cox ct al. [C18], bc seriously underesti- 
mated by current methodology. Although their primary 
conccrn is with thcrapcutic administrations, the also 
discuss lung pcrfusion scintigrams using '"Tc 
albumin aggregates, which they bclievc is thc most 
frcqucnt examination in prcgnant womcn. In their 
opinion, it results in a utcrine dosc of 10 mSv rather 
than thc 0.3 mSv calculated by conventional methods. 

C.  WORLIIWIDE EXTOSURES 

199. Representative frequencies of nuclear medicine 
cxaminations for cach health-care lcvel and doses per 
examination cannot be well cstablishcd from the 
available data. Nevertheless, the approximate values 
do give an indication of the collcctive dose from this 
practice. This analysis is shown in Table 32. The 
population-weighted frequencies of examinations were 
dcrived in Tablc 26 and listed in Table 27. The 
effective dosc equivalents from typical examinations 
urcrc given in Table 31, with the valucs for adults 
being uscd in Table 32. Higher doses were indicated 
in Tablc 30 for China for thyroid scans and livcrl 
s lccn examinations whenever the preferred isotope, 
'"Tc, was not availablc. It is not known how often 
this occurs, but in order not to underestimate the 
collcctivc dose, the highcr doses havc hcen assumcd 
for thesc cxaminations in health-care lcvcls 11-IV. The 
product of frequency and dose per examination gives 
the estimatcd collectivc effective dose from each 
examination. 

200. Thc collcctive eflcctive dose equivalent from 
nuclear medicine examinations worldwide is estimated 
to be 156,000 man Sv, with 127,000, 20,000 and 
10,000 man Sv from health-care lcvels I, 11 and 111-IV, 

201. Thc contributions of the various cxaminations to 
the collcctive doscs arc given in Table 33. At hcalth- 
care lcvcl I, cardiovascular and bonc scans account for 
70% of the collcctive dosc. Bccause of thc high dosc 
assumcd for thyroid scans at lcvcl 11-IV, this 
examination is by far thc largest contributor to total 
collectivc dosc from nuclear mcdicinc in thcse 
countrics. 

202. This analysis of collcctive dose is very appro- 
ximate since only a single typical examination has 
been assumed in each case, and the represcntativcness 
of the frequencies and doses applied cannot be estab- 
lished. It docs, however, indicate that the collective 
dose from nuclcar medicine examinations worldwide 
is about 10% of that from diagnostic medical x-ray 
examinations. 

203. Estimates of collcctivc dose from nuclcar mcdi- 
cine examinations in a number of countrics have been 
published or supplied in direct response to the 
UNSCEAR Survcy of Radiation Usage and Exposures. 
These estimates are summarized in Tablc 34. Because 
the conditions, assumptions and mcthods underlying 
thesc rcsults vary widely, dircct comparison may not 
always be valid. 

204. The collective doscs shown in Table 34 can be 
comparcd with total medical radiation doscs to dcter- 
mine the relative contribution of doses from nuclear 
mcdicinc exan~inations. Thc collcctive cffcctivc dose 
cquivalent from nuclear medicine examinations in the 
United States in 1982, 32,100 man Sv, amounted to 
about 35% of Ule 92,000 man Sv from diagnostic 
x-ray usage [Nl]. In contrast, the 1,000 man Sv from 
nuclcar medicine in the United Kingdom in 1982 
constituted only about 5% of the 20,000 man Sv from 
diagnostic x-ray usage. 

205. Alternative estimates could be derived for the 
effective dose equivalent from nuclear medicine cxam- 
inations in Canada by extrapolating the cstimatcs for 
Manitoba and Quebec to thc entire country. These 
results would be 3,200 and 9,900 man Sv. rcspcct- 
ively, to be compared with the estimate given in 
Table 34, 4,200 man Sv. The difference in the three 
cstimatcs stcrns mainly from different assumptions 
about Lbc number of cxaminations [L7]. Of the 260 
nuclear medicine clinics in Canada, over half are 
located in Ontario and only 10 in Manitoba F12],  so 
extrapolation Gom Manitoba may be uncertain. The 



arithmetic avcrage of the three estimalcs of dose per 
examination is 5.1 mSv, which is similar to the valuc 
dcrivcd in Table 32  for level I countries. 

206. hlaruyania ct al. studied the usage of radio- 
pharmaceuticals in Japan in 1982 [MlO, M11, M12j. 
Thcy provided dctailed agc- and sex-distributions of 
patients for each radiopharmaceutical used in several 
general procedures (c.g. renogram, scintigam, blood 
flow) [MlO]. They also dcrivcd age- and sex-specific 
organ-dose conversion factors and a set of sex-spccific 
effective dose equivalcnts for each radiopharmaccu- 
tical used [Mll ] .  Most of the numeric values were 
fairly similar to the values in ICRP Publication 53 
[IS]. This comprchensivc material underlies the cntry 
for Japan in Table 34. The distribution of the collec- 
tive dose over age groups and for different radio- 
pharmaceuticals is given by Mamyama el al. p 1 2 ] .  

207. The per caput effective dose equivalcnts in 
Table 34 vary by two orders of magnitude, partly 
owing to variation in cxamination frequencies. In con- 
trast, most of the effective dose equivalents per 
examined patient fall within a fairly narrow range, - 
2-5 niSv, in countries of health-care level I. The 
exceptions, with effcctive dose equivalents in the 
10-30 mSv range, are countries in which the use of 
long-lived radionuclides, such as 1 3 1 ~  and 1 9 8 ~ u ,  is 
proportionally higher. Doscs in Poland are in the upper 
rangc, with an effective dose equivalent per examina- 
tion which is three times that observed in India. The 
main reason is that half of all examinations are 
performed with 1311, resulting in some 20 mSv per 
examination. The range of the average effcctive dose 
equivalent per cxamination in China (15-34 mSv) [Z6] 
encompasses the value derived in Table 32 (20 mSv). 

208. For countries of health-care level I, a popula- 
tion-weighted annual per caput effective dose equi- 
valent of 0.073 mSv can be derived from Table 34. 
This gives some corroboration to the value derived in 
Table 32. In the UNSCEAR 1988 Report P I ]  the 
estimated value was 0.05 mSv, although weighting for 
population would, in fact, have given 0.07 mSv. The 
present estimate (0.09 mSv) is hardly different, but as 
it is based on data from more countries, it is more 
re1 iable. 

209. For health-care level 11, the previous estimate of 
b e  per caput dose from nuclear medicine examina- 
tions was 0.003 mSv [Ul]. The present estimate, 
0.008 niSv, is again more soundly based, especially 
because there are data from China and India. There 
are still inadequate data for levels 111 and IV. With the 
Iiequency of all cxaniinations only slightly less than 
Tor level I1 and the important thyroid scans compar- 
able in frequency, the similar per caput dose derived 
for level 111 should mean that the collective dose will 
not be underestimated. 

210. Annual pcr caput and ~ollcctive effcetivc dose 
equivalents from nuclear mcdicine examinations 
worldwide arc sunimarized in Table 35. The total 
collective dose froni the practice (160,000 man Sv) is 
about twice as great as the estimate in the UNSCEAR 
1988 Report [Ul].  Evcn the present estimate is highly 
approxin~atc, but tllc underlyillg database has becn 
strengthened. 

I). TRENDS 

211. The number of diagnostic nuclear medicine exa- 
minations increased in industrialized countries in the 
1970s, but remained relatively constant in the 1980s 
[H17, H181. However, thc frequency of nuclear medi- 
cine examinations in hospitals in the United States 
increased from 5.6 million in 1980 to 7.5 million in 
1990 [M2]. The frequency of cxaniinations is expected 
to increase in developing countries. The data from the 
UNSCEAR Survey of Medical Radiation Usage and 
Exposures arc too incomplete to allow quantifying 
trends. 

212. One of the iniportant developments is that new 
wm~c-labelled compounds are replacing established 
compounds containing other radionuclides in level I 
and to some extent level II countries [P13]. Usually, 
this leads to lower doses per examination. Other im- 
portant trends are the introduction of com- 
plex biological agents (such as radiolabelled mono- 
clonal antibodies) for novel imaging applications and 
the proliferation of new compounds for studies with 
positron emission tomography (PET). These develop- 
ments can be expected to lead to more examinations 
per caput. The proliferation of single photon emission 
computed tomography (SPECT) and positron emission 
tomography are also expected to lead to the wider use 
of three-dimensional rendering [H23, P22, W171, as 
was already discussed for x rays in Section 1I.F. 
Computed x-ray tomography and mapet ic  resonance 
tomography both provide higher resolution, however, 
which rtieans that purcly anatomical imaging is not an 
important procedure in current nuclear medicine 
practice [E2]. Instead, measurements of flow and bio- 
chemical reactions are important. 

1. Specilic n~elhods  in nuclear medicine 

213. While the total number of nuclear medicine 
exaniinations may have remained relatively constant in 
industrialized countries from 1980 to 1990, the choice 
or pattern certainly has changed. As an example, data 
from Sweden (H18, V4] reveal a very coniplex pat- 
tern. The two most importa~~t changes concern the 
relative use of 9 9 m ~ ~  (19% of all tests in 1971, 65% 
in 1987) and 1 3 1 ~  (52% in 1971 and 12% in 1987). 
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Gold-198 was phascd out in 1977. The use of 12'1 is 
decreasing, whilc that of " ~ r ,  1 2 3 ~  and 'Otn is 
increasing. All of these trcnds refcr specifically to thc 
onc country studied. Whilc the trcnd in relative use of 
9 9 m ~ c  and 13'1 is presumably widcsprcad, there may 
bc national diffcrcnccs for othcr radionuclidcs. For 
instance, thc usc of 201Tl (and of ' llln) is probably 
dccrcasing in the Fcdcral Rcpublic of Germany. In 
particular, myocardial scintigraphy with 201Tl is bcing 
rcplaccd with antimyosinc immune scintigraphy, radio- 
nuclide vcntriculography and othcr mcthods that give 
lowcr patient doses [B7]. One reason for national 
diffcrcnccs is the varying availability of radionuclides 
with short half-lifc (this factor is particularly relevant 
in dcvcloping countrics). 

214. The ficld of pacdiatric nuclear medicine will 
possibly grow [P13]. Table 28 shows that renal inlag- 
ing is the most frcqucnt examination in children, at 
least in countrics at hcalth-carc levcl I. For adults, 
distributions vary, but on average, bonc scans appear 
to bc the most common examination. MAG-3, a 
recently introduced wm~c-labelled mimic of hippuran 
(wbich is labcllcd with iodine) is particularly suitable 
for pacdiatric renal imaging [H22, P131. Sincc w m ~ c  
gives smaller doses than iodine, doscs arc not cxpectcd 
to increase at the same rate as the number of 
examinations. 

215. Radioactively labcllcd n~onoclonal antibodies are 
a valuablc diagnostic tool for Ending tumours and 
rnctastases through radioin~munoscintigraphy. Their 
usc for thcrapcutic purposes is mentioned in Chaptcr 
V. In a diagnostic context, they are associated with 
relatively high effective dosc equivalenls: 34 mSv (for 
ll11n), 30 mSv (13'1) and 7 mSv ( w m ~ c )  [R15]. 

216. Single photon emission computed tomography 
has cvolvcd rapidly sincc thc carly 1980s, whcn it was 
still rare [P22]. Not only it is now a standard mctbod 
for tumour localization but i t  is also uscd in a varicty 
of applications, such as functional brain studies [HZ] ,  
cardiac studies, bonc imaging and abdominal imaging 
IP22j. It can also be used in conjunction with labcllcd 
monoclonal antibodics. In contrast to thc very cxpcn- 
sive positron emission tomography techniquc, single 
photon emission computcd tomography may be afford- 
able in at least some developing countries IP231, in 
particular if personal computer algorithms for tomo- 
graphy gain widcr acceptance, permitting significant 
rcductions in equipment costs [S49]. 

217. Positron cmission tomography provides 
quantitative, locational, functional and biochemical 
infornlation that would be difficult to obtain by other 
means [B13]. Whilc positron emission tomography 
began as a technique for brain studies [J2], i t  is now 
used also for myocardial examination and ontological 

work [ R l l ,  T161. Whole-body imaging in oncology is 
an cxpcctcd development [D14]. Thc use of labcllcd 
anticancer drugs will allow in \<\*a dosimetry, an 
application likcly to bcconlc i~nportant in the trcatmcnt 
of diffuse discase 1041. Howcvcr, there arc two pro- 
blems: cquipmcnt is costly, and thc short-livcd iso- 
topes uscd require cyclotron facilitics ncarby. 

218. Ott (041 has strcsscd that it is hardly nccessary 
to havc a cyclotron at each hospital: regional cyclotron 
facilities within one or two hours distance could servc 
many users in dcnscly populated arcas. Whilc positron 
cameras are expected to bccomc less expensive, Ott 
did not forcscc a price reduction by rtiorc than half in 
the near future (041. Sonic university institutions have 
bccn ablc to fabricate carncras at low costs [04 ,  S8], 
but the cyclotron rcquircment is likely to continue to 
keep positron en~ission tomography generally inacccss- 
ible to developing countries. In industrialized coun- 
tries, the number of positron cmission tomography 
centres is likely to grow rapidly. Thcre were 99  of 
them in 1991 and 122 in 1992 [G14]; 80% of these 
were in the United States (75) and Japan (21) in 1992, 
with 2 each in Australia, the Federal Republic of Ger- 
many and Sweden and 5 each in Belgium, Canada, 
Italy and the United Kingdom. Generator-produced 
positron emitters may contribute to further growth. 
They would allow limited positron cmission tomo- 
graphy studies without having to invest in a c clotron 
[T16]. Generators producing = ~ b  from 'Sr are 
alrcady available, and a "CU (from 6 2 ~ n )  gcnerator is 
bcing developed. 

219. Hill [H40] expects a rapid increase in the use of 
positron cmission tomography for general imaging 
purposes. He points out that gamma camera images 
arc greatly inferior to othcr radiological imagcs in 
terms of spatial resolution, contrast discrimination and 
acquisition speed, because the collimator of the 
gamma camera reduces photon efficiency by at least 
thrce orders of magnitude and introduces scatter. Hill 
stresses that while positron emission tomography lends 
itsclf to high-lcvcl studics of human metabolism, it 
should also be an appropriate tool for nuclear medi- 
cine in general [H40]. Sincc the cxtra information 
gained with the most advanced positron cmission 
tomography tcchniqucs is not necessarily of clinical 
significancc [W29], radiation protcction considerations 
will presumably rcslrain some of thc futurc growth of 
positron cmission tomography. 

220. Limited access to positron emission tomography 
is likely to rcstrict this nuclcar mcdicinc usage in 
dcveloping countries in thc ncar futurc. Howcvcr, this 
does not mean that nuclcar medicine will be non- 
existent Some advanced mcthods, such as thrce- 
dimensional rendering, may be available with rcason- 
able inveslment costs. Howcver, the high cost of 
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radiophannaceuticals, as wcll as infraslructure 
problems that limit the availability of short-lived 
radionuclides, will prcsun~ably lead to other cxani- 
ination patterns than in industrialized countrics. Thus, 
radionuclidc imaging will presumably not grow very 
fast, since tllcre arc alternatives [I6]. Howcvcr, there 
arc no obvious altcrnatives to functional studies which 
may spread somewhat faster [I6, 171. Diagnostic in 
virro analysis with ready-made radioimmunoassay kits 
is likely to increase, since thc technique will work 
under various conditions and is useful in diagnosis of 
parasitic infections, which arc important in developing 
countries 116, 11.51. 

221. It should not be assumed that the evolution of 
nuclcar mcdicinc practice will be similar in all 
developing countrics. On the contrary, there arc great 
diffcrcnces between individual countries [16, 171. At 
this stage, however, the quantity of nuclear medicinc 
performed seems to be small in most developing 
countries, even if the methods that do find use differ 
greatly from country to country. Of course, there are 
local interruptions in the practice of nuclear medicinc, 
caused not so much by equipment failure as by the 
erratic supply of radjonuclides [I6, 17). The potential 
of diagnostic nuclear medicine to detect diseases at an 
earlier stage and, accordingly, to reduce the direct and 
indirect costs of illness will presumably encourage 
developing wuntrics to increase the availability of 
nuclear medicine, in spite of the diflicultics. 

2. Alternatives to nuclear medicine 

222. The main alternative to nuclear medicinc 
examinations is ultrasonography. Livcr scintigraphy 
with 9 9 m ~ c  and renal localization with arc tending 
to be replaced by ultrasonogaphy [V4]. The frequcncy 
of thyroid scintigraphies in the Federal Republic of 
Germany decreased by 40% from 1978 to 1984, and 
at the same time the frequcncy of thyroid ultrasonic 
examinations increased by 272% [K9]. Scintigraphy is 
still the basic procedure for thyroid examination, while 
ultrasound is used for screening. Ultrasonography is 
used not only for thyroid and abdominal studies but 
also increasingly for cardiovascular, renal, locomotive 
(including hip-joint in children), infant skull, gynae- 
cological and ear, nose and throat examinations. 

223. The trend is, however, not universal, In private 
radiology practices ultrasound equipment is lcss com- 
mon. In this case the frequencies of nuclcar medicinc 
procedures (e.g. thyroid and bone scintigraphics) have 
been steadily increasing [K9]. 

224. Echocardiography is generally regarded as useful 
for the screening of patients with suspected early car- 
diomyopathy, while angiography with radiophar- 
maceuticals is expected to remain the normal pro- 

cedure when the disease has progressed [C9]. Mag- 
netic resonance tomography is expected to com- 
plement (and to some cxtclit supplant) computcd 
tomography with x rays, as was discussed in this 
context in Section II.F.2. But it can also be regarded 
as an alternative to some types of radionuclidc imag- 
ing, including single photon cmission computcd tonio- 

PP~Y F61. 

3. EfTects of quality assurance progmnlmes 

225. Quality assurance programmes, first introduccd 
by the World Health Organization around 1980, are 
wcll established for nuclear medicine use in countries 
of health-care level I. Early efforts in the United 
States, in particular, helped to establish these pro- 
grammes [S28]. Table 24 summarizes the regulations 
and recornmendations in countries responding to the 
UNSCEAR Survey of Medical Radiation Usage and 
Exposures. It should be noted that responscs to the 
survey are not always consistent, perhaps reflecting 
differences at the state and federal levels in countrics. 
Bauml [I3401 has compiled references to quality 
assurance methods and their implementation and 
results. Further discussior~ of quality control 
procedures in nuclear medicine is given in an NCRP 
report from the United States IN31 and, for radio- 
pharmaceuticals, in an Australian Radiation Laboratory 
Report [B38]. 

226. Results of quality assurance testing demonstrate 
the need for such programmes. This is illustrated by 
tests of 125 batches of 32  different types of radio- 
pharmaceutical in Australia 1989 [B39]. No lcss than 
23 batches (18%) failed to meet full.specifications. A 
test in Sweden of 81 of the 91 gamma cameras in the 
country revealed inferior properties for general planar 
imaging in a third of the cameras, considerable varia- 
tions in bone imaging and insufficient uniformity in a 
third of the single photon cmission computed tomo- 
graphy systems [L13]. 

E. SUMMARY 

227. In diagnostic nuclear medicine practice, the two 
rl~ost important isotopes arc 9 9 m ~ c ,  the use of which 
is increasing, and 13'1, the use of which is decreasing 
rapidly but which still contributes much to the collec- 
tivc dose. In industrialized countries, the per caput 
doses due to exposures of patients in nuclear medicine 
examinations range from 0.02 to 0.2 mSv (population- 
weighted per caput effective dose equivalent: 0.09 
mSv). The dose per examination is a few millisievert 
in most ir~dustrialized countries and 10-40 mSv in 
developing countries. The difference is due to the 
more frequent use of long-lived radionuclides in deve- 
loping countries. 



2%. Examination frcqucncics and, hcncc, per capul 
dnscs arc highcr in North Arncrica than in Europc and 
n ~ u c l ~  l~iglicr in industrialii.cd cou~~tr ics  than in dcvc- 
loping countrics. In countrics with similar pcr caput 
doscs, thcrc can still bc important diffcrcnccs in 
choicc of proccdurc. In industrializcd countrics, cxarli- 
ination frcqucncics arc probably no longcr incrcasing 
as quickly as thcy did 10 ycars ago. Onc of thc 
rcasorLs for this is thc cornpctir~g usc of computcd 
toniography and ultrasonography. Ncw tcchniqucs, 
such as positron cmission tomography, arc cxpcctcd to 
bccomc cstablishcd in industrializcd countrics. In 
dcvcloping countries, in virro kits as well as sonlc 
functional study proccdurcs arc likely to find inncas- 
i ~ ~ g  use. 

229. Thc estimated cffcctivc dose equivalents from 
diagnostic nuclear medicine examinations for diffcrcnt 

levels of hcalth carc and worldwide arc summarized in 
Tahlc 35. For hc;~lth-carc lcvcl I,  thc annual pcr caput 
dosc has hcen adjustcd from thc prcvious cstimatc 
[Ul ]  of 0.05 mSv, to 0.09 ~ S V .  Access to imporlant 
ncw data from China and India pcrmit an imlxovcd 
cstinlatc of thc annual pcr caput cffcctivc dosc 
cquivalcnt for countrics of hcalth-carc lcvcl 11, now 
estirnatcd to bc 0.008 mSv (~)rcvious cstirnatc: 0.004 
mSv). For hcalth-care Icvcls 111 and IV, pcr caput 
doscs arc assumed to be comparable to thosc in 
lcvcl 11. Howcvcr, bccausc of thc low cxaminatio~~ 
frcqucncics, this cstimatc has littlc influcr~cc on thc 
collcctive dose. Thc cstimatcd per caput cffcctivc dosc 
equivalent worldwide is now 0.03 niSv annually, and 
the estirnatcd collectivc dosc from the practicc is 
160,000 man Sv. This is twice thc 1988 cstiniatc, but 
it is still only 10% of thc cstimatcd collcctivc dosc 
from diagnostic x-ray examinations. 

IV. THERAPEUTIC USE OF RADIATION 

230. In telcthcrapy, an cxtcrnal sourcc of radiation 
allows a bcam of photons to be dircctcd towards thc 
paticnt. For dccp-seatcd tumours, high cncrgy photons 
arc obtaincd primarily from 6 0 ~ o  sources or lincar 
accelerators [P8]. Oldcr 1 3 7 ~ ~  sourccs arc bcing rc- 
placcd for various reasons. Other, lcss common types 
of tclcthcrapy apparatus are mentioned in Scc- 
tion 1V.D. For the tclcthcrapy of superficial tumours, 
x rays arc utilized. Very soft Bucky x rays arc uscd 
for skin disorders. In brachythcrapy [T18], scalcd 
radioactive sourccs arc inscrtcd into a body cavity 
(intracavitary or intraluminal application), placcd on 
thc surfacc of a tumour or on the skin (superficial 
application), or implanted through a tumour (interstitial 
therapy). Commonly uscd sourccs arc l P 8 ~ u  or 12'1 

for pcrmancnt implants, 1 3 7 ~ s  or for low-dosc- 
ratc tcmporary applications, and 6 0 ~ o  or lQ21r for 
high-dosc-ntc tcmporary applications (in the case of 
"CO or lP21r, always using rcmotc aftcrloading). Oldcr 
2 2 6 ~ a  sourccs for low-dose-rate tcmporary applications 
arc now much lcss uscd. 

231. In thcrapy, the objective is to deliver a radiation 
dose to the paticnt. Neither individual nor collective 
effective doscs arc directly relevant for comparisons 
with doses from othcr sources, not even with dia- 
gnostic procedures. Furthcrmorc, although they are 
mentioned below, per caput doses of any kind are 
difficult to interpret, since thcy result from averaging 
very high doscs to very few pcople over an entire 
population. I n  the present context. the radiological 
impact of therapy can perhaps bcst bc dcscrihed 
simply by the number of paticnts and the target doses. 

Such information was collected in the UNSCEAR 
Survey of Medical Radiation Usage and Exposures. 
Effective doses are also discussed below, but the 
limitations are stressed. Although the numbcrs of 
treatments are discussed in this Anncx, thc data arc 
assumed to refcr to the overall courscs of treatment 
and, therefore, to the numbers of trcated paticnts. 

A. FREQUENCIES OF TRWThlENTS 

232. The frcqucncies of radiothcrapeutic trcalmcnts 
reportcd in response to the UNSCEAR Suntcy of 
Medical Radiation Usage and Exposures are givcn in 
Table 36 (total frcqucncy) and Tablc 37 (frcqucncics 
of major trcatmcnts). In a fcw cascs, it is not clear 
whether thc number of trcalments (which may be 
sevcral dozen pcr trcatcd paticnt) or thc numbcr of 
paticnts was rcportcd. Some totals may be undcr- 
estimates because certain trcatmcnts wcrc cxcludcd. 
The population-wcightcd average frcqucncics of 
treatments are somewhat lcss than those givcn in thc 
UNSCEAR 1988 Report [UI]. The data wcrc domina- 
ted at levcl I by thc Unitcd Kingdom and thc Unitcd 
Statcs, both of which reportcd 2 4  treatments pcr 1.000 
population but which arc missing from thc 1985-1990 
pcriod. China and India, with lowcr Gcqucncies, have 
been added to the listing for lcvcl 11 for 1985-1990. 
The distributions of the total frcqucncics of 
radiotherapy treatments in countrics are illustrated in 
Figure VII. The average annual frcqucncics of the 
main types of treatments arc shown in Figure V111. 
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233. Rcsults from individual countrics sccm at timcs 
to bc incor~sistcnt. In many cascs, the sums of rcportcd 
frcqucncics of spccific trcalrncnts in Tablc 37 dcviatc 
considcrably from thc totals listcd in Table 36, which 
may bc sniallcr or largcr. Thc varying nunibcr of 
countrics in lhc pcriods rcportcd and thc diffcrcnt 
t y ~ c s o f  trcatmcnt included under thc broad catcgorics 
introduce uncertainty and makc it difficult to colnparc 
rcsults. For thc Nordic countrics, the total frcqucncics 
arc bciicvcd to bc based on bcttcr statistics, whilc thc 
frcqucncics for spccific thcrapics arc extrapolations 
from sniall saniplcs. Turkcy rcports vcry high frc- 
qucncics of trcatmcnt for lcukacmia, lymphoma, 
Wilms' tumour and ncuroblastoma compared to breast, 
respiratory system or female genital organ thcrapics. 
Thcse frcqucncics, from onc hospital, may reflect a 
non-random sclcction of paticnts. In somc countrics, 
Lhcrc arc large diffcrcnces bctwcen regions. As onc 
cxampie, which is probably typical of many countrics, 
adequate facilities and advanced scrvices are available 
at Lima, Pcru, but access to radiothcrapy is much less 
satisfactory in rural areas [ Z l l ,  212, 213,  2141. 

234. AIthough thcrc arc uncertainties in specific data, 
thc gcncral trcnd agrees with earlier data, which 
suggested increased telethcrapy treatment frequencies 
in most countrics. Thc number of telclherapy machines 
in developing countries is considered to bc only 
one tenth thc number that would be justified by cancer 
incidcnccs [R7]. 

235. Markcd variation has bccn noted betwccn the 
Nordic countries, in spite of their homogeneity [L16]. 
This variation is not fully cvidcnt from Tablc 36. 
Thus, in 1987 according to Lotc ct al. [L16], 25% 
26% of canccr patients in Denmark and Norway rc- 
ccivcd mcgavollage radiothcrapy, as compared with 
36%-38% in Finland, Iceland and Swcdcn. The num- 
bcr of radiation ficlds givcn pcr paticnt was 45 in 
Finland and 34-37 in thc othcr Nordic countrics. 

236. The age- and sex-distributions of radiolhcrapy 
paticnts arc givcn in Table 38. In general, thc age dis- 
tributions conform with expcctations. Thus, Wilms' 
tumour paticnts and neuroblastonia paticnts arc usually 
undcr agc 15 ycars, lcukacmia and lymphoma paticnls 
arc of all ages, and patients with other canccrs arc 
usually ovcr agc 15 ycars, with a sizable fraction ovcr 
40. The scx distributions arc also as expected. Ovcrall, 
ncithcr agc- nor sex-distributions diffcr significantly 
bctwccn hcalth-care lcvcls. Some specific deviations 
may be mcntioncd, howcvcr: for lcukacmia, the 0-15 
ycars age group is vcry small in Myanmar, for no 
obvious reason. This may be a random fluctuation. 
The age distribution for lymphoma paticnts includcs a 
significantly higher proportion of children in countrics 
of health-carc lcvel 11 than in counlrics of health-care 
lcvels I and 111, whcre the proportions arc not signi- 

ficantly difrcrcnt. This may rcflcct UIC distributions of 
Burkitt's lymphoma and of Hodgkin's discasc. 

11. DOSES IN TREAThiENlS 

237. Infor~nation on targct organ doscs and entrance 
surfacc doscs in tclcthcrapy and brachythcrapy trcat- 
nicnts is givcn in Tablc 39. The doscs uscd diffcr, but 
no particular diffcrcncc distinguishes thc levels of 
hcalth care Gom one another. 

238. Absorbed doscs in tissues or organs other than 
the targct of the trcatment could be uscd in assessment 
of paticnt doses, although general comparisons would 
be difficult. Some such absorbed doscs wcre listed in 
the UNSCEAR 1982 Report [U3], but effcctive dose 
cquivalcnki wcre not evaluated for four rcasons: 

(a) Ihc proportionality bctwccn dose and response 
assumed for effcctive dose or effective dose 
cquivalcnt calculations does not hold if organ 
doses exceed a fcw gray; 

@) the short life expectancy of the paticnts inva- 
lidatcs assumptions underlying the choice of 
organ weighting factors for effective dose or 
cffcctivc dose cquivalcnt calculations; 

(c) little is known about the dose distribution outside 
the target volume; 

(d) in thcrapeutic nuclcar mcdicinc, the metabolic 
data assumed in normal dose assessments may 
not be valid. 

239. Since the UNSCEAR 1982 Rcport [U3], the 
situation has changcd somewhat, at Icast with respect 
to the first three reasons: (a) a tcntativc first estimate 
of the risk of canccr induction in targct organs exists 
[I4], which facilitates the approximative consideration 
of bcam and target organ doses in effective dose or 
effective dose equivalcnt caIculations [B19]; @) cancer 
~hcrapics are becoming morc succcssful, and the 
average lifc-span of surviving cancer patients is 
increasing, with particularly dramatic in~provcments 
for childhood cancers; (c) extensive calculations by 
Willianis ct al. [W34] of organ doses outside the beam 
arc available and summarized in ICRP Publication 44 
(141. Thus, it is now at least fcasiblc to compute 
cffcctivc doscs. 

240. However, thc dctrirnent associated with such 
effective doscs cannot be calculated in the same 
manncr as for hcallhy workers, nor cven as for 
patients in diagnostic examinations, and it is in any 
case a by-product of indispensable, life-saving treat- 
nicnt. Furthermore, radiothcrapy paticnls arc unique in 
that dctcrrninistic harm constitutes a sizable pan of the 
radiation-induced detriment. Such complications of 
treatment are discusscd in ICRP Publication 44 1141. 



Effcctivc doscs arc not wcll suikd to dcscribc such At lcast 22 cascs of skin canccr following Bucky trcat- 
cffccts. Still, cffcctivc doscs nlay bc useful as supplc- mcnt arc known, all with doses higbcr than 50-200 
mcntary information, to allow for comparisons Gy. For cumulatcd doses under 100 Gy, no exccss 
bctwccn trcatmcnts and countries. canccr risk has bccrr provcn [MI. 

241. Even with the new data in ICRP Publication 44 
[I4], cffcctivc dosc co~nputations in radiothcrapy rnusl C.  W 0RLI)WII)K EXI'OSUKES 
be simplifications. For instance, as suggestcd by 

- - 

Bccntjcs [B19], it is assumcd for thc present purpose 
that all radiothcrapy dclivcrs dose distributions similar 

60 to thosc from Co sources. Using data from Bccntjcs 
[B19], absorbed doscs to non-target organs from 
scattcrcd radiation from "CO treatments of four major 
target areas have bccn calculated (Tablc 40). It was 
assumcd that thcse arcas are representative of all 
radiotherapy cxccpt skin and female breast radio- 
therapy, and that thc dose to tagct  organs is always 
60 Gy. Lcakage radiation (a few per cent of the 
scattered radiation) is disregarded. 

242. Cancer mortality following radium treatment for 
fibrosis with utcrinc blccding may illustrate the 
rclcvance or otherwise of cffcctive doses in non-target 
organs. In a study of 4,153 women treated bctwecn 
1925 and 1965 [I16], averagc doses werc provided for 
all organs, allowing the calculation of an average 
effective dosc from scattcrcd radiation of 1,070 mSv. 
To this a correction for target organ doscs should be 
added. Bascd on the considerations of ICRP [I41 and 
the interpretation of Bccntjcs [B19], one may assume 
at most two fatal second cancers, i.e. less than 0.1% 
with a cure rate of 50% of 4,153, and a canccr fatality 
probability cocfficicnt of 0.05 [I8], which corrcspor~ds 
to 40 man Sv, or 10 mSv per woman. The cumulated 
cffcctivc dosc, 1,080 mSv, corresponds to a collective 
effcctive dosc of 4,440 man Sv. With a fatality proba- 
bility cocfficient of 0.05 pcr man Sv, 222 extra canccr 
deaths would be expected in the cohort. Actually, after 
an average observation period of 26.5 years, an excess 
of 147 canccr deaths was recorded [I16]. Thus, the 
estimate from cffcctive dose calculations agrees 
reasonably wcll with observations. 

243. The so-called Bucky, or grcnz ray, thcrapy, 
which uses 8-17 kV x rays to trcat skin disorders, 
cannot be directly compared to other radiotherapy. 
Bucky thcrapy is rclativcly popular in. for instance, 
the Unitcd States and in Swcden, which has some 15 
facilities offering this trcatmcnt. The short penetration 
(half-value layer in tissuc: 0.5 mm) prccludcs any 
effccts in othcr organs than skin from Bucky therapy. 
Nevcrlhcless, skin doses of 5-50 Gy are rcccived for 
a proccdurc (thcrapy course) consisting of 10 con- 
secutive trcalmcnts; for foot vcrrucae up to 200 Gy 
pcr proccdurc of 10 trcalmcnts arc dclivcrcd, i.e. 20 
Gy per treatment with 4-6 weeks between treatmenk 
[La]. In this particular application, skin surrounding 
the vcrrucac is shielded from radiation with vasclinc. 

244. According to thc UNSCEAR 1988 Rcport [Ul], 
about 2.4 persons per 1,000 population wcrc subjected 
to either tclcthcrapy or brachythcrapy annually. Resulls 
from the UNSCEAR Survey of Medical Radiation 
Usage and Exposures show a lower frequency (about 
1.4 pcr 1,000), but this is only a sari~pling diffcrcnce. 
It is expectcd that treatment frequencies will increase 
gradually, based on olher considerations. The trcat- 
mcnt frequency in countrics of health-care levcl II is 
about 25% of that in level I countrics, in conformity 
with the earlier observation [Ul]. 

245. The UNSCEAR Survcy of Mcdical Radiation 
Usage and Exposures responses are insufficient to 
permit analysis for health-care levcls I n  and IV, but 
there is no particular reason to expcct any significant 
change from the estimates in the UNSCEAR 1988 Rc- 
port [Ul]: 0.1 procedures per 1.000 population for 
health-care lcvel 111 and 0.05 per 1,000 population for 
level IV, i.e. 4% and 2% of the treatmcnt frequency in 
level I countries. 

246. The age- and sex-distributions of tele- and 
brachytherapy patients appcar to a g c c  fairly well with 
expectations based on age and sex statistics for the 
corresponding diseases. The doses used for trcatmcnt 
vary, but no particular trcnd seems to distinguish the 
different levels of health care. Some new technologies 
may lead to fewer sidc effects and/or bcttcr results 
than conventional therapy. 

247. The number of radiothcrapy paticnb is suggestcd 
as a simple measure that is conelatcd with the radio- 
logical impact associated with therapy (including 
deterministic trcatmcnt complications). Sincc morc 
reliable numbcrs are unavailable, the trcatmcnt frc- 
qucncics rcportcd in the UNSCEAR 1988 Rcport [Ul ]  
have bcen combined with data on populations in the 
health-care levcls, Icading to an estirnatcd 4.9 million 
procedures annually (0.9 pcr 1,000 population). 

248. It may also bc of intcrcst to assess thc cffcctivc 
dose, using the approach of Bccntjcs [B19. B36] but 
modifying it to obtain cffcctive dose rathcr than 
somatic effective dosc as he did. Thc collective 
cffcctive dose cquivalcnt and collective effcctive dosc 
due to radiothcrapy in thc Netherlands in 1978-1979 
is computed in Tablc 41 using the normalized organ 
doses of Tablc 40 and various furtl~cr assu~nptions 
slated in the Tables. Thc result is a collcctivc effcctivc 



dosc cquivalcnt of 19,100 man Sv and a collcctivc 
cffcclivc dosc of 10,400 nlarl Sv. Thc latlcr valuc will 
t ~ c  uscd for cxtraplalion to worldwidc cxposurcs. For 
this purposc, it was assur~~cd that thc distribution of 
diffcrcnt typcs of canccr is similar in  countrics of 
diffcrc~~t hcalth-carc Icvcl. 111 fact, both distrihu~ion 
and frcqucncy of canccrs vary considcrahly. Howcvcr, 
it  is bclic\rcd that variations in distribution do not 
seriously affcct the collcctivc dosc estimate, which can 
indicatc only tbc o:dcr of magnitude of the worldwide 
collcctivc dosc. Variations in thc frcqucncy of dif- 
fcrcnt canccrs arc to somc cxtcnt taken into account 
whcn thcrapy frcqucncics arc uscd as multipliers in thc 
dosc calculation. 

249. Table 42 lists collective effective doscs, csti- 
matcd on the assumption that they are proportional to 
thc cffcctivc doscs in thc Ncthcrlands [B19], corrcct- 
ing for size of population and for treatment frcqucncy 
(but, to retain compatibility with effcctivc dosc for 
diagnostic practices as far as possible, not correcting 
for paticnt agc [B36]). Thc rcsult is rather imprccisc. 
The cstimatcd annual collective effcctivc dose in 
Table 42,1,500,000 man Sv worldwide, docs howcvcr 
show that the secondary effects of radiothcrapy arc not 
ncgligiblc. Probably, thcy arc of the same ordcr of 
magnitude as those causcd by diagnostic practiccs. I t  
is important, howcvcr, to vicw h e  secondary effects 
from thcrapy in rclation to the conscqucnccs of no 
trcatmcnt, in which casc continuing dcbilitics and carly 
dcaths would surcly prcvail. 

D. TRENDS 

250. Increasing life-span will make canccr thcrapy 
morc rclcvant; incrcasing affluence will make more 
cquipmcnt available. Radiothcrapy is thus likcly to 
bccomc nlorc frcqucnt in most countrics [ZI I]. In- 
crcascd awarcncss of the carly symptoms and signs of 
canccr will prcsuniably also incrcase demand for 
radiotherapy. In Pcru, 60% of cervical canccr paticnts 
now conic for trcatmcnt in the latcr stagcs of thc 
discasc, while for instancc only 17% of Swcdish 
paticnls arc a t  the latc slagcs [Z3]. 

251. Thc cancer incidcncc in industrialized countrics 
is roughly 3500 cascs per n~illion population pcr ycar. 
About half of thc cascs arc suitable for radiation 
thcrapy. On a global basis, somc 10 million ncw 
canccr cases occur cach ycar, 6 million of which 
would be aidcd by radiothcrapy. Since thc trcatmcnt 
capacity of one radiothcrapy unit is about 500 paticnts 
annually [WIO], an incrcasc up to about four units pcr 
million population could bc cxpccted in the long run. 
I n  othcr words, somc 3,000 units arc probably nccdcd 
to supplcmcnt the 6,000-7,000 units cxisting world- 
wide today. Howcvcr, whilc more than half of all 

cascs corric from dcvcloping countrics, acccss to radio- 
therapy is lirnitcd p 1 6 ) .  111 Africa, 45% of thc 560 
r~lillio~l inhahitants are undcr 15 ycars old, so it is 
almost ccr ia i~~ th;lt canccr will hccomc a higgcr pro- 
blcrn ;IS t l~c  pol)ulation agcs. Yct only a third of Afri- 
can rountrics havc any radiothcrapy facilities, and in 
many cascs thcsc arc ill-cquippcd and undcrstaffcd. 

252. Radiothcrapy is bcing dcvclopcd to achicvc 
highcr thcrapcutic cffccts and bcttcr tolerability, using 
c.g. hypcrfractionation [HI 1, P8, P24, W271. Sonlc 
promising idcas arc undcr consideration. Although 
thcir succcss has so far bccn lin~itcd [H40], somc 
possible advanccs will bc mcn~ioncd hcre. For in- 
stance, invcrsc dose planning mcans that instcad of 
calculati~~g the dosc distribution for a proposed bcam 
configuration, the optimal bcam conditions for a 
dcsircd dosc distribution in thc paticnt's body are cal- 
cuiatcd [A3, B16, K6]. As this technique becomcs 
common, fcwcr paticnts will suffer radiation-induced 
coniplications aftcr trcahncnt. Another possibility is 
that targct doscs could bc adjustcd to take account of 
the paticnt's genetically dctcrmincd radiation scnsi- 
tivity [A7, S3.51. Such adjustments may be quite 
important, sincc gcncs confcrring radiosensitivity may 
be much niorc frcqucnt than in thc population at large, 
possibly occurring in as many as 15% of all canccr 
patic~~ts [B3, H3, N2, S20]. Attention to this factor 
would also rcduce thc nunibcr of complications and 
thus thc radiological insult to thc population. Thc usc 
of whole-body treatment for lcukacnlia is increasing. 
Thc UNSCEAR 1988 Report [UI]  considcrcd bricfly 
the doscs to fetuses in the radiotherapy of pregnant 
womcn. Supplemental information is now available on 
the usc of lead shiclding in such cascs [L15]. 

253. Trcatmcnt accelerators with highcr cncrgics and 
cxtcrnal bcams of fast neutrons havc been mcntioncd 
as likcly ncw devclopnicnts [S6], and hcre is somc 
prclirninary cxpcricncc of fast neutron thcrapy, which 
has had, howcvcr, only liniitcd success [B8, H13, 
K11, P16j. Anolhcr possiblc rcfincmcnt would bc 
photon activation using Mossbaucr rcsonance absorp- 
tion, i n  which (for cxamplc) an "FC con~pound admi- 
nistcrcd to tllc paticnt is ir~duccd to produce Augcr 
cascadcs through photon irradiation. In principle, tbis 
tcchniquc should permit Icthal doscs to canccr cells at 
thc cxpcnsc of only vcry low doscs to normal ccll. 
Thcrc arc, howcvcr, still doubts urhcthcr thc technique 
will work in humans, at lcast for othcr than vcry 
supcrficial tumours, [or which many altcrnativc 
mc~.hods alrcady cxist [H20]. 

254. Proton thcrapy consti~utcs anothcr advallcc 
[C27]. Thus far, sonlc 7,000 paticnts havc bccn 
trcatcd. Morc than 2,000 wcrc trcatcd in the USSR 
alonc, whcrc clinical work shrtcd at thrcc ccntrcs in  
thc 1960s, and thcrc wcrc a fairly constant numhcr of 



paticnLs (a fcw hundrcd cach ycar) during thc 1980s 
(Gl l ] .  Thc advantage of protons is that lhcy cause 
stccp dosc gradicn~s at thc latcral and back sidcs of 
UIC targct dosc distributions, thus rcducirlg llic irradia- 
tion of oU1cr than targct orgJns, albcit at grcat 
invcsln~cn~ costs for thc complicated facility. 

255. Extcrnal thcrapy has bccn uscd not only for 
trcating canccr but also for trcating bcnign conditions. 
For instancc, 20,012 paticnts (99% of t h n l  youngcr 
than 2 ycars of agc) wcrc trcatcd for hacmangionias at 
Radiun~hclnnict in Stockholn~ bctwccn 1909 and 1959. 
\\'hilt sonic ccntres still advocatc the radiation thcrapy 
of hacmangiomas, it has dcclincd rapidly sincc the 
carly 1960s [F9]. It appcars likcly that such thcrapy 
will in thc future be applicd only in spccial cascs, such 
as bony hacmangiomas. 

256. Altcrnativc and supplcrncntary trcatrncnt options 
will continuc to appear, and in some cascs they will bc 
prcfcrrcd in paticnt groups at high risk. For instancc, 
childrcn with brain tumours arc conventionally trcatcd 
with radiothcrapy, but mental retardation is a frcqucnt 
sidc cffcct, occurring in 38% of all long-tcr~n 
sun-ivors in olrc study, with youngcr children bcing 
morc seriously affcctcd [L9]. Therefore, the tcndcncy 
is to dclay radiation thcrapy and use chcrnothcrapy for 
childrcn undcr 2-3 ycars of agc, who arc most scnsi- 
tivc to radiation [L9]. It is not known, howcvcr, 
whcthcr dclaying irradiation rcally improves thc 
functional status of the patients [M14]. 

I 257. Quality assurancc programmes, instigated i n  
particular by thc World Hcalth Organization, arc cvcn 
morc important (but also more difficult) in therapy use 
than in diagnostic usc. A nunibcr of incidents might 
havc bccn avoidcd by a morc systematic approach to 
quality assurancc. In onc Unitcd Kingdom ccntrc, 
morc than 200 paticnts wcre trcatcd with overdoses of 
25% in 1988 [S36]. A listing of rcports that contain 
technical details on quality assurancc programmcs in 
radiotlicrapy has bccn published [B40]. A particularly 
important collection of papcrs [H9] discusscs radio- 
therapy quality assurancc from Europcan. North Amc- 
rican arid Latin Amcrican pcrspcctivcs. Brahnic [B17] 
discusscd quality assurancc for cxtcrnal bcam thcrapy. 

5 8 .  Thcre is scope for othcr crrors in a computer- 
controlled trcatmcnt than in a convcntional trcatmcnt. 
Not only must all normal quality assurancc bc pcrfor- 
mcd, but it is also necessary to check thc computcr 

control [M201. Input of data i l~to chcck-and-conlir111 
systcn1s rllay actually co~ltributr to systc~~iatic crrors, 
if uscd :is an u~lcontrollcd sctup systcnl IL3j. 

259. A joint study in Finland and thc USSR [K30] 
found unacccpti~hlc variations in dosc distribution 
bctwccr~ trcatnicllt planning systcnis and suggcstcd that 
the quality assurancc programnlcs hc iniprovcd. 
Zaharia [Z3, Z10] discusscd quality assurancc in 
radiotlicrapy in dcvcloping countries, with spccial 
emphasis on Latin Amcrica, pointing out thc liniita- 
tions imposed by a lack of rcsourccs. For instancc, 
accelcraton and quality assurancc programmcs arc 
unlikely to be availahlc, and cobalt units must hc uscd. 

260. Trcatmcnts by radiothcrapy arc intcndcd to 
dclivcr high doses to targct organs to eliniinatc 
malignant or bcnign conditions. All attcmpts to 
calculate cffcctivc doscs from data on non-target 
organs will inevitably bc open to scrious criticism. Thc 
secondary effccts associated with such doscs arc 
difficult to estimate and cannot be dircctly coniparcd 
with cffccts of radiation in othcr situations. They must 
be asscsscd bearing in mind that they arc a by-product 
of indispensable lifc-saving trcatmcnt. Thus, the 
frcqucncy of trcatmcnt5 and thc targct doscs arc 
primary estimators of thc impact of radiothcrapy. 
Nevcrthclcss, cffcctivc dosc calculations niay provide 
valuablc supplcnientary information. 

261. Thc frcqucncy of radiothcrapy trcatmcnts by 
tclcthcrapy and brachythcrapy is cstimatcd to be 
2.4 pcr 1,000 population in countries of hcalth-carc 
level I and 25%, 4% and 2% of this valuc in countrics 
of hcalth-carc lcvcls 11, 111 and IV, rcspccti\~cly. The 
total nunibcr of procedures pcrfornicd annually world- 
wide is cstimatcd to hc 4.9 million. 

262. Estimates havc bccn niadc of thc collcctivc 
effective dosc from radiothcrapy, dctcrmincd by 
considcring tissues and organs othcr than gonads 
outside the targct area. The rcsults. summarizcd in 
Tablc 42, indicate an annual collcctivc somatically 
cffcctive dose of 1,500,000 man Sv worldwide. Some 
66% of this collcctivc dosc concerns hcalth-care 
levcl I countrics, which is dircctly proportional to 
trcatmcnt frcqucncics. 



V. THERAPEUTIC USE OF RADIOPIIARMACEUTICALS 

263. Relatively few data arc available or were sub- 
mitted to the Committee for the assessment of thera- 
peutic nuclcar medicine. The problems of effective 
dose, discussed for tclctherapy and brachythcrapy in 
Chapter lV, arc equally evident for therapy with 
radiopharmaccuticals, As in those other types of 
radiotherapy, simple information on the number of 
patients and doscs may be the most suitable measure 
of the secondary effects of therapy with radiophama- 
ccuticals. 

A. FREQUENCIES OF TREATMENTS 

264. A number of different radio-pharmaceuticals are 
uscd in the lreatmcnts o i  various diseases, but the use 
of 13'1 to treat thyroid conditions predominates. Much 
less frequent procedures include the treatment of 
polycythaemia Vera with 3 2 ~  and of hepatic tumours 
as well as arthritis with Frequencies of thcra- 
pcutic treatments using radiopharmaceuticals in 
countries responding to the UNSCEAR Survey of 
Medical Radiation Usage and Exposures are listed in 
Tables 43 and 44. The population-weighted average 
frequency of all treatments in 1985-1990 for countries 
of health-care level I is 0.1 per 1,000 population; the 
unwcightcd average of reported values is 0.2. Consi- 
dering statistical fluctuation, these estimates are hardly 
diffcrcnt from the estimate of the UNSCEAR 1988 
Report [Ul], which was 0.4 per 1,000 population. In 
confom~ity with other observatio~~s from the 
UNSCEAR Survey of Medical Radiation Usage and 
Exposures, the treatment frequencies at health-care 
levels 11 and 111 are about an order of magnitude lower 
than at levell. The distributions of the total 
frequencies of treatments with radiopharmaceuticals 
and the average annual frequencies of the main types 
of treatment are illustrated in Figures IX and X. 

265. The age- and sex-distributions of patients are 
given in Table 45. As expected, thyroid disorders 
occur more frequently in women. No difiercnces in 
the age or sex ratio of these patients can be detected 
between health-care levels. As with tele- and brachy- 
therapy, no trends with time in lrcatmcnt frequencies 
arc obvious. 

266. Blaauboer and Vaas [B6] have estimated that the 
frcqucncy of thyroid therapy courses using I3'l in the 
Netherlands is 0.35 per 1,000 population. This is 
somewhat higher than the value of 0.097 per 1,000 
population given in Table 44. There are no doubt large 
uncertainties in estimates depending on the reliability 
of the underlying samples. 

267. The average activities administered in the 
therapeutic use of radiopl~arniaccuticals are listed in 
Tat~lc 46. The amounts uscd for similar treatments arc 
coniparablc in most cases, although a 20-fold differ- 
ence between the extreme values of activity can be 
identified for thyroid tumour treatment using 13'1, 

268. While this conventional treatment and its 
properties are well known, some attention is being 
given to potential problems with other therapeutic uses 
of radiopharmaccuticals. Thus, since around 1980, 
monoclonal antibodies labelled with 9 0 ~  or 12'1, for 
example, have been used for radioimmunotherapy 
(albeit apparently in few cases). In the present context, 
the question has been raised whether better estimates 
of bremsstrahlung organ doses are needed when 
high-energy beta sources such as are used for 
radiotherapy [W8]. In the case of measurements 
indicate that the bremsstrahlung doses are usually less 
than 1% of the beta doses, but Williams et al. [W8] 
conclude that bremsstrahlung doses are not negligible. 

269. Table 47 givcs the absorbed doses to non-target 
organs from 13'1 thyroid therapy in Japan in 1982, 
using Maruyama's data on activity and patient number 
[MlO] and the dose conversion factors for adults given 
in ICRP Publication 53 [IS]. Using these data and an 
approach similar to that of Beentjes [B19], it is 
possible to calculate the effective dose equivalent and 
effective dose. In this case, there is a marked differ- 
ence between HE (180 mSv) and E (23 mSv), since 
the higher absorbed doses appear in remainder organs. 
The HE value corresponds to about 530 man Sv, or a 
per caput effective dose equivalent in Japan from 
thyroid radionuclide therapy of about 4.4 pSv. This 
demonstrates that radionuclide therapy contributes but 
a small part of the per caput dose to the population. 

270. Cox et al. [C18] state that radionuclide therapy 
on pregnant women, particularly in unsuspected early 
pregnancy, may be associated with much higher fetal 
doses than would be expected from current methods 
for dose estimation. 

C. WORI,,I)WII)E EXPOSURES 

271. The data in Table 43 indicate somewhat lower 
frequencies of treatments with radiopharmaceuti~als 
than were estimated in the UNSCEAR 1988 Report. 
However, the data are broader-based than the earlier 
data. The population-weighted average for 1985-1990 
is 0.10 per 1,000 population in countries of health-care 
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lcvcl I, 0.02 pcr 1,000 population for lcvcl 11 and 
0.025 pcr 1,000 population for lcvcl 111. Thc 1988 
valucs [Ul] wcrc 0.4, 0.1 and 0.016 pcr 1,000 
population, rcspcctivcly, and for lcvcl IV, 0.008 pcr 
1,000 population, mostly bascd on extrapolation from 
diagnostic nuclear mcdicinc frcqucncics. 

272. As in thc cvaluation of tclc- and brachyhcrapy 
in Scction IV.C, an extrapolatcd collcctive effcctive 
dosc was cstimatcd analogous to that uscd by Bccntjcs 
[B19] and bascd on thc dosc data for Japan given in 
Table 47. This amounts to about 9,300 man Sv world- 
wide, of which some 6,000 man Sv arise in countrics 
of hcalth-care level I (Table 48). Thus, the estimatcd 
secondary effects from thcrapy with radiophama- 
ccuticals are negligible in comparison with those from 
othcr mcdical radiation usage. 

D. TRENDS 

273. Indications arc that 1311 continues to bc uscd in 
99% of therapies [Ul]. In the early 1980s, radio- 
immunotherapy using monoclonal antibodies, which 
concentratc selectively in tumours, was regarded as 
"the magic bullet", but the technique still seems to be 
in development [GI]. A possible refinement is the 
increased potential for and usc of boron ncutron cap- 
ture therapy [A4, Fl l ] .  In this technique a compound 

or mor~oclonal antibody is tagged wid1 'OB. Ncutro~l- 
irradiatio~r of this targct produccs "B, which fissions 
instantaneously, yiclding alpha particles. Thc tcchniquc 
will presumably affcct only a few patients in thc ncar 
futurc, but it could lcad to cxposurcs of staff [ S 6 ] .  

274. In thcrapy using radiopharmaccuticals, thc 
trcatmcnt of thyroid conditions with 13 '1  is by far thc 
most common procedure. Polycytbacmia vcra is 
treated with 3 2 ~ ,  and somc benign discascs arc 
sometimes treated with radiopharmaccuticals. Although 
new procedures may be inlroduccd, thcy arc unlikcly 
to significantly alter current use patterns in thc ncar 
futurc. 

275. Thc estimated frequency of treatments with 
radiopharmaceuticals in countries of health-arc levcl I 
is 0.1 per 1,000 population. The Gequcncics arc 20% 
and 10% of this value in countrics of health-carc 
levels 11-111 and IV, respectively. The total numbcr of 
procedures performed worldwide is cstimatcd to bc 
210,000 (Table 48). The collective effective dose from 
such treatments (9,300 man Sv) corrcsponds to a pcr 
caput effective dose of 1.8pSv; it is a minor 
component of the total effective dosc from all uses of 
medical radiation. 

VI. EXPOSURES OF THE GENERAL PUBLIC 

276. Inevitably, medical radiation procedures, like 
other practices involving radiation, will cause some 
inadvertent exposure of members of the gcncral 
public. Thcre arc difficulties in putting these cxposurcs 
into perspective, expressing thc exposurcs per unit 
practice, for example. There may bc somc mcrit in 
continuing to consider the levels of hcalth carc in 
countries. Most data arc available only for countries of 
health-care level I. Hcncc, to the extent that infor- 
mation is at all available, the discussion below is 
limited to doses to exposed persons, numbcrs of cx- 
posed pcrsons, and per caput doses obtaincd by aver- 
aging ovcr populations. 

A. DIAGNOSTIC X-RAY EXAMINATIONS 

277. It appcars vcry rare that unintentional irradiation 
of the general public from x-ray facilities occurs, with 
the possible exception of certain uses of mobile 
equipment. Use of portable equipment under field 
conditions could cause some inadvertcnt exposures, if 

proper shielding has not been providcd. Bccausc of 
these difficulties, the Basic Radiology Systcm of the 
World Hcallh Organization has becn dcviscd as 
non-mobile cquipmcnt [W3]. 

278. Somc cxposurc is possiblc of parcnts who arc 
rcqucsted ro hold andlor calm childrcn subjcctcd to 
x-ray examinations. Few publications address this 
problcm specifically, but it sccms rcasor~ablc to 
assume that the doses pcr cxamination would be 
similar to those cncountcrcd occupationally. Parcnts 
would not be involved as GcqucnUy, nor for as long 
times, as medical staff, so in most cases tbc integral 
doses over Iongcr periods of timc should be lowcr 
than those sustaincd by exposed medical stall. 

279. Thcre arc few data on exposures of thc public 
from use of radiopharmaccuticals, but b e  problem 
could be larger than that corresponding to use of 



x rays, since the sourccs can hc brought outsidc of thc 
clinic and bcyond UIC radiation protcctio~~ nlcasurcs 
prcsclit thcre. Thcrc arc, in principlc, two routcs of 
such cxposurc: faniily nicn~bcrs (or so~ric othcr 
individuals or visitors) could bc cxposcd to radiatiou 
from radiopharmaccuticals in thc patient's body, and 
radioactivc wastcs rclcascd inlo scwagc systcms or 
dcpositcd at rcfusc dumps could incrcase background 
cxposurcs. Excretion of radionuclidcs froni paticnts, as 
wcll as radioactivc wastc from hospitals and cxposurcs 
duc to radioisotope production, arc cvaluatcd in 
Anncx B, "Exposures from man-madc sources of 
radiation". Howcvcr, cxposurcs of nicmbers of thc 
public from radioisotopes prcscnt in thc bodics of 
patients arc considcrcd in this Annex. The 
contamination of restroom facilities in hospitals, is 
rcvicwcd by Ho and Shcarcr [H16]. 

280. The probicm of radiation from radiophama- 
ccuticals prcscnt in paticnts is not trivial if the patient 
is a sniall child or a parent to a small child. In such 
cases, faniily mcmbcrs arc likcly to be moderately 
cxposcd. However, estimated doscs to family mcmbcrs 
arc low, usually bclow 1 mSv, in diagnostic practicc, 
cvcn if the pcrsons involvcd are in close bodily 
contact morc or less continuously IM3, M28). 
Lcucocyte scans with ll ' ln constitute a possible 
exception whcre special actions may be necessary, if 
doscs cxcccding about 1 mSv are to be avoidcd 
[M27]. Equivalcnt dosc ratcs from paticnts undcrgoing 
some typical examinations arc given in Tablc 49 [N6]. 
The dosc rates arc of coursc highcr, and the problcm 
can bc much morc difficult in therapy cases (scc 
Scction C bclow). 

281. A study conccming diagnostic nuclcar mcdicinc 
refcrrcd to thc situation in the Unitcd Slates [B12]. 
Paticnts were equipped with dosimetcrs in order to 
cstimatc the cffcctivc dosc equivalents to critical 
groups (family nicmbcrs and co-workcrs) as wcll as to 
thc cntirc population. For practical rcasons, thc 
dosimctcrs wcrc put on the paticnts rathcr than on thc 
mcmhcrs of thc critical groups thcmsclvcs, and then 
doscs to critical groups wcrc computcd using suitablc 
modcls. The avcragc effcctivc dosc equivalcnls to 
mcmhcrs of critical groups wcre 7-20 pSv annually, 
and thc per caput cffcctivc dose equivalent to a 
mcmbcr of the gcncral public was 0.4 @v annually 
[B12]. Since thc population of the Unitcd States is 
about 250 million, cvcn this vcry low individual figurc 
corresponds to a not negligible collcctivc cffcctivc 
dosc cquivalcnt of some 100 man Sv (thc cstimale is, 
of course, not vcry precise). 

282. Oftcn, paticnts have to wait betwccn injection 
and imaging. In some countries, such as the Unitcd 
States, separate waiting rooms are recommended for 
injccted patients, but in othcr countries this is not the 

casc. Harding ct al. [H26] studied doscs incurrcd by 
rclativcs, otllcr staff and acco~npanying nurscs in thc 
waiting room at a l~ospital in thc Unitcd Kingdom. 
Median doscs wcrc about 2 p S v  or Icss, with a 
maxin~um (for a relative) of 33pSv. Similar 
concl~~sions wcrc drawn by Sicwcrt IS41 for thc 
Fcdcral Republic of Gcrniany. 

283. OIIC aspcct of inadvcrtcnt cxposurcs is that 
brcast-l'cd infants niay bc cxposcd via exaction of 
radiopharmaccuticals in milk of examined molhcrs. 
Many studies have bccn ~ t ~ a d c  of this subject (e.g. 
[T4]). A numbcr of rcfcrcnccs appear in reports of 
NCRP and UNSCEAR [Nl ,  Ul] .  Tablc 50 shows that 
in some cascs, the cffcctivc dosc cquivalent to a 
brcast-fccding child could bc two orders of magnitude 
highcr tllan that to UIC nlothcr [15, Jl] .  On the other 
hand, thc concentrations of a radiopharmaceuticals in 
milk usually dccrcase vcry rapidly to insignificant 
Icvcls. Discarding the Erst, or the first few, milk 
fractions during thc day of administration, thus, 
usually rcndcrs the dose to the infant ncgligible (a 
small Gaction of a mSv) [Jl]. Fibrinogen tagged with 

is a rare exception, whcre breast-feeding within 
three wccks can lead to cffcctive dosc equivalents to 
infants of 10-15 mSv, will1 a concurrent effective dosc 
equivalent to the mother of about 0.5 mSv [Jl]. 
Inadvertent exposure of lhe fetus is possible in cases 
of undcclarcd carly pregnancy. Uterine doses, relevant 
in such circunistances, arc available in ICRP 
Publication 53  [I5]. 

284. Little is known about the geographic variations 
of exposures of the gencral public from diagnostic 
nuclear mcdicinc practice. The numbcr of cxamina- 
tions are highcr in developed coun~rics, and it sccms 
safc lo assume that thc dascs incurrcd in the Unitcd 
Statcs due to radiation froni radiophamaccuticals in 
patients (0.4 pSv per caput annually [B12]) represent 
the upper end of the possible dosc range. 

285. If potential exposures due to accidents or 
incorrect shielding of facilities arc disrcgarded, the 
main cxposures to thc gcncral public may be due to 
radialion from paticnts undcrgoing brachythcrapy. 
Approximate dosc ratcs around the beds of such 
paticnts have bccn coniputcd, for example 0.3 mSv h' 1 

at 1 ni and 0.1 n ~ S v  h-l at 2 rn from a aticnt contain- 
ing 3,700 MBq 1 3 7 ~ s  or 5,500 MBq "1 [Sl4]. It is 
worth noting that aftcrloading is probably very 
uncommon in countries of heallh-care levels 11 to IV, 
which means that doses to the public (and to slaff) 
may bc highcr pcr trealnlcnt than in countries of 
hcalth-care levcl 1. Dosc rates of 0.01 mSv h*' have 
been observed in rooms above or bclow a brachy- 
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thcrapy paticnt's room in a hospital in the Uriitcd 
St;itcs [B14]. Propcr shiclding rcduccd this dosc ralc 
by somc 20%-45%. Although thc authors primarily 
dcal with doscs to staff, rncmbcrs of thc public (other 
paticnts, visitors, staff not involvcd in radiation work) 
could also bc cxposcd to thcsc radi;~tion Iiclds. 

286. Thus, givcn a suitablc sct of conditions, public 
cxposurc could bc modcllcd. In the Unitcd Statcs 
study just discussed 18141, the nlodcl choscn sug- 
gcstcd that shiclding rcduccd inadvcrtcnt cxposurc of 
staff and public by 0.0006 man Sv pcr avcrage 
brachythcrapy. Of this cxposurc reduction, 0.00025 
man Sv was occupational. so the public cxposurc 
without cxtra shielding should be at most (total minus 
occupational)/(rcmaining fraction of dose ratc) = 
(0.0006 - 0.00025)/(1 - 0.45) = 0.0006 man Sv. On thc 
vcry approximatc assumption that all brachythcrapy 
causes doscs similar to the doses in 13'cs gynacco- 
logical trcatmcnts at the spccific hospital in the Unitcd 
States, and that the average frcqucncy of brachy- 
thcrapy for treatment of nialignancics in countries of 
hcalth-carc Icvcl I is 0.08 pcr 1,000 population (see 
Table 42, assuming one third of total trcatrncnts are 
brachythcrapy), the pcr caput dosc to the gcncral 
public duc to brachythcrapy in countries of health-care 
lcvcl I would bc sornc 0.05 pSv. 

287. The problem of radiation from radiophama- 
ceuticals in thc bodies of paticnts undergoing thcrapy 
is more complicated than in diagnostic nuclear mcdi- 
cine. Relatively few paticnts are involvcd, but the 
activities arc high enough to cause doses that could 
cxcccd a fcw niSv to cxposcd mcmbcrs of the public. 
Hcncc, various precautions against inadvertcnt expo- 
sure of fcllow patients or fanlily members arc common 
[CZl]. Ar an example, Koshida ct al. [K18] suggest 
that 3 1 ~  therapy paticnts should nor be discharged 
from the hospital unless the maximum residual activity 
is lcss than 510 MBq, the patient's children are aged 
over 1 ycar and thcy keep a t  a distance of at least 
50 cm. In a later paper, they rcduced this value to less 
than 100 MBq [U8]. For rhc patient to return to the 
gcncral ward, or for the paticrlt to be discharged from 
the hospital when childrcn arc youngcr and/or will be 
closcr than 50  cm, stricter rccommeridations apply. 

258. Approxirnatc dosc ratcs around the hcds of such 
paticnts are similar to those givcn above. Furthcr 
illuslratiolis showing how such dosc ratcs changc due 
to radioactivc dccay after 13'1 administration can be 
lound in Orito ct al. 105, 06 ) .  Family mcmbcrs may 
wish to ignorc radiation cxposure in ordcr to be able 
to spend as much time as possible with the patient 
[H18]. Other problcms in the therapeutic usc of 
radiopharmaccuticals are the same as those for 
diagnostic uses. 

289. Thc Comnlittce has not previously bccn atilc to 
cvaluatc dic doscs to hcalthy voluntccrs in nicdical 
research. Such voluntccrs ruight bc considcrcd a sriiall 
subgroup of tlic gcncral public. Data on tiicsc cxpo- 
surcs arc not rcadily available, but sonic statistics for 
thc Fcdcral Rcpublic of Gcmiany and for t l~c  Unitcd 
Kingdom arc prcscntcd in Tablc 51. Gcrnian rcgula- 
tions arc somewhat different for thrcc typcs of rc- 
scarcl~ (gcncral nlcdical rcscarch using labcllcd com- 
pounds, clinical trials of phamaccuticals labclled for 
somc specific purpose during thc trial, and trials of 
radiophamiaccuticals), hcncc thc separation of the 
concsponding volunteer groups in Tablc 51. This 
Table clcarly shows that thc number of voluntccrs is 
small enough not to dominate the collcctivc dosc to 
thc general population, but it is theoretically possible 
that some individual doses could be relatively high 
(i.c. comparable to the dosc limit for radiation workcrs 
of 50 mSv in a single ycar). It should bc remembered 
that radioactivc labelling in research projccts may 
differ from that normally encountered in radiophama- 
ceuticals, and can include long-lived nuciidcs such as 
14c  [L26]. One difficulty may be to idcntify the 
voluntccrs. In diagnostic use of x rays, cxtra exposures 
may be given to paticnts for rcscarch purposes, thus 
making it difficult to distinguish paticnts and 
voluntccrs. 

290. Some factors act towards rcducing doses to 
volunteers. Ethics cornmittccs that cxist in many 
countries, albeit with varying regulatory status, usually 
attcmpt to prcvcnt unricccssary cxposure of vo\untecrs. 
Thc 1990 recommendations of the ICRP [I81 suggest 
that appropriate national bodies might consider dose 
constraints for voluntccrs. Such constraints would 
truncate the upper end of the dose range, thus reducing 
thc average dosc to voluntccrs. Even formal limits 
have bccn discussed (Canada [C?']) or implcmcntcd 
(thc Federal Rcpublic of Gcmany [K9] and the Unitcd 
Statcs [U16]), in spite of objections [P6] that dose 
limits are inappropriate in mcdical rcscarch. To the 
extcnt that such limits are uscd, thcy can be cxpccted 
to rcducc the avcragc of doscs to voluntccrs, by 
cutting off thc upper tail of thc dosc distribution. 

291. Whilc x-ray cxanlinations arc morc lrcqucnt, 
examinatior~s arid thcrapy with radiopharmaccuticals 
constitute the morc important roulc of cxposure of thc 
general public. The annual pcr caput effective dose 
equivalent caused to members of the public by patients 
with radionuclides in their bodies is estimated to be 
0.4 pSv or less. 
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VII. EXPOSURES FROM ACCIDEN 

292. Most of the available rcports on accide~~ts arc 
casc studies of pi~rticular cvcnts. So far, the material 
pcrnlits littlc in the way of estimating of the accident 
frcqucncy per unit population or per unil of practice. 
It must bc cniphasizcd [hat all of the frcqucncy csti- 
mates givcn bclow arc highly imprecise and, owing to 
erratic reporting, arc vcry likcly to be undercstimatcs. 

293. Accidents in diagnostic x-ray cxaminations arc 
not likely to have grave individual consequences. Of 
the 38 incidents of patient overexposure due to faulty 
radiation equipment that were rcported to the United 
Kingdom Health and Safcty Executive between 1986 
and 1990, 30 involved diagnostic x-ray equipment. In 
thesc incidents, about 760 patients (about 0.003 per 
1,000 population annually, corresponding to about 6 
per million x-ray exan~inations in the United King- 
dom) were ovcrexposcd, with effective dose equi- 
valents from 0.5 to 13 mSv and a collective effective 
dose equivalent of some 5 man Sv [GlO]. 

293. In nuclear mcdicine misadministrations occur, 
sometimes with fatal results [M29]. The extravasation 
of correctly measured but incorrectly injectcd 
radiopharmaccuticals can also lead to radiation injury 
[SSO]. In the Unitcd Statcs about 75 misadmini- 
strations in thcrapy and about 1,300 misadministrations 
in diagnostic nuclear medicine arc reported annually 
(in all, aboul 0.006 per 1,000 population annually, or 
about 140 per million nuclear mcdicine examinations 
in the Unitcd Stales). Some 40 of lhese concern 
which can easily be injected in therapeutic quantity 
[N13]. About 95% of all diagnostic misadministrations 
involve the correct prescribed activity but the wrong 
radiopharmaceutical or the wrong patienL 

295. While various accidcnts in tcletherapy have 
caused lcthal damage, the serious underexposure of 
canccr patients may also well have led to fatal results 
[SSl]. It is vcry difficult to assess the frequency of 
thcse accidcnts. Apart from the general problem of 
undeneporting, thcsc particular accidents are so rare 
that it is a problem to establish a baseline population 
or time period. Arias [A141 discusses three tclcthcrapy 
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accidcnts: Texas, United SLltcs, 1956, where two 
paticnts dicd of ovcrcxposurcs frorn a lincar accclcr- 
ator; Maryland, Unitcd States, 1987-1988, whcrc 33 
patients wcrc ovcrcxposcd by up to 7 5 %  Zaragoza, 
Spain, 1990, whcrc 27 patients 14 of whom died, were 
ovcrcxposcd from a lincar accclcrator. Dis~ributing 
thcsc 62 paticnts over Ole conlbincd population of 
Spain and the U ~ ~ i t c d  Statcs and, rather arbitrarily, 
over 10 years, there would be some 0.00002 victims 
annually per 1,000 population, or about 10 per million 
thcrapy procedurcs. A separate kind of accident can 
occur if a disused tclctherapy source is removed from 
the hospital and the public is exposed. A well-known 
example, thc Goiania accident, is discussed in Annex 
B, "Exposurcs fiom man-madc sources of radiation". 

2%. The European Federation of Medical Physicists 
has initiated a scheme to share information about 
accidents to patients. So far, only radiotherapy 
accidcnts have bcen reported. Reports obtained to date 
from Czechoslovakia, the Federal Republic of 
Germany, Norway, Poland, Russia, Spain, Turkey and 
the United Kingdom indicate that 1,344 paticnts in 
these countries wcrc exposed to higher than prescribed 
doses and 989 patients to lower than prescribed doses 
betwccn 1982 and 1991 [H19]. These 134.4 patients 
annually would correspond to some 0.0003 victims per 
1,000 population (the nun~bcr is of course higher than 
that given in thc preceding paragraph, which deals 
exclusively with grave accidents). 

297. A total of 91  incidents concerning ionizing 
radiation were rcported in the Federal Republic of 
Germany in 1990 [B7]. Of these, 21 had some con- 
nection to medical uses of radiation. Radiopharma- 
ceuticals for diagnostic purposes were lost or stolen in 
eight cascs. There were various failures of remote 
afterloading equipment for brachylhcrapy in nine 
cases, failure of linear accelerators in two cases, 
failure of one gamma teletherapy device and leakage 
of faeces contaminated with 1311 from the drain of a 
thcrapy ward in one casc. Thcrc were minor exposures 
of staff in five of the afterloading cvcnts. No exposure 
of patients took place in any of the 21 evcnts. 

CONCLUSIONS 

298. The use of ionizing radiation in medical materials in medical procedures, the collective dose to 
diagnostic and thcrapeutic examinations and treatments the world population is significant. With additional 
convey radiation doses to the individuals involved information available on radiation exposures of 
along with direct benefik in health care. Because of patienk, particularly that reccived in response to the 
widesprcad usage of radiation and radioactive UNSCEAR Survey of Mcdical Radiation Usage and 
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Exposures, improved estimates of worldwide 
exposures can be madc. 

299. The Committcc has previously extrapolated 
availablc data on mcdical radiation usage to the c ~ ~ t i r e  
worltl on the basis of the number of physicians pcr 
1,000 population, a statistic that is available for all 
countries. This procedure has been maintained for the 
analysis of this Annex. Four lcvcls of hcalh care arc 
defined to characterize medical radiation usage. 
Relatively complete data are available on examination 
and treatment frequencies for countries of hcallh-care 
lcvels I and 11. At health-care lcvels 111 and, in 
particular, IV, information is still insufficient in many 
respects, although the contribution to the worldwide 
collective dose from these countries is small. 

300.There are indications that exposures of 
populations fiom the diagnostic and therapeutic uses 
of ionizing radiation are increasing worldwide. Much 
of this increase can be justified on clinical grounds, 
particularly in developing countries, where medical 
services are obviously not yet sufficienliy availablc. 
The general trends observed with time and between 
levels of health care cannot be used to anticipate 
particular conditions in individual countries. 
Circumstances vary widely, and national trends may 
differ greatly from the average trends. Nevertheless, 
the averages for several countries of each lcvcl of 
health care and for five-year time periods should be 
reasonably representative, i.e. the conclusions drawn 
here about worldwide exposures should be generally 
valid. 

301. For countries of health-care level I ,  the 
population-weightcd estimate of the frequency of 
diagnostic medical x-ray cxaminations (890 per 1,000 
population) is slightly higher than the estiniatc in the 
UNSCEAR 1988 Report (800 per 1,000 population), 
although it seems unlikely that the difference would be 
statistically significant. Thus, at health-care lcvcl I, the 
total frequency of all x-ray examination was relatively 
constant during the 1980s. Reduccd rates of incrcase 
or, in a few countries, decreases are due to the 
introduction of alternative methods, such as ultrasound 
and cndoscopy. For countries of health-care lcvels II- 
IV, examination frcqucncics appear to be increasing, 
as expected on the basis of needs for the services and 
on demographic trcnds. 

302. The estimatcd per caput effeclivc dose cquivalcnt 
Liom x-ray examinations at health-care lcvcl I is 
1.0 mSv, unchanged from the estiniatc in  the 
UNSCEAR 1988 Report [UI]. Some examinations 
with higher doses, such as computed tomography, are 
beconling more frequent. At the same time, however, 
better equipment and techniques are allowing doses in 
other cxaminations to be reduced. From the wider 

database available, the pcr caput cffcctivc dose 
cquivalent~ at levels I1 and 111-IV are cstirnatcd to bc 
0.1 and 0.04 nlSv (previously 0.2, 0.07 and 0.03 mSv 
at lcvels 11-IV, rcspectivcly [Ul]). The use of 
fluoroscopy for chest examinations has bccn clarified 
for China (level II), but the prevalence of this 
procedure, which gives highcr doses, cannot be certain 
for othcr countries at health-care lcvels 11-IV. 

303. The estimated effective dosc cquivalcnt from 
diagnostic nuclcar medicine cxaminations increased in 
countries of health-care level I (0.09 mSv compared 
with 0.05 mSv previously [Ul]) and also in countries 
of health-care lcvels 11-IV (0.008 mSv compared with 
less than 0.004 mSv previously [Ul]). The estimatc 
for developing countries is higher, since i t  has become 
clear that the main radionuclides being uscd there arc 
long-lived ones. However, the radiological impact of 
diagnostic nuclear medicine remains small in 
comparison with that of diagnostic x-ray examinations. 

304. For tele- and brachytherapy, the treatment 
frequencies reported in the UNSCEAR Survey of  
Medical Radiation Usage and Exposures are lower 
than those obtained in 1988. This is interpreted as 
sampling variation as the treatment frequencies are no 
doubt continuing to increase. The primary measure of 
the impact of therapy on the population uscd here is 
simply the number of patients treated. In addition, 
estimates of the effective dose and the collective 
effcctive dose are shown for illustrative purposes. 
Therapy with radiopharmaceuticals appears to be 
slightly less frcquent than had previously bccn 
estimatcd lull. The frcquc~icics of treatmcnls world- 
wide are estimatcd and the effective doses calculated. 

305. The estimatcd doscs to the world population 
from all medical uses of radiation are summarized in 
Table 52. The per caput cffcclive dosc cquivalcnt from 
diagnostic examinations ranges from 1.1 mSv at 
lcvcl I to 0.05 mSv at levels In-IV. The worldwide 
pcr caput cffective dose equivalent is 0.3 mSv. From 
therapy treatments, the pcr caput effcctive dose 
equivalents computed from scattered radiation in 
non-target organs are estimatcd to be 0.7, 0.2, 0.03 
and 0.02 at lcvels I-IV, respectively and 0.3 mSv 
worldwide. The collective cffective dosc equivalent 
from diagnostic cxaminations is estimated to be 
1,800,000 man Sv, with nearly 90% from x-ray 
examinations and the remainder from nuclcar medicine 
and dental examinations. The collectivc cffective dose 
from therapeutic treat1ncnt.5 is estimated to be 
1,500,000 man Sv, but this is not stricliy con~parable 
to other doses. 

306. Effective doses to patients Gom mcdical uses of 
radiation cannot, in general, be used directly in 
calculations to infer detriment. In  Section 1.B, various 



problcms with thc cstiniation of dctrin~cnt fror~i doscs 
to palicnts wcrc nicntioncd. For thcrapcutic uscs of 
radiation, an addcd difficulty is Lhat much of Ihc 
secondary cflcck arc not canccr or hcrcditary discasc 
but dctcrniinistic radiation harni. 

307. Much, and optimally most, of thc collcclivc dosc 
from mcdical uses of radiation is offset by direct bcnc- 
fits to thc cxamincd or trcatcd paticnts. Thcrc arc two 
basic ways to rcduce thc risks of radiation dctrimcnt 
to palicnls: (a) by rcducing thc collective dosc by 
lowering the numbcr of patients cxposcd to ionizing 
radiation or (b) by reducing Ihc individual dose in 

particular ~)roccdurcs. Tilt 11umbcr of patic~~ts cxposcd 
can hc lowcrcd by using strict rcl'crral critcria. Guidc- 
lincs oir tllc sclcclion of patic1iL5 for various x-ray 
cxaminations have bccri givcn [R26, S2, U11, U12, 
U13, U14, U1.51. Rcfcrral critcria that arc particularly 
appropriatc for radiology ill dcvcloping countrics arc 
givcn by WHO IW23, W24, W25, W26j. Thc usc of 
altcrnativc niclliods, such as ultrasound and cndo- 
scopy, also rcduccs Ibc numbcr of cxposcd paticnk. 
Thc dosc pcr proccdurc can bc rcduccd if the pro- 
ccdurc is oplimizcd and if quelily assurance pro- 
graninics arc sct up to cliniinatc deviations from the 
optimum. 
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Tnhlc 1 ( r n n l i n u e d )  

The cntriu in this Table are qualified as follows: 

Algmia: Data from L4EA (Intanatiorul k o m i c  Eongy Agency) and from [Ul, U17. 
Argcnrino: The number d radiologists cxcludcs 2,149 non-radidoist physicians licensed lo usc x rays. 
Amria :  The value givcn for nuclur mcdianc d l m a  IS the estirntcd numbcr of scamcrs/wmeras. 
Bnrbndos: Data alw f ran  PAHO (Pan Ammica Hulth 0rganizat.on). 
Brccil: Survey rwponv published as [All]. Data also f r a n  [CI:. D4. Ul]. Numbcr of radiolo~sts indudw 200 n d i a h n a p s ~  and 232 n u d t u  

mcdionc spccialisls. Nurnba d nwieu  mcdronc d in ics fa  1962 i s  ut~rnatcd from numbcr of s a ~ c r d c a r n c n s  (207); numb= la 1990 
rncludw 450 scannudcarnaas; 401 further un~tr do  in vine work only. Number d 137Cs telcthcrapy unltr exdudc 7 non-operailvc 
units; numbcr f a  a m l c r a t a s  cxdudw 10 non-opaativc units. 

Cameroon: Data from IAEA (Inlanational Atomic Encrgy Agcncy)and from [Ul. U171. 
Conado: The numbers given for '176 tclcthaapy unlts rcprucnts liccnseu. soole probably uqth more than one umt. 
Chile: Data born PAkiO and from [U17). 
Conto: Data from IAEA and f ran  [UI. U17j. 
Cuh: Data horn P N 1 0  and from [U17]. 
L)ominico: Data horn PNIO. 

Empr: Numbcrs of radiologists. &agncxric x-ray units and clinics estimated from h s r - E l  l511i Ccntrc, which scrvw ca. 3% of pnucnts using 
ndiat~on. Data on therapy units from IAEA 

France: Data from [M40. 5.17. The numbers given f u  Lagnartic x-ray units cxcludc 339 military medical and dcntal urutr. 
Gobon: Data fran IAEA ( l n t a n r t l w l  Atomic Enngy Agency) and from [Ul. U17.  
German Dcm. Rep.: 40% cf a11 x-ray examlnatrms arc performed by non-ra&do~r t  phyrinans. 7hc 3300 x-ray units (gencntorr) In 1965-1966 carnpond 

to 5100 tubcs. 
German?.: 55% of all x-ray cxaminntionr arc pnlorrnd by non-raholo~rt  physiciilns. 75% of dil~goslic nuclear mcdxcinc ir perfumed outaidc 

rpccialized clinics. 
M o d w p r :  Data born PAL10 (Pan A m n l a n  Ilcalth Organ~utim).  
I c r l d :  Data also f ran  fL14 S141. 
Idk 'Ihc number d ra&oloprtr cxcludcd 31.000 non-rpccral~st p h y n a n s  using x rayr. 
Iraq: Data also from [Ul, U17j. O!hn cntrin than populat~on sizc refcr lo thc Institulc 01 I(rr&dogy and Nuclear Mc&cinc. Baghdad which 

e r v u  on unknown f r a a ~ m  of the populauon. 
Kcny:  Data horn IAEA and f ran  [Ul. U17. 
Libcrio: Data from lAEA m d  (ran [Ul. U17. 
Libym Arab Jamahirnn: Dala from 1- and f ran  [Ul. U171. 
M&gnrrar: Data from lAEA and f ran  [Ul. U171. 
Mawiriur: Data fiom ID16. L'l. V17). 
Morocco: Data horn lAEA and ( r a n  [Ul. U17). 
Moznmbiquc: Data hom [D16. U1. U171. 
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h'icaragua: 
h'igcrio: 
Philippines: 
P o r r u ~ d :  
Sainr Lucia: 
.Qncga/: 
Singapme: 
Souh  Africa: 
Gain:  

Numhcr of radiologists includn 9. 22 and 28 rnrliothcrapisls and 4, 7 and 7 nuclcar medicine specialists in 1970.1974. 1980-1984 and 
1985-1989, rcspcctively. Number o l  m d c a l  x-ray units ~ n c l u d u  9, 5 and 0 mass miniature chcsl unlls and 70, RO end 65 chlropaclicc 
units in 1970-1974. 1960-1984 and 1985-1969, respcclivcly. 
Dats from I'A110. 
Data hom IAEA and f r a n  [UI, U171. 
Numher given for diagnostic medial  and dcntnl x-ray uniu rcpreaent fatililict. 
Data from [CIS]. 
Data from PAJIO. 
Data from I X A  and from [UI. U17). 
Population sire from jU17]. Othu catria refer lo the Nalional University Ilcspital, uhich scrvu an unknoun fraction d the population. 
Data from IAEA and from [Ul, U171. 
'Ihc n m b a  given for dagntatic x-ray units la medical examinations cxdudea units In u,hich lewcr than 1,000 cxamlnatlons per ycar 
arc pcdomcd. 

Sweden: Data also from [S21]. Nurnba of radidogists i n c l u d ~  8L 120 and 155 radiothaapistr in 1970-1974, 1980-1984 and 1985-1989. 
respectively. X-ray lclcthcrapy units cxcludes nucky units. 

S u ~ u x ~ l d :  Bcsidw radiologists, all gcncralisu, surgeom, internists, paediatricianr (sum 1982: 5,970) and dentists (numbcr 1962 2.728) arc llccnscd 
to use x rays. 

T w b k  Data also from [G16]. Nurnbcr d radidogists includes foreign doctors; d the 76 Tunisian dmors.  4 were ndiothcrrpists. 3 nud-r 
medicine specialists. Accelcrrtor not token into use (1990). 

Ugondn: Data from [Dlb. U1. U171. 
USZR: Data also horn p17]. 
U W  W S R :  Data for one republic. the Russian Smiet Fcdcrativc Sccialist Republic. Radiologists indude diagnostic x-ray spccialisls d y .  
Unired Rep. oJTamnia:  Data hom IAEA and from p18. Ul. U17]. 
Yugosiavin: 1970-1974 data indude Bosnia and Iiaregwina and Slovenia: in 1980-1964. data include Bosnia and Ilcrrcgodna. Croatia and Slovenia; 

1965.1969 dnta include all d Yugdavia  except for Montenegro. Ktaovo and Vojvodina. 
Zimbabwe: Data &om IAEA and f run  [Dlb. U1. U17). 

Tnblc 2 
Average number of medical radiation faciliUes per 1,000 populaUon by health-cam level 
Data from UNSCEnR Survey of Medical Radiation Usuge and Erposures 

M c d t d  rodiarion sraffl 
Joriliricr 

Radtdogsts 

M d c a l  x.ray units 

Dental x-ray units 

Thnapy x-ray units 

6 t a l t - 5 0  lhclapy units 

Accelerators 

Nuclear mediane cliwcd 

Ycnr 

1970-1974 
1960-1984 
1985-1990 

1970-1974 
3960-1964 
1965-1990 

1970-1974 
1980-1984 
1985-1990 

1970-1974 
1980-1984 
1985-1990 

1970-1974 
1960-1964 
1965-1990 

1970-1974 
1960-1964 
1985-1990 

1970-1974 
1980- 1964 
1985-1990 

I 

0.062 
0.076 
0.072 

0.45 
0.36 
0.35 

0.44 
0 .1  
0.38 

0.014 
0.013 
O.(Kl48 

0.0031 
0.0034 
0.0026 

0.00;O 
0.W12 
0.0020 

0.0048 
0 . W  
0.W78 

Hcolrh-cwc 

n 

0.03 
0.064 
0.041 

0.014 
0.071 
0.066 

0.01 2 
0.077 
0.066 

0.0002 
0.0017 
0.00SO 

0.0001 
0.0001 
0.0001 

0.0001 
0.0001 

0.0003 
0.0003 
0.0003 

Imel 

III 

0.004 
0 .W 

0.016 
0.018 

0.005 
0.003 

0 . W  
0.0001 

0.0001 
0.0004 
0.0002 

0.00002 
O.OMX)9 

0.0001 

0.MaOS 

nr 

0.0003 

0.0006 
0.010 
0.004 

0.00004 

0.0001 

0.0001 

0.00009 

- 

0.M002 



Tnhle 3 
Annual medical radlatlon exarnlnations and hatrnenB 
Dora from UNSCEAR Survey of Medical Radiation Usage and Exposures unless o~hern.ise indicated 

Covrny )'ern 

7hsapcvtic rrcaimcnu 
(ihowcndr) 

Diatnasric aamino; iw 
(rhou&) 

,Fray 

therapy 

49.9 ' 
5.4 

432 ' 
519 * 

2 3  " 

0.9 
0.6 
0.3 

7.0 

0.5 

0.7 " 

132 
13 

0.3 

3.4 

0.1 
0.1 
0.1 

2 5  

3.9 
1.5 
1.1 

1.0 

0.04 

33.9 
9.1 
111 

Argentina 

Auslnli8 

Belgium 

Canada 

Cub. 

Qcchoslovrldr 

Denmark 

E w d a  

F~nlmd p l b ]  

France [UO, Ma]  

Gcrman Dan. Rep. 

G m a n y .  Fed. Rcp. of 

luly 

Japan 

Kuwi I 

h h g  

Malta 

Nc~herlvrh 

Ncw Zuland 

Sauay 

Poland 

Ponugd [CIS. S52j 

Rwrun~s 

S p u n  

Mcdird 
x roys 

46.15 
9149 

1 2 n 2  

18660 * 
26563 

63% 

Il l12 
10882 
9498 

2600 

530 

5100 
4600 
4300 

45350 
55060 

19000 
19000 

71600 

42700 

73064 
96x0 
141500 

1137 

294 

33.2 
84.7 
110 

7900 

1790 
2263 
21 14 

1600 
2200 
2200 

24949 

5900 

13205 

10688 

0290  

1985-1989 

1970.1974 
1985-1989 

1986.1990 

1970-1974 
1985-1986 

1988.1990 

1976-1980 
1981-1985 
1986-1990 

1985-1989 

1985-1989 

1977 
1984 

1986-1987 

1982 
1988-1990 

1974-1978 
1981-1988 

1976-1980 
1981-1990 

1974 
1983-1985 

1989 

1970.1974 
1980-1984 
1985.1969 

1985-1989 

1988 

1970-1974 
1960-1984 
1985-1989 

1980-1984 

1970-1974 
1960-1984 
1985-1989 

1970-1974 
1980-1984 
1985-1989 

1985-1989 

1988-1989 

I980 
1985-1989 

1990 

1966-1990 

Tclc- 
rhaapy 

29.0 

4.4 

2 9  
3.6 
3.7 

7.0 

0.9 

1656 
1762 

0.9 

4.0 

0.2 
0.4 
0.5 

23 

3.2 
6.0 
8.6 

3.8 
4.8 
46 

Denial 

I rqir 

ntallh- 

lo00 

28% 

920 
883 
884 

2400 

65.4 

955 

1100 

2500 
2500 

16600 

91500 
99MO 
95768 

I90 

69.1 

0.9 
2 3  
3.2 

5700 

-1000 

913 

2SM 
3300 
3500 

2300 

706 

704 

90a) 

R d i e  
uoropu 

Brachy- 

lhaopy 

Ievd 1 

415 

52 
112 

365 

10 

660 
94 3 
1183 

n 

8.5 

59 
85 
100 

387 

115 
160 

1899 
2450 

4QO 

579 
551 

168 
54 1 
989 

24.3 

9.2 

200 

18.9 
25.9 
24.5 

16.0 
36.0 
39.0 

66.9 

55.8 

6.0 

17.5 

0.5 

0.2 
0.2 
0.3 

0.6 

0.2 

15.5 
13.6 

0.02 

0.03 

0.01 
0.01 
0.01 

1.1 

0.3 
0.3 
0.2 

0.1 
1.5 

R n d b  
Loropu 

5.3 

2 4  

3.0 

0.4 

4.9 
6.2 
9.4 

0.1 

0.07 

L5 
1.8 

4.4 
3.0 

0.03 

0.07 

0.03 

1.5 

0.5 
0.6 
0.5 

0.06 
0.3 
0.6 

1.2 
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Tnl~lc 3 (continued) 

Covlmy 

Su~dcn 

Suiltnland 

USSR 

USSR. RSFSR 

Uni ld  Kingdan 

United States 

Yugculada 

Thaapcuric rrcammu 
(lhourd) 

Ycur 

1970.1974 
1980.1984 
1985-1969 

1972-1976 
1982 

1981 

1976-1965 
1986-1990 

1976-1980 
1981-1989 

1985-1989 

1985-1989 

X-ray 

fkrnpy 

6.8 
22 
1.6 

15.1 

Uinfnasric anminnl inu 

(1hOrrrMdr) 

Baltador 

Brazil [All.ClQUl] 

Qlilc 

0;lu [a] 

h d a  

Hmdurss 

India 

ban (Islamic Rep.09 [Ul] 

h'laragua 

Pau 

Tunida 

Turkey 

T d r  
lhaapy 

9.2 
11.4 
133 

150 

50.2 

Radio- 
toropu: 

n.0 
12s 
122 

284 

369 

6783 

140 

Mcdicd 
x rrryr 

4600 
4700 
6UX) 

6446 
6582 

34400 

136800 
144250 

22700 
25230 

ZOOOOO 

3350 

1980-1984 
1965-1989 

1982 
1990 

1982 

1985 

1970-1974 
1980-1984 

1990 

1965-1969 

1981 

1990 

1985-1969 

1985-1989 

1981-1985 
1986-1990 

Dcnral 
x rm)s 

36DO 
7000 
7000 

1834 
2059 

8570 
11740 

6055 
90iX) 

100300 

83000 

Arlrihy 

lhanpy 

20 
1.6 
1.5 

20 

51.2 

22750 
15037 

1911 

15a087 

167 
385 

106 

81480 

7221 

191 

300 

16663 
3840 

Belizc 

Chpc Vadc 

D o m ~ n ~ a  

Egypl 

lnd~r 

Mymnur 

h3gcris [Ul] 

Ph~l~pp~ncr 

Sa~nl Luna 

Sudan 

Raiio- 
iroropu 

27 
3.3 
3.6 

9.8 

11 

24 

15.1 

227 

12.9 

11.0 

19600 

397 

2014 

6148 

19.0 

1380 

1990 

1985-1989 

1990 

1976-1980 
1981-1985 
1986-1990 

1970-1974 

1986-1990 

197 

1985-1989 

1990 

1976.1980 
1981-1985 
1986-1990 

Ucalth-cam 

2233 

10.0 
35.7 

100 

llcalth-cuc lrvd Ill  

Icvd 11 

0.2 
0.3 

256 

615 

3.1 
7.4 

169 

4.8 

7.0 

174 

4.1 

64 

0.6 

0.1 
0.1 

0.3 
0.5 

0.3 

0 

26 
9.4 
25 

d.01 

2 1 
5.7 
7.1 

0 

22 

0.2 

0.3 
0.3 

% 

0.2 
0.5 

106 

27 

6.5 

50 
33 

0 

40.9 

1.7 

0.04 
0.05 

0.04 
0.09 

20.6 

0.9 

3.0 

0 

0.02 

11.4 

0.04 

0.02 
0.01 

44 

0.05 
0.05 
- 

28 

0.3 

0.3 

0.5 

0 

26 
28 
3.2 

0.02 
0.06 
0.1 



The entries in this Table arc qualified as follows: 

Barbadar: ?he value given for medical x-ray examinations is estimated from the number examined i n  the public senor (35.200) 
and the numbn of picccs of equipment in the public sector (13 of 20 in Barbados). 

5eli:c: Data from PAHO. Number of patients: 13,036. 
Conodo: Therapy numbers refer to treatments, not patients. 
Chile: Data also from P I ] .  
Cuba: Data from PAHO (Pan American Health Organization). X-ray examinations refcr to 5.7 million patients. 
C:cchoslovokia: The values given for x-ray therapy. tclcthnapy and brachytherapy lor the ycars 1976-1980. 1981-1985 and 1986-1990 

exclude treatment of benign conditions (39.000 patients annually 1976-1985. 24.000 patients annually 1986-1991). 
D c m a r k :  The value given for medical x-ray examinations includes 7,000 intm,cntional radiology. 
Domi~uca:  Data from PAHO. Number of patients: 10.816. 
Ecrrodor: The value given for medical x-ray examinations for the years 1980-1984 includes 19 inten*cntional radiology; for h e  

ycars 1985-1989 27.00G interventional radiology. 
Fitrlond: The value given for dental x rays includes 400,WO pantomograpl~ic examinations; the value of 0.7 given for x-ray 

thnapy, tclc- and brachytherapy represents primary stage radiotllcrapy only; the value of 2.2 represents total number of 
patients. 

I:ronce: The value given for radioisotope examinations is estimated from 116pital Henri Mondor, which serves about 2% of tile 
population of France. 

German Dem. Rcp.: Total numbcr of thnapeulic treatments in 1985 = 40.000 of which 20.000 for cancer. 
Gcrmaq;  FedXcp.: The numbcr of diagnostic cxaminations with radioisotopes is estimated from data covcring 7% of the population for the 

ycars 1976-1980 and from data covcring 21% of the population for the years 1981-1985 and 1986-1990. Total number 
of therapeutic treatments in East Germany 1985 = 40,000 of which 20.000 for cancer. 

Ilonduros: Data from PAI-10. 
f l a b :  Data also from [Ul]. 
Japan: Dental examinations include 1.650,000,9.640,000 and 11.229.00 pantomographic exanlinations in the years 1970-1974, 

1980-1984 and 1985-1989. Numbers for x-ray therapy and tclctbcrapy refer to treatmcnls. not patients. 
Kuuvzir: The value for mcdical x-ray examinations includes 3.000 intcwentional radiology examinations. 
Liucmbourg: Numbers for x-ray therapy and telc~herapy refer to treatments, not patients. 
hfa l~a :  The value for medical x-ray examinations in the years 1985-1989 includes 150 inte~ent ional  radiology examinstions. 
New Zealand: The value for medical x-ray examinations includfs 359. 129 and 67 mass miniature chest examinations and 30. 41 and 

47 chiropractic cxaminations in the years 1970-1974, 1980-1984 and 1985-1989. respectively. 
Nicaragua: Data from PNiO. 
h'orntay: The values given for x-ray lherapy are from one hospital only, to indicate trend. 
Nomonia: The values given lor medical and dental x rays as well as lor x-ray tlicrapy and tclcthcrapy are estimated from data 

comprising 60%-65%of the population. Numbns for 1990 x-ray therapy and tclethcrapy rcfcr lo treatments. not paticnts. 
Spain: The value given for medical x-rays exclu&s military, legal and pre-employment examinations. 
Saitrr Lucia: Data from PN 10. Number o l  patients: 16.300. 
Sweden: The valuc for medical x-ray examinations includes 6.000 intcwcntional radiology exaniina~ions. 
Switxrland: The values given lor radioisotope cxaminations and treatments are estimated from data covering 4% of the population- 
Turkey: The values given for diagnostic examinations and therapeutic treatments with radioisotopes are estimated from data 

covering 1% of the popula~ion; the valucs for therapeutic trcatrncnts from data covcring 2% of the population. 
USTX: Data also from [Ul]. 
l'ugoslavia: Value for medical x-ray examina~ions includes 1.700 intcwcn~ional radiology. Values given for thcrapcutic treatments 

arc for Dosnia and Hcnegovina, Croatia, Slovenia and Serbia, excluding Kosovo and Vojvodina (73% of the population 
of Yugoslavia). 

counny 

'Ihniland 

Vanuatu 

" Value IS fm dl Lhcrapcutlc trealrncnts. 
Valuc IS for bdh mcdral and dental x nyr. 

YXaapturir rrcormcnrr 
( r h o w d )  

Yea- 

1976.1980 
1981-1985 
1986-1990 

1985-1969 

Ilcstth-cur lrvd I\' 

S-ray 

rh~apy  

0.09 ' 

0 

E~hiopia 

Rwanda 

Hrachy. 

~hnapy 

0.M 
0.04 

0 

Tclr- 
rl~rrnpy 

0 

Diatnarrk aominu im 
( r h u r d )  

R ld ie  
irotopa 

0.008 
0.01 1 
0.013 

0 

Medicd 
x rays 

2 7 6  
3749 
4318 

11.1 

1981-1985 
1986-1990 

1970-1974 
1988.1989 

Drnral 
x ITS 

64 
l lS 
115 

28.0 
61.1 

Rldie  
iraropu 

I I 
9.1 
14 

0 

0.6 
4.8 
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T l ~ l ) l e  4 
h l c d i c r l l  r t ~ d i n l i o n  scr~~iccr worldwide, 1%5-1990 
Normali:ed quanli~ies cle~ermined from U N S C M R  Survey 01 hfedical Radiarion Usage and Exposures 

" Diagnostic medical x-ray cxarninatiom (docs no( include dental x-ray cxaminations): number of ccxlntries and population in sample: level I: 3 (935 million 
= 68% o i  entire level 1 population); level 11: 8 (2,062 millim = 78%); lcvcl UI: 9 (175 million = 215); lcvcl TV: 1 (7.1 millim = 1.55). 
Number of countriu and population in sample: levcl 1: 19 (634 million = 47% d entire population o r  Icvcl I muntries); levcl II: 10 (2065 millroo = 79%); 
lcvel In: 4 (171 million = 20%); level IV: 1 (50 million = 11%). 
Because ~Tinconsistcnciw In data reputed in TaMc 3 (i.e. numbcr or separate trcalmcnts or d ecatcd patients), the data d the UNSCEhR 1988 Reparc [UI] 
have been used. 
Number d countria and population in samplc: lcvel I: 16 (181 millim = 13% of entire In2cl population); level 11: 6 (1.940 million = 74%); llcvel In: 5 
(133 million = 16%). It is assumed that the unknmn frqucncy in level IV countriu is lower than the frqucncy in levcl rU cwntr ia .  

' Absdute ra luu  refer to 1990. 

1 

iVorld Quanrity 

L n * c l  or h r d ~ h  <arc 

N m s l i u d  rulucs 

I II 

0.18 

0.032 

0.006 

0.018 

3.1 

3900 

70 

0.3 

0.1 

0.02 

0.55 

0.075 

0.03 1 

O.OB6 

2 1 

1600 

140 

0.5 

0.6 

0.02 

Physicians per 1 . W  populal~on 

Radidogists per physician 

Radidogish per 1,000 population 

X-ray units per 1,000 population 

X-ray units per radioloist 

X-ray cxaminations per x-ray unit ' 

X-ray cxaminzttms per 1,000 population ' 

Nuclczr mdicinc cxarninatims pcr 1.000 population 

Tclc- and txachy-thcrapy patients per million population 

Radiophamaccuticds therapy patients per miilioo population 

2 6  

0.028 

0.072 

0.35 

4.9 

2400 

860 

16 

2 4  

0.4 

Ab~nlutc vnlucs ' 

111 

0.053 

0.W6 

0.0003 

0.0042 

14 

?000 

9 

0.1 

0.05 

Population (millions) 

Physicians (~housands) 

Radidogisls (rhousan&) 

X-ray units (thousands) 

X-ray cxaminatims (millicns) " 

Suclear medicinc examinations (millims) 

Tcle- and bachytherapy patients (thousands) 

Radiaphamaccuticals therapy paticnts (thousands) 

nj 

0.98 

0.0: 

0.0; 

0.14 

3.4 

2100 

300 

4.5 

0.9 

c0.13 

1350 

3600 

97 

470 

1160 

22 

3200 

600 

2630 

1400 

106 

230 

360 

1.4 

16W 

6 5  

850 ' 

150 

5.2 

15 

60 

0.3 

85 

21 

460 

24 

0.13 

1.9 

4.0 

0.05 

23 

5290 

5200 

210 

720 

1600 

24 

4900 

-700 



Tnhlc 5 
Con~pnrlson of elT'ccUvc dose and efreclivc dmc equivnlcnl 

kinnunuion 
R a ~ b  o f f l a - t i~u  dare to flccri\r dare c~ivalciU (EIIIE) as rcpwted by 

[/136/ 

Chest AP 
PA 
LAT 

Skull AP 
PA 
IAT 

Ribs 

Thaaac  rpinc AJ 
IAT 

Lumbar spine AP 
IAT 

Pcl\Ss 

Atdanen M 
PA 
LAT 

G.I. tnd Upper 
Lwtr 

Urogaphy (I.V.) 

M m o ~ a P h ~  

CT Head 
Olut 
Atdomco 
PCIM'K 

Examinmion 

P-221 I lsJJl 

0.794.90 
0.85-0.92 
0.65-0.76 

0.38-0.43 
0.2843 1 
0.24-0.27 

1.00-1.20 

1.80-210 
0.68-1.10 

P 71 

0.51 
0.75 

Brain 

O r c b n l  Mood flmv 

Bone 

Lvn/spleen 

Biliary 

Blood pd, muli~ga~ed 

Myocard~al 

Lung 

Ldncy 

Inflammation 

Thyroid r u m  

Thyoid uptnkcES'Z 

Radwphmmnccuricd 

Nuclear 

Di.gnalic 

0.99 
0.76 

0.67 
0.59 
0.55 

0.60 

1.0 

0.91 
0.78 
1.01 

lL21 

x-ray ersminstionn 

0.83 
0.83 

1 .27 

0.86-1.15 
0.85 

1.36.1.40 
o.n 

1.43 

0.94 

0.33 

Tc-9% giumatc  

Tc-9% m V A O  
Tc-9% ECD 
Tc-9% ,W 20 

Tc-99m pyrophosphalc 

Tc-99m sulphur cdlad 

Tc-99m I D A  

Tc-9% erythrocytes 

Tc-9% pyrophoaphate 
Tc-99m Mml 
Tc-9% \eboroxime 
11-20] doridc  

Tc-99m MAA 

Tc-9% giucms~e 

Gn67 atrate 

Tc-9% pcrtuhnetatc 

1-13] rc&m iodide 
1-123 sodium iodide 

lrt28l 

0.80 

0.62 

1.11 

1.01 

0.66 

1.00 

1.20 
1.14 

1.05 

0.52 
0.91 
0.81 
0.77 

R u b  of flccliru dare to flcclive dosc eqtiivale~ (EIHd as repared by 

0.62 

0.74 

0.56 

0.63 

0. n 

0.74 

O.E3 

1.0 

0.62 

0.83 

1.1 

1.6 
1.6 

0.73 
0.83 

I H j 6 l  

0.61 

0.73 

0.74 

0.65 

0.76 

0.94 

0.74 

0.8 I 

0.92 

0.61 

0.86 

1.1 

1.7 
1.6 

medicine examinslion8 

1G2U IG221 1J81 



T ~ h l c  6 
Total annual n u n ~ b c r  of dlrlgnmUc x-ray exemlnutlons per 1,000 populellon a 

Data from UNSCUR Surwy o/ hfcdical Radiation Usage and Exposurcr 

Dental x-my uaminat ims no1 included 

C O I V ~ ~ ~  1970-1979 1980-1 984 1985-1940 

ncnlth-cam Icvd l 

Counhy 1970.1979 1980-1984 1985.1990 

Awlralia 
Belgium 
G n n h  
Cuba 
G a h l a l w a h a  
Denmark 
Finland 
Francc 
Gcrmln Dan. Rep. 
Gomany, Fed. Rep. of 
Itlly 
Japan 
Kuwait 
Luxembcwg 

100 
no 
610 

790 

590 
1040 
950 
420 

820 A v a r g e  

490 

860 

1110 

1080 

1100 
860 

830 

ncailh-cam I C V ~  11 

550 
710 
640 

600 

1040 
1020 
460 
790 

810 

B u b a d m  
Brazil 
m l c  
China 
Colanbia 
Cork R i o  
D a n i n i u n  Rcpublic 

1020 
140 
1 050 

840 
1100 

740 

320 
530 
640 
610 
660 
700 
470 
90 
520 

990 

800 

690 

S O  
1290 
1050 
620 
920 
510 
870 
990 
1100 
1030 

1160 
720 
810 

Avaagc  

180 
170 
110 
210 
no 
20 

Malta 
Nethnlandc 
Ncw b l a n d  
N a w a y  
P d r n d  
P0nuga.I 
Ronunia 
Spain 
Sweden 
Su i tu r l and  
USSR. R S E R  
UnitdKingdan 
Unitd States 

Ecuador 
India 
Irur (Islamic Rep. d) 
M c e m  
N ~ a r a g u a  
Pcru 
Turkey 

160 
93 

150 

26 

26 

Ucsllh-crvr Icvd IU 

140 

Belize 
I i p c  V n d c  
Dan in im 
Ghana PI] 
India [Ul] 
Liberia [UI] 
Myuunu 

120 

180 
70 
57 

53 
110 

13 
IS 

524 

22 
23 
80 

Average 

83 
69 
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Tnhlc R 
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59 
62 
46 
43 
65 
47 
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Tnblc 9 (conlinucd) 

A 

Ilcdrh-cmc 
lnrl 

I 
(continued) 

n 

Ill 

covlrry 

USSR, RSFSR 
United k n g d a n  
Yugcularia 

Average 

k d o  
bdi  a 
Turkey 

Average 

Djibouti 
Myan- 
Philippines 
Vanuatu 

Average 

Alc dimibwim fi) 

0.15 ycms 

28 
IS 
17 

21 k 

16 
16 
15 

16% 

30 
16 
19 
29 

18% 

Sn distribution (%) 

I 

U 

U1 

Mole 

42 
M 

452 

42 
68 
55 

674 

51 
5-3 
61 
66 

565 

66 
64 
68 
68 
51 
71 
59 
53 

48 
51 
n 
65 
63 
63 
59 

632 

M 
39 

40 

39% 

35 
44 
36 
23 

39% 

1640 years 

23 
32 
33 

23% 

9 
50 
40 

494 

45 
30 
45 
47 

39% 

F a d r  

58 
50 

555 

SR 
32 
45 

33% 

49 
47 
39 
34 

42% 

Upper GI tract 

>40 years 

49 
53 
50 

56% 

26 
34 
45 

35% 

23 
54 
37 
24 

44% 

Abdomen 

24 
27 
24 
24 
38 
23 
2 
31 

36 
39 
17 
31 
20 
27 
35 

T% 

39 
45 

30 

44% 

40 
39 
45 
66 

43 k 

Australia 
Q t c h c s l d a  
Germany, Fed. Rep. of 
Japan 
Kunai I 
Nclhulands 
New Zealand 
N a u a y  
Poland 
Romania 
Spain 
swcdm 
Switzerland 
USSR, RSWR 
Uni~ed Kingdan 
Yugdavia 

Average 

E m a d o  
India 
J u n a i a  
Tukey 

Average 

Djibouti 
Myanmar 
Philippines 
Vanuatu 

Average 

53 
53 
41 
54 
43 
9 
49 
47 
54 
54 
52 
47 
54 

44 
M 

50% 

55 
64 
46 
50 

63% 

42 
51 
50 
35 

50% 

10 
8.6 
8 
8.2 
11 
6.1 
13 
17 

15 
11 
11 
4 
17 
10 
5.9 

11% 

4.9 
16 

30 

17% 

25 
17 
19 
10 

18% 

47 
47 
59 
46 
fl 
47 
51 
a 
46 
46 
46 
53 
46 

% 
50 

50% 

45 
M 
52 
50 

375 

58 
49 
50 
65 

33% 

I 79 
64 
75 
76 
% 
69 
66 
66 

52 
67 
81 
S8 
68 
68 
67 

10% 

20 
35 
21 
24 
43 
29 
30 
33 

39 
28 
17 
40 
28 
30 
33 

27% 

Australia 
Crechcslovakia 
Gamany. Fed. Rep. of 
Japan 
Kuwait 
Nethalands 
New b l a n d  
Noway 
Poland 
Romania 
Spain 
Sweden 
S u i w l d  
USSR, RSFSR 
United k n @ m  
Yugorlavia 

Avuage 

40 
52 
41 
2 
49 
51 
50 
45 
47 
52 
51 
45 
3 

49 
50 

$9 5 

1.4 
1.2 
4 
0.7 
1.6 
3 
5.1 
0.5 

8.9 
5 
1.8 
2 
4 
2 
0 

3% 

60 
48 
59 
47 
51 
49 
50 
55 
53 
48 
49 
55 
42 

5 1 
50 

51% 
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Tnhle 9 (continued) 

Ilcalih-rcp-c 
Imr l  

I1 

111 

colurrr). 

China 
E w d o  
lndia 
Jamaica 
Turksy 

Abnagc 

Myanmar 
Philippinw 
Vanuatu 

Avcragc 

I 

n 

m 

Agc dimibufim (%) 

Ausealia 
Crcchmlwakia 
Gcrmmy, F d .  Rep. of 
Japan 
Kuwait 
Ncthulanh 
New Zcaland 
Nau-ay 
Pdand 
Romania 
Spain 
Su*cden 
Suitzaland 
USSR, RSFSR 
United Kngdan 
Yugoslavia 

Avcragc 

olim 
Ecuada 
India 
Jamaica 
Twkcy 

Avcragc 

M p m a r  
Philipinw 
Vanuatu 

Average 

0-15 y e m s  

5.4 
10 
11 

IS 

6% 

5.5 
10 
9.1 

8% 

Scr dLRiburion /%J 

I 

II 

hfalc 

57 
33 
69 
45 
60 

6256 

54 
60 
52 

57% 

4 
2 5  
0.5 
1.9 
7.2 
2 2  
0.6 
0.2 

16 
4 

3.4 
1 
1 
1 
0 

2% 

5.4 
9.9 
7.2 

10 

6 2  

3 
13 
17 

9% 

16-40 yews 

46 
60 
45 

50 

46% 

4 1 
46 
36 

44% 

Fcmde 

43 
67 
3 1 
55 
40 

38% 

46 
40 
48 

43% 

Autrilia 
Crechalwakia 
Germany. F d .  Rep. 
Japan 
Kusai t 
Sctkrlanb 
New Zealand 
Ncruay 
Poland 
Romania 
Swcdm 
Suitzcrland 
USSR. RSFSR 
Unitd Kngdan 
Yugdavia 

Avcragc 

h d a  
Ind~s 
TwLy 

Avcragc 

> JO ycnrs 

49 
M 
45 

35 

474  

54 
44 
55 

48% 

h w r r  GI Lrnd 

30 
16 
6 
13 
20 
24 
Z? 
24 

33 
2s 
15 
23 
25 
14 
22 

19% 

46 
60 
28 

40 

39% 

48 
29 
50 

37% 

0.5 
0.7 
1 
0 

0.4 
0 

1.7 
0 

0.8 
0.3 
1 
3 

0.5 
0 

1% 

1 
14 
2 

13% 

66 
81 
94 
85 
65 
74 
78 
76 

5 1 
71 
82 
76 
74 
85 
78 

79% 

49 
30 
65 

50 

55% 

49 
59 
33 

554  

Cholrcnbgraphy 

33 
29 
12 
21 
44 
20 
38 
22 

40 
24 
36 
30 
19 
20 

24 5 

80 
18 
20 

19% 

42 
44 
52 
46 
40 
41 
38 
46 
48 
42 
40 
50 

39 
50 

46% 

n 
43 
76 
36 
50 

64% 

58 
55 
60 

56% 

56 
56 
48 
54 
60 
59 
62 
54 
52 
58 
60 
50 

6 1 
50 

54 4 

43 
n 
24 
64 
50 

36% 

42 
45 
40 

4% 

67 
70 
87 
79 
55 
80 
61 
78 

59 
76 
63 
67 
81 
80 

75% 

19 
68 
70 

68 1 

24 
34 
59 
30 
37 
33 
35 
29 
38 
37 
38 

30 
90 

44% 

66 
60 
30 

58% 

76 
66 
41 
70 
63 
67 
65 
71 
62 
63 
62 

70 
10 

56% 

34 
40 
70 

42% 
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Tablr 9 (conlinucd) 

Ilrdrh-ra-c 
Inrl 

111 

counm 

Myanmat 
Philippines 

Avcragc 

I 

n 

nl 

Age disrrihutim (%) 

62 
66 
76 
67 
44 
63 
52 
65 

58 
62 
70 
35 
58 
70 
87 

651 

36 
33 

40 

34% 

52 
48 
35 

50% 

Sa dirnibution (5) 

0-15 ycms 

0.9 
7.6 

5% 

Auslrnlia 
G c c h a l w a l i a  
Germany, Fed. Rep. of 
Japan 
Kuwai 1 

Ncrhalands 
New k l a n d  
Nauray 
Polvrd 
Romania 
Spain 
swcdcn 
Swirrcrland 
USSR, RSFSR 
United Klngdcm 
Y u g d l r i a  

Abua gc 

E m d a  
India 
Jamaica 
Turkey 

Avcragc 

Myanmar 
Philippines 
Vanua~u 

Avengc 

I 

n 

DI 

.Vale 

50 
53 

52% 

51 
51 
54 
55 
55 
50 
49 
51 
46 
47 
56 
n 
79 

68 
100 

5l% 

45 
84 
47 
55 

81% 

52 
64 
65 

59% 

- 

Fcmdc 

50 
47 

48% 

16-40 )rars 

55 
6 1 

58% 

9 
4.3 
5 
8.3 
I5 
11 
17 
3.5 

5.2 
3.1 
9.7 
27 
7 
9 
0 

7% 

18 
19 

10 

18% 

2 
13 
5.9 

8% 

- 
49 
49 
46 
45 
45 
50 
51 
49 
54 
53 
4.4 
43 
21 

32 
0 

43% 

55 
16 
53 
45 

19% 

46 
36 
35 

41% 

Austnlir 
Crcchoslwatia 
Germany. Fad. Rep. of 
Japan 
Kuwair 
Ncrhcrlands 
Kcw h l a n d  
Poland 
Romania 
Sweden 
USSR, RSFSR 

Avcragc 

Ecuada 
India 
Turkey 

Avcrage 

Myanmu 
Phil~ppinu 

Avcragc 

>40 ycars 

44 
32 

37% 

U ~ R ' ~ P ~ Y  

29 
30 
19 
24 
41 
n 
31 
31 

37 
35 
20 
38 
35 
21 
13 

28% 

45 
48 

50 

48% 

46 
39 
59 

42% 

htsmmnprsphy 

1.7 
1.6 
J 

0.2 
1.9 
0 
0 

29 
29 
4 

2% 

I5 
17 
5 

16% 

11 
? 1 

172 

I 

Angiogrephy 

6.9 
18 
9 
t7 
36 
5.9 
21 

46 
2) 
22 

21% 

50 
33 
35 

33% 

45 
34 

39% 

Australia 
Crechalwatia 
Gcrmany. Fed. Rcp. of 
Japan 
Kuwvil 

89 
8 1 
87 
73 
62 
94 
79 

51 
n 
74 

77% 

35 
50 
60 

50% 

M 
45 

452 

70 
65 
75 
49 
56 

0.1 
0 
0 
0 
0 

58 
58 
59 
47 
53 
63 
54 
46 
67 
49 

532 

72 
W 
55 

87% 

60 
68 

65% 

30 
35 
27 
5 1 
44 

0 
1.7 
0 
0 

42 
42 
41 
53 
47 
37 
46 
52 
33 
51 

472 

28 
10 
45 

13% 

40 
32 

35% 

100 
983 
100 
1 W 



'I'ublc 9 (continued) 

The entries In l h i ~  Table arc q d i f i e d  a& follow: 

Ilcdrh-cmc 
lnrl 

I 
(continued) 

m 

Chino: 
Djitnnui: 
Gemany, Fcd. Rtp. 
J&n: 
hfy-: 
R0man;n: 
5-rdm: 
SwicalMd: 
Tw*: 
Unirad f f i ~ d o n r :  
Y u ~ ~ a ~ i n . ~  

Data arc f a  Bcijing 1 r u  d y  ( a b u t  3% d the population). 
Data from l ~ t i t u r c  P. P a l a l  only. 

of: h t a  arc from hospit.11 only. 
Data arc from IGnptoo H c q ~ i b l  mly. 
Data arc from Gyangcm Gcnml Hospital d y .  
Data arc f a  1990. 
Data arc f a  StocLhdm caJnly d y  ( a h 1  W m  of h e  population): age distribution: 0-14 yura,  15-39 yeon, 4 0  y w r .  
h t a  arc f a  1982. 
Valua arc estimated f ran  urnplc d 1% d h c  poplarion. 
Data arc f a  1981-1985. c r c q  f a  nvmmogaphy md ccmputd ranogaphy. 
Data arc f a  Scrba only ( a h 1  40% d h e  popdabon). 

covlny 

Ncthnlanlk 
Ncw h l n n d  
N a w y  
Romania 
Spun 
Swedcn 
USSR. RSFSR 
United k n g d a n  
Yugorlavia 

Avaagc 

Mpnrmr 
Philippinu 

Avcrage 

Computed Lornogmphy 

A K ~  distiburiat (96) 

66 
58 
79 
80 
49 
69 
62 
67 

54 
n 

67 
76 
60 

73% 

40 

M 

I 

n 

m 

Scr diruibvrwn (5) 

&IS yea-s 

0 
0 
0 
0.3 
1.2 
0 
0 
0 
0 

0.10% 

0 
0 

05; 

Malt 

1 
0 
0.3 
0 
0.6 
0.2 

0 
0 

0.41% 

0 
0.5 

0.29% 

46 
52 
48 
55 
51 
53 
53 
53 
56 
67 
9 

50 
52 
40 

52% 

50 

52 

Australia 
G c c h s l o v a b r  
Gemmy, Fed. Rep. of 
Japm 
Kwir 
Nahalandt 
New U a n d  

N-Y 
Pdrod 
Ronunia 
Swulcn 
United Kingdun 

H a d  
MY 

Yugdavia 

Avrrage 

T W ~ Y  

M r -  

Female 

W 
100 
99.7 
100 
W .4 
W.8 

100 
100 

99.59% 

100 
WJ 

99.71% 

1 6 4 0  y a r s  

28 
P 
25 
58 
37 
8.9 
25 
0 
44 

32% 

40 
11 

23 % 

Y 
48 
52 
45 
49 
47 
47 
47 
44 
33 
47 

50 
48 
60 

48% 

50 

48 

>40 yews  

72 
75 
75 
42 
62 
91 
75 
100 
56 

68 % 

60 
89 

n% 

4.5 
8.9 
7 
5 
5.4 
5.8 
12 
6.1 

7.4 
6.8 

6 
1 
10 

6 2  

30 

.I 

30 
33 
14 
IS 
45 
2S 
26 
n 

39 
21 

27 
23 
30 

22% 

30 

40 



Tlahle 1 0  
E n t n ~ n m  s~~rftlce dtaes nrld clTecUve d w e  cqulvnlents to paUenk undergoing dlt~gnostlc x-my exnmlnntions a 

Doro from UNSCEA R Survcy o/ Afcdicol Rodiarion Usage ond Exposures unless orhem,ise indicated 

Carnfry Dosc 

pwylfiry 

Argentina 

Australia 

Canada 

Gcchoslo~kia 

Rnland 

France (111 1 

Garnany, 
Fad. Rep. of 

Ihly 
(wrlh.cnrl) 
(P19, Ul] 

Year 

EFD 

ESD 

FSD 

ESD 

I f E  

FSD 

IIE 

HE 

ESD 

ESD 

FSD ' 
ESD ' 

CT 
(slier 

daru) 

1985-1989 

1970-1974 

1985-1989 

1985-1989 

1970.1974 

3986-3990 

1976.1980 
1986-1990 

1978 

1988 

1978 
1988 

1982 

1989-1991 

1983 

I983 

1983 

Angio- 

pophy 

Chul aaminnrr'ons 

-122 
(7-35) 

-114 
(0.4-58) 

60/37 
(-1145) 

9 5 1  
9.51- 

20 
( 1-200) 

631- 
(2-14) 

1.01. 

Mlmmo- 

p&y 
Scrrrnin~ 
klinirnl 

Radio- 
ilrofiy 

30 
(15.55) 

60 
(20-550) 

0.4 
(0.1-15) 

0.13 
( z  0.10) 

0.5 
(0.5-29) 

0.45 
(0.05-28) 

0.07 
0.07 

1.2 ' 
(0.3-5.7) 

0.27 
(0.M4d) 

0.2 1 
0.05 

0.3 

0.18 
(0. W-20) 

0.5 
(+ 0.7) 

1.3 

(2  1 ~ 7 )  
2.7 

(2 2.8) 

Emc-  

Photo. 
lluwotraphy 

0.65 
(0.315) 

2.6 

6.1 
(0.7-39) 

6 
(0.6-38) 

0.7 
0.7 

1.7 
(0.9-3.6) 

2.6 
(2 0.9) 

AMomcn . 
Flvcro- 

JCW 

Prlbis 

1 hipr 
Chalc- 

rydo- 
trophy 

Skull 

6.5 
(4.12) 

1.4 
(0.1-16) 

Ur* 

graphy 

Lv& 
s m a l  

spine 

GI bacf 

Uppo 

3 
(1.5) 

3 
(0.2-41) 

2.3 
(0.6-4.2) 

0.14 
(2 0.07) 

2.5 
(0.2-40) 

1 .5 
(0.2-3s) 

0.12 
C'J.wlJ 

LOU- 

2 
(1-3) 

17 
(0.1-92) 

3.6 
(2-5) 

0.84 
(: 0.40) 

9 
(3-46) 

8 
(34.7) 

0.4 
0.5 

3.1 ' 
(1.0-8.0) 

0.01 

1.4 

3.7 
(1.9-18) 

4.6 
(2 2.9) 

4.1 
(2 2.9) 

2.6 
(t 1.9) 

I icn1lh-u~ 

30 
(20-45) 

63 
(0.7-348) 

28 
(10-90) 

12 
(2 5 3  

3 1 
(5-150) 

26 
(4-130) 

2.9 
3.1 

60 ' 
(8.90) 

8 
(3-30) 

7.6 
1 .O 

4.7 

I8 
(9.0-130) 

9.5 
( Z  8.3) 

28.3 
(+ 24.9) 

4 
(3.7) 

11 
(0.2-88) 

7.0 
(1.2-25) 

3.1 
(5 2.1) 

9 
(4-30) 

8 
(4-29) 

2.9 
2.8 

5 
(1-20) 

0.9 1 

2.6 

4.0 
(2.061) 

6.6 
(2 3.1) 

8.1 
(2 4.7) 

Irvrl I 

1.31 8 
(0.8-15) 

9.8111 
(0.1-99) 
4.0 14.4 
(0.7014) 

3.6 1 1.6 

13 1 12 
(2.8-715) 

lWl0 
(3-59) 

1.9 
1.9 

l .G 

3.7 
(2.0-36) 

10.613.7 
(2 lrdn.7) 

-14.3 
(2 -n.7) 

8 
(1.5-20) 

25 
(5.360) 

24 

2.2 

14 
(3-280) 

12 
(3.260) 

4.5 
2.5 

290 
(55-1400) 

6.7 

2.4 
(1.3-3.7) 

8 
(1.5-20) 

9.4 
(8.7-101) 

3.0 
(5 2.1) 

20 
(3-100) 

18 
(3-98) 

127 
7.7 

10 

2.0 
(0.8-33) 

5 5  
(4-10) 

28 
(8.3-109) 

18 

15 

11 
(2-30) 

10 
(2-30) 

1.9 
1.9 

7.2 

5.0 
(3.0-82) 

6.5 
(4.10) 

57 
(4671) 

40 
(8-1 26) 

2.3 
( 2  1.0) 

14 
(3-100) 

12 
(3-97) 

3 
3 

42 
(880) 

10 

2.4 
(2.0-73) 

5.5-5.8 
(t 2A1.7) 
6.9-9.2 

(I 4 6 6 6 )  

5 
(34)  

300 
(100800) 
4a) 

(lP-800) 



Carnfry 

llrly 
(untinuai) 

Japan 

1Cuwa11 

New 7raland 

Norway 

Poland 

Portugal 

[a, SsZ] 

Ranania 

Spain 

Swedrn 

Dose 

quMIi4' 

H~ 

ESD 

HE 

ESD 

LSD 

Fit 

H~ 

ESD 

ED' 

ESD 

IIE 

ESD 

H~ 

t 

Fsrrc- 
miries 

0.15 
(0.01-0.29 

0.62 
(0.01.~) 

-0.001 

1 .O 

0.82 
(0.98-14) 

0.9 
(0.1-1.8)' 

0.10 

0.29 

0.08 
(O.OrO.20) 

W l  

0.22 

3.5 
10 

0.30.9 
0.09 
0.05 

2.2 
(0.7-4.7) 

5.6 
(0.13-39) 

0.3 

IS 

9.6 
(0.65-28) 

24 
20 

(6.4-35) 

0.1 1 
0.12 

6.7 

(2-1s) 

0.14 

0.97 - 
0.19 

(0.17-0.20) 

Year 

1983 

1970-1974 

1985-1989 
1989 

1976-1080 
19R6 
19RO 

1985.1989 

1983-1984 

IORI-IOU5 

1988 

1985-1989 

l989.1WO 

1980 
1990 

1980 
1WO 

1986-1990 

1970.1974 

1085-1989 

L u b  
s x r l  

spine 

2.5 

5.3 

1.5-1.6 
0.60 

4.2 
(2.1-5.7) 

33 
(0.01-31) 

1.4 

1.6 

22 

7.9 
(1.8-31) 

62 
53 

(21-82) 

24 
1.9 

39 
(15-50) 

2.1 

5.9 
( I )  
2.4 

(034.4) 

Pel& 
I hips 

2.310.9 

0.25 

3.0 12.8 
(143.9) 

9.5 15.9 
(0.01.242) 

1.1m.8 

0.7 1 0.4 

15.9 

30R6 
W 19 
(43-60) 

3.111.6 
2.711.3 

19 

(740) 

2.0 

1.U1.7 
(OS'-ZO) 
0.6410.86 

. 

Radio- 

baphy 

0.18 

0.52 

0.10 
0.05 
O M  

0.43 
I0.m.l.o) 

0.83 
(0.02-47) 

0.1 I 

0.15 

1.5 

0.41 
(0.m-4.2) 

6.3 
2.4 

(1.58) 

0.50 
0.23 

1.0 
(0.2.1.0) 

0.29 

0.30 
(0.19-0.40) 

(0.01.1.0) 

Abdomen 

1.9 

3.6 

0.29 

3.8 
(2.0-4.3) 

9.0 
(o.cn.l~a) 

0.7 

0.9 

42 

6.1 
(0.80-14) 

18 
19 

(1 1-36) 

1.1 
1.4 

I2 
(6-20) 

1.2 

2.9 

1.8 
(0.47-3.9) 

Cholc- 
c y s r ~  

graphy 

0.55 

2.8 
( 6 3 8 )  

9.6 
(0.01-39) 

0.4 

28 

35 
40 

(2058) 

1.3 
1.4 

1.3 
(OJ7.l.') 
0.86 

(".26z1) 

r 

grey 

7.1 

3.0 

0.6 
0.70 

2.9 
(1.4-3.8) 

10 
(0.51 -71) 

1.8 

2.6 

I I 

7.0 
(0.76-31) 

7 1 
48 

(28-91) 

4.3 
35 

6.7 

7.3 
(5.1-7.3) 
3.6 

(0.21-14) 

G I  nocr Chur crominnfion~ 

Photo- 

/luoroffoph?/ 

0.25 

2.3 f 
(% 0.38) 
1.7 f 

0.30 

0.033 
(0.03.O.(M) 

0.6 
(0.2- 1.8) 

0.10 

6.0 

8.3 
5.9 

(3.9-15) 

0.72 
0.66 

Uppa 

9.3 

3.5 
46 

13-14 
1.2 
2.7 

2.3 
(0.8-3.0) 

36 

7.2 

2.515 

8.0 

An& 

grophy 

1.6 

2.1 
(1.0-4.3) 

29 1 

0.5 

21 
(13-33) 

0.15 

9.7 

Flumo- 

sCV.V 

0.12 

2.4 
(1.8.2.S) 

0.23 

10 

9.7 
13 

(6.6-27) 

0.74 
1.0 

1 .O 
(O.Sl.3.1) 

L o - a  

9.0 

4.3 
72 

1.0-1.2 
2.0 
3.0 

2.3 
(0.8-3.0) 

4 1 

I3 

6.41 10 

Mnmmo- 

rev 
Srrcoling 

/clinical 

3 
(1.519) 

9 
(0.4-26) 

0.5 

11.2 

46 
55 TI 

(18-162) (26-92) 

3.0 
3.4 5.2 

CT 
(slicc 

dm-) * 

U-32 

0.5-6.9 

70 
(32-128) 

32-78 
(28-48) 

2, 12 

70 
(12-231) 

12 
18 

(11-27) 

1.3 
1.9 

3.8 

5 

5.5 

4.4 
( 1 . 6 )  
4.6 

(0.M-17) 

9.7 

8.6 
(5.3-13) 
6.1 

(1.0.27) 





Tahle 10 (mntinued) 

'Ihc cntria in this Table are qualified ar follows: 

Aultrdin: 
Cmlodo: 
chino: 

Valuc undn CT is fa skull C T  only. 
Dab are f a  one Ottawa haspibl only. 
Dab f a  Bdjing area rcpraar 3% d the population; data for cntiic natim arc f a  1986-1990. 
Dab arc also f r m  [J 111. 
Vduc for chat radiography induda fluoroscopy (20% d cxaminatims.) 
Data arc also frrm [I332 R q .  
Dab arc also fran p 4 ,  Ul). 
Value unda lumbcsand is f a  lumbar spine. Gastrantatinal mct ESDs rcfa to fluoroscopy 
only. W~cn s a i d  and followup films arc addad, Ida1 ESD is 75 mGy f a  uppcr GI and 99 mGy 
f a  Iowa GI tract. Valuc undn angiography is f a  caonary carhctcrizadcn. liE f a  
mammography 1976-1980. 1.6 mSv. 1986-1990. 0.6 mSv. ESD value unda CT is multiple 
a v m g  dosc to hcad f a  amage years 1983-1984, to body f a  range. IJE value f a  CT is 2 for 
had, 12 foc rbdomcn. 
Valun unda GI ma are f a  bariddcuHc contrast. 

Mammn- 

pa& 
*-x 
kliniral 

P a u :  
Poland: 
Romania: 
Spin: 
SIucdol: 

Url~ 

vL1PhY 
CT 
(ficc 

dma) * 
cc."w 

Utdlh-care lcvcl UI 

Thailand: 
urn (Wsry :  
Unifcd Kingdom: 

PclYir 

1 hipr 
An* 
drDPky 

Data are from Institu~o Pcruano dc Enn,ja Nudcar cmly ( b a ~ t  60% of all cxaminationr). 
Valuc unda abdomm is for fluamcopy. 
Vducs unda CT arc, with the cxocptim of chc last cntry (E, 1990). f a  k t .  
Valua unda lumbosaaai are f a  all spix cxaminatims. 
Value unda l u m b a a d  includa lumbar spine; value uoda angiography is f a  m&d 

Dorc 
4yd"fi'Y 

examination 
Data arc fran Natiwal Can= Institute d From h e  Rajavirhi Hospital only. 
Valua uada GI tna arc f a  fluamcopy examinations. 
Dab alrofiom [WZZ]. Entry unda angiography is f a  lymphangiogrsphy only. Val- unda CT. 

Abdomen 

4.7 
3.7 
3.3 

0.23 
0.19 
0.16 

4.2 
(3.9-4.5) 

2.6 
(2.5.2.6) 

first vduc r d a s  to head; s a d  valuc to body. 
Data also fran [Ul]. Value unda mammogaphy is f a  mostly saecning; range unda CT is 
multiple-scan sbsabcd d m  in a samplc d is o a  conddacd statis~ically rcprcunbtivl 
Data arc for Sabia only (about 40% d !he populatim). 

I'cnr 

6.5 
(3.4-9.5) 

The cntram w f a a  dou ( E D )  is  givcn in mGy and the d a t i v e  dose equivalent ( H 3  is  given in mSv. Avnagc f a  years as indicated and range in parcnlhacs. 
Daa arc canpltcd tomography dose index (ClDI) a multiple-scan a m a p  dose (MSAD). 
PAprojcctim. ' LAT pojcctim. 
AP projection. 

1 Cm\rrrred from entrancz surface exposure assuming that 1 mR = 0.008710.75 mGy ED. Applia also f a  rang- whac g i v a  
All but Cmvcrtcd from energy imparced assuming Ihat 1 mJ caresponds lo 0.0143 mSv. CT data Iran [S58). 

' F a  molt hajumt pmjcctioru. 

3.4 
3.3 
2.8 

0.4 1 
0.40 
0.34 

0.7 
0.80 
0.32 

0.039 
0.040 
0.016 

0.29 
(0.26433) 

0.21 
(O.'7"9 

1970-1980 
1981-1985 
1986-1990 

1976-1980 
1981-1985 
1986-1990 

1976-1980 

1986-1990 

Myanmar 

Thniland 

Chale- 

we 
F&Y 

GI mart 

0.26 
0.24 
0.23 

0.003 
0.002 
0.002 

0.07 
(0.Mb.l) 

3.6 
3.5 
2.9 

0.18 
0.18 
0.14 

0.09 
(0.08-0.09) 

ESD 

HE 

- - 

ESD 

UPF 

C k r  aamindions 

4.0 
3.4 
3.0 

0.43 
0.4 1 
0.35 

Exhe- 
mirier 

Low%T Radio- 

v o f i y  

3.7 
3.5 
2.9 

0.035 
0.035 
0.029 

4.1 
(3.5-3.7) 

2.4 
(2.2-2.5) 

3.4 
(3.1-3.6) 

3.4 
3.3 
3.0 

0.17 
0.17 
0.15 

1 

Phoco- 
/luwornphY 

4.7 
4.0 
3.9 

0.045 
0.040 
0.039 

2.8 
(2.4-3.1) 

3.1 
(2.7-3.5) 

Lu& 
srrrol 
spine 

Fluwo- 

S C V Y  

3.8 13.8 
3.3 / 3.5 
2.9 1 3.0 

0.036 
0.035 

0.029n.m 

3.2 12.5 
(2.3.35) 

4.2 
3.7 
3.3 

0.22 
0.19 
0.17 

4.9 
(4.7-5.1) 

2.9 
(2.8-3.0) 

2.6 
(2.2-2.9) 

4.2 
3.9 
3.8 

0.21 
0.20 
0.19 

10.65 
10.60 
10.55 

1 0.03 
10.03 
1 0.03 
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Table 11 
Average elTeclive dosc equivalent from dlagnoslic medical x-ray exan~inalions 
Dora from UNSCMR Suruy of Afedical Radialion Usage and Exposures 

Table 12 
Factors of technique affecting doses to paUenk Trum x-ray exarninaUons 
[C26, D8, J12, L10, M21, NS, R4, R18, S13. S31, S53, SS6. S57, W14] 

~ r n m i n ~ t i a r t ~ i ~ c  

(hest radiagrrphy 
Q l a t  miniature 
Qlest fluorcsccpy 
Exvemitia 
Lumtosaaal spinc 
Pclvis 
tLp/fnnw 
Skull 
AMorncn 
L m c r  GI tract 
Uppu GI tract 
Qldccystcgraphy 

'-'r"Pphy 
A n 6 o g a p h ~  
Mammography 
Computed tomogaphy 

A$walr c/lcrtirr dnrr c q ~ h ~ o l c n ~  (dl 

Fmror Efccr 

L N ~ I  n 

1980-1990 

0. OI 

0.29 
0.03 
26 
20 
20 
0.13 
0.22 
5.0 
1.6 
1.6 
1.7 

LCU~ I 

1970-1979 

0.25 
0.52 
0.72 
0.02 
22 
21 
1.5 
0.50 
1.9 
9.8 
8.9 
1.9 
3.0 
9.2 
1.8 
1.3 

I 

P m d u r r - m l m k d  

1980-1990 

0.14 
0.52 
0.98 
0.M 
1.7 
1.2 
0.92 
0.16 
1.1 
4.1 
7.2 
1.5 
3.1 
6.8 
1.0 
4.3 

Rcfcnal criteria 
Availability d pfiiiarsly hkm f i l m  
Numba of radiognphs pa cuminatim 
Fluoolcopy time and cutrent 
Quality assurance programmu, including rcpeaUrcject 

n r c  arvumeots and patient d a c  survey6 
X-my team mllimation 
Shielding of sensitive orgrns 
Qlcice d projection 
Optical dauity d radiographs 
Comprcvim of attenuating tiuuc 
Matching exposure factors to patient stature 

Slrisla critaia redua  p a  s p u r  draw by r m & n g  d in ia l ly  unhdphtl ex~minationr 
May eliminate s a n e  r a a k a  and thus r c d u a  pa a p t  dorcr 
Pwtively c a c l a t d  uith drac 
Poatively conelated with d ~ c  
May reduce p n  caput do- 

Area pmitivcly correlated uih daw 
May reduce doxa  
DCK dcpcnda m pojcctim 
Pmtivcly oardated with d a c  
Redum d a e  md s a t t n  and improves image quality 
May reduce dmcs 

Equipment-rcl.trd 

F-xpaurc 6me 
ti~lovoltage 
X-my lube voltage wve4onn 
X-ray lube target metal 
Filtn type 

Anlircatta griC 
Distance (air gap) 

Artmuation bet- patient and image rcccpln 
S a d ~ l m  cunhnrtion 
F ~ l m  promsing 

Image intenifin 
R t e a Q n g  mdhod 
Pulled f l u a a c q r y  uith imagc storage device 
S p a  film fluaogaphy 
G m p u l d  r i & o p p h y  

h g  time, low current cunbirutions m y  increase d a c  due to reciprocity law failure 
Highn Llovdtage may reduce d a c  and contraat 
T h r ~ p h a s e  and omstant potcotial x-ray b u m s  reduce d a c  and cootnst 
MdyMcnum m y  increase d a c  and contrast compared to tungstm 
Rarear th  Kcdgc filtns a olhu 6 1 t a  producing a bum oC highn 

half-mlue l a p  rcduce d a e  rrrd -rut 
L n a o u  dae and image quality 
Adjustment f a  i n a u u d  mapi f ia t ion  naninally i n a u a a  dose 

tut m y  dw obviate aced f a  a grid 
Low anentalion (e.g. arbm f i h c  couch top) reduca &u 
Faster rare a n h  aaccns reduce dose, s a n d m a  also image quality 
Lmg pr-ing tlmc or chcmialr  and tanpnnture that inncane 

rpeed d devdopmcnt reduce do= 
Semitive (e.& GI) photoathoda and d i d d  image proc-sing may rcduce d a c  
Video rcundu redurn f l u a a m p y  dose -pared to cine u m n a  
Reduca f l u a o c ~ p y  drwe 
W~th  modem cquipnent. may r d u a  d a c  mmpared to radiography 
Potential f a  rcduNon d d a c  and of image quality 
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" Using ICRP 1977 weighling factors. * Using lCRP 1990 weighting factors 

T~iblc 15 
Doses b patients fmm computed lnrnography exnminalions In Japnn 

[ N81 

- 

Collerritu c/fccri~,c 
dare 

(m M 51) 

534 (16%) 
48.9 (1.55) 
10.5 (0.3%) 
6.4 (0.25) 
9.7 (0.35) 
S.? (0.25) 
43.2 (1.35) 
34.6 (1.15) 
559 (17%) 
24 1 (7.35) 
706 (21%) 
214 (6.55) 
105 (3.2%) 
84.0 (2.655) 
25.8 (0.8%) 
214 (6.52) 
U S  (1%) 
lo0 (3E6) 

33m (1Wc) 

Collerri~r f lecr i~r  
date cgr i~ ,a le r  ' 

( m ~  Sv) 

1035 (235) 
64.0 (1.9%) 
19.6 (0.4%) 
8.0 (0.25) 
18.2 (0.4%) 
5.9 (0.1%) 
29.7 (0.7%) 
46.2 (1.0%) 
613 (14%) 
251 (5.5%) 
870 (19%) 
M 3  (6.75) 
154 (3.4%) 
125 (2.8%) 
31.8 (0.7%) 
356 (7.9%) 
446 (9.9%) 
108 (24%) 

45a (Im) 

Fxnminarion Eficriru 
dare eqiwlenl ' 

W v )  

3.49 
1.22 
1.10 
0.43 
1.13 
0.69 
1.94 
7.76 
9.13 
7.39 
8.82 
10.20 
6.7 1 
8.62 
3.74 
5.98 
9.38 

5.3 

7).~e 

l1wQ roulinc 
Poslnia foara 
P~tuilary 
Internal auditay nlearw 
Orhts 
Facial bona 
Grvical spine 
Thoracic spine 
a&. roudnc 
Mhaslinurn 
Abdomm, rcuhnc 
Liver 
P a n n a s  
Gdncys 
Adrcnals 
Lumbar spinc 
Pelvis rcutinc 
0 t h -  

Tdal 

ErMILtarim 

llcad 

C h a t  

Upper abdanen 

Lower  abdancn 

Effcrri~c 
dare 
fnfw 

1.80 
0.71 
0.59 
0.34 
0.60 
0.61 
269 
5.82 
8.33 
7.09 
7.16 
7.18 
4.P 
5.81 
3.01 
3.60 
7.26 

3.9 

Numbcr 

296650 (35%) 
66850 (8.1%) 
17850 (21%) 
18700 (22%) 
16150 (1.95) 
8500(1.05) 
15300 (1.8%) 
3950 (0.75) 
67150 (7.9%) 
34000 (4.0%) 
98600 (11.65) 
29750 (3.5%) 
22950 (2.7%) 
14450 (1.75) 
8500 (1.05) 
S9soO (7.05) 
47600 (5.6%) 
19550 (235) 

SSLWO (lOC%) 

Minimum 

0.7 
0.2 
8.7 

0.2 

8.7 
12.6 
3.9 
1.2 

4.3 

0.7 
0.4 10.04 

1.4 

26 
25 

11.3 
8.1 10.5 
3.5 

4.1 
20 

DPTC qumlip  

Atsabcd  d a c  (rnGy) 

ERcctive d a c  quitalcnt (rnSv) 

Abrabcd dose (mGy) 

Fflcctivc dou q u ~ % a l c n t  ( d v )  

Absnbcd dose (rnGy) 

EITcctivc dow equlvalcnt (mSv) 

Ataabed d a c  (rnGy) 

IXcctivc d m  q u ~ m l c n t  (mSv) 

Dnrr ro 

Bon: marrow 
T h p i  d 

Eye 

Brezs~ 

b 5  
Bone rnanou 
Thyroid 

Largc inlerllnc 
Charyhcstis 
Bone manow 

Female 
Malc 

Largc inlatinc 
O%aryhestis 
h n e  marrow 

Female 
Male 

Dare 

MnrLNvn 

21 
0.8 
47.2 

0.7 

39.6 
35.0 
11.5 
3.0 

14.1 

1.7 
1.0 10.2 
3.7 

7.4 
7.2 

34.5 
27.1 1 1.6 

9.5 

12.5 
6.2 

A w a ~ c  

1.5 
0.5 
22.4 

0.5 

15.9 
19.6 
5.7 
1.9 

6.9 

1.0 
0.6 I 0.1 
22 

3.8 
3.7 

19.2 
15.1 1 1.0 

5.6 

7.1 
3.6 
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Tnblc 16 
Dnscs rrorn rnnmrnn~raphy examlnalions 

r SD: range in parcnthaa. 
2% dl11 -ha. 
80% of dl  cmtru.  

Cowrny and yew 

A u t ~ a l i l .  1989 
[I1371 

Australia 
1989-'1990 

[TI91 

Gnada,  Mmitotn 
1988 

IH3 1 1 

Italy. 1987-1990 

p 19] 

Ireland 1989 
111431 

New Zealand 
1988-1989 
,W11] and 
UNSCEAR Swvey 

Pdand. 1966 

P"l 

Patug4 
1986-1989 

lcul 

Sweden 
1989-1990 

[L1O] 

Eff‘errivc dan 

P a  parirnr 

0.82 
0.30 
0.60 

0.30 

0.60 

T ~ h n q v c  

Pilicnts 
All with grid ~cr tenf i lm 

48 mrn phantom 
Xcrotadiognph 
S c r d 1 l m :  

With grid ' 
No grid 
Overlll 

47 mm phantan 
X u o r n d i o p p h  
S n c m l f ~ l m  
Ovcrall 

50 mm phantan 
39% with grid 

60 mm phantan 
S c r d ~ l r n  

All l a d l m :  
30 mrn phantan 

No grid 
Ovcrall 
Magnitiatim 

45 mm phantan 
No grid 
Wlh grid 
O m d l  

30 mm phantom 
Xcroradiopph 

All r c r d l m :  
40 mm phantan 

No p i d  
Sutionnry grid 
Moving p id  
Ovcrdl 

All rcremhilm: 
45 mm phantan 

No grid 
Moving grid 

c + d m  (&) 

P a  r q u f  

0.014 

AArorbad dare in 

P a  f l m  

1.3 = 0.4 (0.5-23) 

2 3  

1.8 2 0.8 
0.8 2 0.5 

1.7 E 0.8 (0.14.8) 

3.3 
1.4 (0.8-1.9) 

1.5 (0.9-23) 

0.6 : 0.3 
1.0 r 0.6 

2 5  (0.7-7.2) 

1.1 r 0.4 
2 3  z 1.0 

2 0  z 1.1 (054.8) 

4.8 

0.8 
1.0 
2 0  
1.4 

0.7 (0.5-1.1) 
1.5 (1.2-1.9) 

breast (miiy) ' 

P a  pnrimr 

3.6 
1.6 
3.4 

4.0 

1.5 (63%) 
1.0 (39%) 

6.4 
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T a h l c  17 
A v c r t l g c  a n n u e l  n u r n h c r  of dcnlal x-ray e x a m l n a l l o n s  per 1,000 p o p u l n t l o n  

Data from UNSCFAR Sirmy of Atcdical Radiation Usage and Expo.wres unless othem~ire indicated 

Thc cntriu in  this Tablc arc qualified as fdlour:  

Frnnre: Valuc rcprucnts number of films. 
G m n y .  Fad. Rq. o/: Paatomogrrma nol irrdudul. 
Irdy: Valuc is for n a t h c l l t  of 11aly. 
Jnpnn: Data also limn [Ul]. 
Ncrholamis: Lh11 also from [VL V10). 
hbv Zcdand: Data also from [W12]. 
Sweden: Data also f run  [SI. 531. 

1980-1984 1985-1990 Country 1970-1979 1985-3990 Country 

I irsl lh-cur lev4 l 

1970-1979 1980-1984 

150 
32 1 
64 1 

a0 

403 
296 
50 
112 
3SO 

320 

399 

605 

32 

84 1 
325 
74 
165 
456 

390 

411 
275 
833 
61 
86 
42 

232 
832 

60 

402 

350 

Australia 
Belgium 
Cuba 
Ckchoslwatia 
h a r k  
Finland 
France 
Germany. Fed. Rep. cf 
llaly 
Japan 
Kuwri I 
h v n b w g  
Ma111 

Iiesl th-cur levd Il 

Avaagc 

M 

540 

119 
834 

6.2 

80 

72 

83 1 

3 

288 

85 
471 
223 

2a4 

783 
219 
186 
8.2 

1.5 Brazil 
Qule 
&nr 

Ndhnlanda 
Ncw Zcaland 
N a m y  
P d d  
p m k l  
Romania 
Spain 
Swcdm 
Suitzerland 
USSR. RSFSR 
Lkitcd Kinglun 
U n i t 4  Stales 

Avaagc 

4.7 

2 I 
3.9 
0.8 

Health-cam Ievd III 

b d a  
Tunisia 

4.4 

0.8 

6.2 
1.3 

2 5  

0.8 
1.4 

Sri LnLa 
Thailand 

Average 

1.6 
Egypt 
Myanmar 2 3  

0.8 

0.7 
21 

1.7 



Tai>lc 18 
Fstlnlr~tcs of cKcclivc dose cqulvalcnl from dental x-my exnmlnetlons 
Dara jrom 1JN.SCI;AH Survey of Aledical Radialion Usogc and Exposures, unless orhemi.ve indicared 

?hc entries in h i s  T d c  are qualified as  fdlovn: 

Romnnia: 
Spain: 

Cotuttry 

urn: 
Linired Kingdom: 

E n n m r r  sw/orc 
da rc  (mCy) 

, 

E D  given is pcr film. 
Thc rangc d thc ESD is thc a v m g e  f a  diffncnt p o j c d m s .  Thc n l u c  given for lhc effcnivc dcsc q u i ~ l m t  is p a  lilm, thc &cc(ive 
dcu c q u i n l m t  per caw is 0.037 mSv. 
Data also I r a n  [UI]. ?he ESD has becn Mimated from crporurc (mR) mulliplicd by 0.0067m.75. ' h e  firsf value f a  cflcctivc dose 
quikalcnt for 1985-1989 is for intraoral. ~ h c  second n l u e  for e n r a a a l  cxaminalions. Thc per wpu t  cffcctivc dcsc quivalcnl for Japan 
is 0.027 mSv pl2]. For 1989. 1IE: 0.024 mSv. E: 0.052 mSv F(44]. 
Data also f r a n  [VZ. VlO]. Range of ESD: on avcraf i  2.4 films arc w c d  p a  cxaminalion. Effcaivc d m e  q u i n l e n t  is f a  complae mornh 
ruwcy; for pantornogram it is 0.13 mSv. 
Data also f r a n  [WIZ]. Thc FSD s a l u u  arc per film. Thc ESD value for the pa iod  1965-1989 is qual if id  by thc f a n  that on average 1.6 
films w a c  used pcr cxamination. 
Effcctivc d o w  qu i sa lcn t  is per caput. 
The r a l u u  f a  ESD (and range) arc f a  iruraonl cxaminalions. 
Data also f r a n  [SI. S3]. On average, 1.25 filrr~ u .ac  used per cxamination; 1985-1989: on avcragc. 2.4 films w n c  used per cxarnimtim. 
The cffcct~vc dose cquivalcnl pcr u p u t  is 0.01 mSv. for thc canplclc  mouth survey it is 0.14-0.23 mSv. 
The ~ l u c  f n  &cctivc d m c  q u i n l c n !  Is givm for l n t r a a d  cxaminatiffls. 
The first n l u c  o f t h c  c f f c a ~ v c  dore qu iva lmt  is f a  ~ntraoral, thc r m n d  onc for cxtraoral examinalims. On average 2 4  films u u c  used 
per e u m i n a t i m  (1981-1965). 

n c m l t h i u t  lcrrl I 

T ~ ~ h l e  19 
hfcan abtorbcd doses from dentnl x-ray examinalions In France a 

IS51 

Eflecri1.e dare 

e+i"alcnr 
(ms) 

Country Year 

1975-1979 
1985-1989 
1985-1989 
1980-1984 
1985-1990 
1986-1990 
1980-1984 
1985-1990 
1981-1985 

5.2 (1.2-19) 
4.9 (1.2-22) 

3 
10.7 

28 (3 .34)  
6.0 (0.9-12) 

5 

Argentina 
Awlralia 
G c c h m l o v a b a  

Francc 185) 
Japan 

K u u a ~ ~  
Nclherlands 

O r g m  

Lcru 
Thyroid 
P a r a i  dr  
T m y c  
SuMinguals 
Phuynx 
S inwcr  
Back of ncrk 
Brain 
Bone surface 

0.11 

0.005 
0.01 

0.03 
0.02 

0.02 0.03 

I?nWmcc sw/ore 
dose (mCy) 

1985-1989 
1970.1974 
1970-1979 
1966-1990 

1984 
1970-1974 
1980-1984 
1985-1989 
1974-1985 

U c s l t h i a m  Icvd Il 

Mean ahsorbed da rc  fmGy) 

&finhe da re  
c q ~ i ~ ~ a l c ~  

f d l J  

ncs l th -ca re  l cvd  111 

4 (1.5-40) 
7.4 

25 (0.1-30) 
16 (0.1-25) 
(3.9-13.5) 

5.8 (3.5-8.7) 
3.1 

3.2 (0.76.9.7) 
(0.9-3 1) 

Myanmar 0.2 B r a d  
E c u a d a  

P a i o p i r a l  k L a  

U p p c  

0.10 
0.14 
0.01 
0.12 
0.03 

cO.0 1 
0.08 
0.M 

d.01 
0.07 

0.15 
0.15 
0.07 

0.03. 0.M 

0.02-0.28 

1985-1990 1987 
1985-1989 

L o w  

0.07 
0.08 
0.02 
- 0.27 
0.03 
0.01 
0.M 
0.02 

<0.01 
0.09 

P a w p i c a I  mdar 

Ncw Zealand 

Poland 
Romania 

Spain 
Supcdcn 
USSR, RSFSR 
U ~ t d  G n g d a n  

1.9 (1.3-27) 

Panormi  projecrions 

L'ppa 

0.05 
0.W 
040 - 
0.05 
0.10 
0.06 
0.28 - 
0. M 
0.01 
0.65 - 

6.4 

M o r J l q  
aclurcrl 

- 3.60 
0.07 
0.04 
0.12 
0.04 
0.01 
4.35 - 
0.W 
0.01 
0.10 

L o w  

0.02 
0.06 
0 41 - 
0. 06 
0.13 
0.04 
0.04 
0.03 
a0.0 1 
0.74 - 

0.32 

& I l i p u d  

0.08 
0.M 
0.08 
- O..W 

- a.40 

0.15 

Circular 
. 

2 rcnrcrs of rornrion 

0.03 
0.01 
0.90 - 
0.40 

0.19 

0.10 

3 r e n r n s  ofrolnrion 

0.03 
0.05 
1.40 - 
- 3.10 

- 0.80 

0. 15 
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'1'kll)lc 20 
Collcctivc dosc Iron1 d l ~ ~ t ~ o s t i c  X - 1 - 1 1 ~  cxaniin~tions n'orldwidc, 1985-1990 

Table 21 
Contribution or dill'crcnl t y p a  of dir~gnastic examinalions to the collective dmc 

F~eminarionlsirc 

Chcst ramogaphy 
Ches! minialurc 
Chert f l u a m c q y  
h r c m i t i a  
Lumbosacral rprnc 
Pclrir 
ILpKcmur 
Skull 
AMomcn 
Uppn GI traa 
Lawcr GI tract 
Chdccystography 
urognphy 
Angiograph~ 
hfarnmogaphy 
(JT 

Ton1 

Awrage per cxa- 
mi nation (mSv) 

Average dose 
per wpuc (mSv) 

Annual cd lar iv r  c f i c r i ~ r  

Exnminnrionlsuc 

Upper GI tract 
Ccmputcd tomography 
C h a  mass m~nracwe 
Chut fluoroscopy 
LMlbouaal sptnc 
Lowcr GI tract 
Urography 
h&?oi?aphy 
Atdomen 
Pclb~r 
Chest radography 
I Lp/iernur 
Chdccystography 
Mammography 
h r c m ~ t t w .  
Skull 

f$Jccrit'c dare rqui~,olcnr Number of uminor innr  

L n r l  
I 

0.14 
0.52 
0.98 
0.06 
1.7 
1.2 

0.92 
0.16 
1.1 
4.1 
7.2 
1.5 
3.1 
6.6 
1.0 
4.3 

1.05 

0.93 

L n r l  
I 

31MO 
182000 
43100 
10600 
12;mX1 
3200  
15300 
8560 
44700 
285000 
llZDOO 
18100 
56200 
9300  
17000 
224000 

1262000 

Comibv ion  to roral cdlecrivc dosc (96) 

dosc cquit~alcr  

LMI 
II 

8130 
2710 
124000 
1800 

M400 
7710 
5740 
1860 
16600 
36700 
16800 
900 

14700 
3670 
1170 
3610 

292000 

(man Sv) 

L ~ w b  
111-nf 

6240 
1040 

llMO 
440 
6130 
2320 
2320 
690 

4160 
5800 
6520 
1630 
4660 
680 
& 

2110 

56500 

Lnrl 1 

3 
18 
14 
3 
10 
9 
5 
5 

J 

3 
2 
1 
1 
I 

0 8 
0 7 

I,,orld 

63 
77 
3 
36 
16 
6 
4 
13 
12 
15 
4 
3 
5 
2 
3 
10 

304 

p aominnrion 

Lcrd 
11 

0.14 
0.52 
0.98 
0.06 
2 6  
2 0  
2 0  
0.16 
1.1 
5.0 
7.2 
1.6 
3.1 
6.8 
1.0 
4.3 

0.90 

0.11 

U'orld 

45POO 
210000 
178000 
12600 
146000 
4 2 W  
3 M O  
11100 
65500 
328000 
137000 
20600 
nm 
61900 
18300 

230000 

1610000 

I.c\.cl 
I 

171 
260 
33 
121 
54 
21 
12 
40 
32 
52 
11 
9 
15 
6 
12 
39 

687 

L o r 1  I1 

13 
1 
9 
42 
7 
6 
5 
1 
6 
3 
3 

0.3 
0 4 
0.6 
3.6 

(rn71~) 

L n w b  
I I I - ~ ~  

0.14 
0.52 
0.96 
0.06 
2 6  
2 0  
2 0  

0.16 
1.1 
5.0 
7.2 
1.6 
3.1 
6.8 
1.0 
4.3 

0.67 

0.013 

per 1,000 

1,ctrl 
II 

22 
20 
48 
I1 

3.0 
1.5 
1.1 
4.4 
6.0 
2 8  
0.99 
0.21 
1.8 

0.21 
0.43 
0.32 

124 

0.14 
0.52 
0.96 
0.06 
1.8 
1.3 
1.1 

0.16 
1.1 
4 .  
7.2 
1.5 
3.1 
6.8 
1.0 
4.3 

1.0 

0.30 

ppulorinn 

L n d s  
111-nr 

34 
1.5 
9.0 
5.6 
1.8 

0.89 
0.89 
3.3 
3.0 

0.89 
0.69 
0.76 
1.2 

0.10 
0.06 
0.38 

64 

L o r &  I I I . IV 

10 
4 
2 
20 
11 
12 
8 
2 
7 
4 
11 
4 
3 

0.1 
0.8 
1 

Hbrld 

20 
14 
13 
11 
9 
9 
5 
4 
4 
5 
3 
1 
1 
1 

0.8 
0.7 



Table 22 
Annual indlvlduai and collective effective dose from dlagnosll~ x-ray rxnrnlnutlons 
Data {rom UNSCE4R Survey of Medical Radiation Usage and Exposures unless othern~ise indicated 

r 

Country Yew 

Gna& 

Gechoslwahe 

Denmark 

Rnland 

Frnncc 

Gumany. Fed. Rep. of 

Italy 

Japan 

New b l a n d  

Nclhcrlads 

Nauil y 

Poland 

Ponugal 

Romania 

S p i n  

Sweden 

Switzerland 

USSR 

USSR. RSFSR 

U m t d  &-ngdan 

Uni ld  Stata 

Collccri~u .$zcrirv 
dose cpivdcnt 

(m M Sv) 
Rcfaencc 

Effccrirr dare cq~irwlcnr ( d r g  

1980 

1980 

1986-1990 

1978 
1987 

1982 

1979 
1983 
1988 

1983 

1979 
1989 

1981-1985 

1980 
1987 

1988 

1976 
1988 

1988-1989 

1980 
1990 

1985-1986 

1985 

1985-1990 

1980 
1986-1987 

1976-1980 
1981-1985 
1986-1990 

1983 
1989 

1980 

P s  Ldividvnl pr icnr  P a  capU 

Ucalth-cuc lcvd 

0.8 

a 9  

1.4 

0.6 
0.8 

2 0  

2 0 '  

1.0 

1.1 

1.9 

0.67 

0.57 
0.56 

0.9 

1.2 

0.76 

1.1 
1.1 

1.4 

1.1 

0.4 

1.1 
1.15 

1.18 
1.14 
1.14 

0.7 

0.5 

ncalth-cam lcvd 

3600 
94000 

16800 

3500 

1700 " 

7000 a 

0.4 
0.09 

0.02 

0.09 

0.2 " 

0.2 " 

Quna 
Beijing n r u  
Entirc naticm 

India 

lrnn (Islamic Rep. d) 

Iraq 

-rwlcey 

I 

1.0 " 

0.6 

0.7 

0.7 
0.7 

1.6 

1.7 
1.5 
1.0 

0.8 

1.3 
2 2  

0.4 

0.34 
0.31 

0.6 

1.7 
0.8 

0.53 

0.6 
0.5 

0.8 

0.6 

0.4 

1.1 
1.15 

1.13 
1.16 
1.10 

0.3 
0.35 

0.4 

11 

[Zl. 241 
iz61 

[s401 

lu l l  

lull 

lull 

Hcallh-cuc lcvd Il l  

1983 
1985 

1989 

1980 

1972 

1 9 n  

24000 ' 

8600 

3600 

3300 
3500 

89000 

102000 
90000 
61000 

46000 

lSlOO0 
266000 

1400 

4800 
4500 

2SW 

56700 
30000 

5400 

14100 
12300 

31100 

4600 

n 0 0  

292000 
326000 

153700 
163300 
16 1000 

I6000 
uxyx) 

92000 

0.6 
0.6 

0.2 

0.5 

0.7 ' 

Myanmar 

Thailand 

[Ull 

w 7 1  

lull 
(R 91 

p11 

lull 
IB7l 
1~171 

P'19, u11 

PI1 
w 2 1  

[B61 
Pal 

[ s u l  

Itr 11 
Iull 

1S521 

vs] 
Iv41 

jN41 
p 4 .  S18] 

[H 101 
IS431 

p'l. u l ]  

2000 

full 

1986-1990 

1970 

5 0.05 

0.2 ' 



The entrio In thir Table arc qualified rr Idlour:  

&la for chc nor lhusf  doounl ry  have been carnpdntcd to (he -lire mmlry. 
Cnlleaivc effcclivc d a c  quivrlcnl indudu 16,lM) man Sv lrom r~cmnch m n u  nnceninp: 69,000 man Sv [ran chat m u  roccninp; 
5,W man SV from computed lomogrnphy; '2.900 man Sv lrom dmtal radiopphy. 
k d u d i n g  and prcimploymmt m c c ~ n g .  

-- - 

Erlimated fran p e l i d l y  rimifinn1 ~LI: GSD [OJ d v  and awragc ratio GSDRIB for h d h c r r c  level 1(03/1; range d level I nlia: 0.14/1-O.Ul)]. 
Appually exdud- fluoraccpy. F a  npproimale adjulmcn4 it could bc lvumcd ()ut50% d d l  craminrhons arc Oua-c ud that h e  caw m 
asrrafi  IS lirna highu abrorbcd d u e s  p a  examination [UI]. 

Table 23 
EsLLmakd doses to the world population from dlagnostlc medlcal and dental x-ray examinations 

Hrdrh-care 
l e d  

I 
n 
m 
N 

Tctd 
Aruagt 

Annul  c d l a r i w  cffecrix 
dare e q u * t d c ~  (18 mnn sv) 

Popularion 

(millwnr) 

13% 
26 30 
BSO 
460 

5290 

Madud 

13M) 
290 
40 
20 

1600 

Dwnl 

14 
3 

0.3 
0.1 

11 

Annual per c a p u  
r/lecriw d m  cgrivnlarr ( d v )  

Madud 

1 
0.1 

0.M 
0.01 

0.3 

Dwni 

0.01 
0.001 
O.M)(n 
0 . W  

0.003 



Tnlllc 24 
Hcyulritlans or rcconinicndrillons on qur~lily rtssumnm 
Dafa Jrom UNSCEAR Surwy o/ hfedical Radiation Usage and Expos~rres, unless o~l~ern-ise indicated 

Cowrr). 

.Y.rqv dingnarrics 

Arpnlitu 

Australia 

Belgium 

Canada a 

Gcchcslwatia 

Denmark 

Ecrrada 

finland 

France 

Germany. Faf. Rep. d 

Japan 

Kuua~c 

Luxcrnbourg 

Malta 

Ncu, 7zaland 

NauZly 

Pol and 

Romanla 

S i n p p a c  

L cgol 
rcgulo- 

rionr 

H a d h i a ~  rhcrqy 

Rrcom- 

~ n d a -  
rwnr 

- 
h'uclear mcdkine 

rt 

* 

f 

f 

* 

* 

* 

* 

Lhlcd h n g d a n  

U N I C ~  S I ~ I U  ' 

Yugorlann 

Taal 

,do Q.' N,:c L cgnl 
rcg~rn-  

rionr 

I . r ~ n l  
regulo- 

rionr 

* 

* 

* 

* 

* 

Rrcom- 
mndn-  

tionr 

i 

* 

k 

* 

t 

* 

- 
I 

* 

* 

12 

Rrcom- 
md- 

rionr 

* 

* 

* 

* 

t 

* 

N o  QA 
rvlu 

v 

* 

* 

* 

.i 

L 

I? 

IIrslth-cuc level I 

* 

k 

* 

* 

* 

t 

* 

* 

* 

* 

* 

* 

* 

* 

4 

* 

* 

* 

* 

* 

1: 

* 

* 

* 

* 

* 

* 

* 

* 

12 

* 

* 

8 6 

* 

1 0  

8 

I 

12 4 
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" 
For x-ray &agnmtia. Icgal provincial rcgulat~om prevail and fcdcrul rccommcndut~ms have heen made. For radiatim thcrapy, rccommcnht~onr c x i r ~  in some 
p o n n c u .  In practice, rccommcndationr m nuclear m d c i n c  arc c n f a d  as Icgal rcgulatimr. 
The Japmcsc Industr~al Standards sre used ar technical gudu f a  x-ray d iapmt lcs  and radiatim therapy. 
For x-ray &agnostics, a few states h a w  l c g l  rcgulatimr and faderal rccommcn&t~onr havc been made. 
Data hom PAIlO. 

' Rcgulstims in preparation. 

Corrnby 

Nuclcm mdicinc 

Lcxal 
rqula-  

lions 

. Y - r q  diagnosfics 

Barbodor 

Chinn 

limduras 

India 

baq 

Jamaica 

hrcaragua 

Pcru ' 

Turkey 

Total 

R d i a ~ i o n  t k c r ) .  

Rccom- 
mowid- 

tiom 
r do 

L c t d  
r r t d a -  

lions 

Lcxal 
rrgda- 

twnr 

Q.4 
rulrr 

ncullh-ewe Irvd I1 

* 

* 

* 

3 

U c s l h - c u t  Irvd Ill 

Rccom- 
mcnda- 

I innr 

* 

t 

2 

* 

* 

* 

3 

t 

* 

2 

* 

i 

* 

3 

Cape Vcrdc I \ * I  

Rrcom- 
menda- 

lions 

1: 

* 

t 

3 

I 

No Q.4 

* 

* 

2 

Tan1 

= 

* 

* 

3 

* 

* 

* 

3 

1 

n r s l h - c a r e  1c.d IV 

5 

Etluop~n 

R u m &  

Tan1 

3 

i~ 

1 

1 I 2 

* 

i 

1 

* 

1 

1 2 1 

* 

1 

* 

I 
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T ~ ~ h l c  25 
Tohl annunl nunrher of n~~clet lr  nirdicine examinaUons per 1,000 populauon 
Dota lrom UN-SCEAR Sunvy n/ A4rdical Radiation Usage and Exposures unless otlrern*ise indicated 

Covrhy 1970.1979 

Hrallh-cv. Itvd l 

1970-1979 1980-1984 

Asgcmina 
Ailrtralia 
Austria [Ul] 
Belgium 
Bulgaria [Ul] 
G o a h  
Czcchcrlovatia 
Denmark 
Finland [AlZ LIB] 
France 1120, Ul] 
Germany. Fd.Rcp. 
ltal y 
Japan 

1980-I984 

5.6 
3.9 

9.8 
44.9 

11 

198.5-1990 19U-1990 

Amagc 

Ucallh-cmrr lev4 11 

 COW^^ 

3.8 
18.0 

13.6 
14.0 
126 

31.1 
6.0 

7.3 

3.0 

3.9 
6.8 

6.9 

115 
8.3 

36.6 

12.6 
22.9 
U.4 

6.9 
39.8 
7.3 
6.3 

8.9 

13.0 

16.3 
14.2 
17.7 
9.0 
39.7 

13.1 
23.5 
11.6 
7.5 
9.3 
3.5 
126 

25.7 
6.1 

16 

h i t  
Luxcmbowg 
Nahcrlands 
New %land 
N m a  y 
Romania 
Swdcn 
Swimland 
USSR [N4] 
United kngdan 
U ~ l d  Slala 
Yugoslavia 

2 8  

0.9 

Bartador 
Brazil [C14] 
Oliru 
Cuh [Ul] 
Ecuada 
lndia 

Average 

0.8 
0.5 

Uralth-cuc Icvd 111 

Iraq 
Jamaica 
Peru 
T d u a  
Twky 

0.1 

0.1 

1.0 
1.7 
0.6 

0.8 
0.2 

1.2 
2 0  
0.2 
LO 
2 5  

0.5 

Egypt 
M ~ I I I Y U I  

0.12 
0.25 

0.25 A~rragc 

0.07 
0.54 

Hrmlth-cu. Irvd 1V 

0.28 
a18  

0.25 

Ethiopia 

0.28 
0.26 

0.M 

Sudan 
Thiland 

0.21 
0.3 

0.014 

0.48 
0.11 

0.10 



l'ahle 26 
Averrrge annusl number of dingnmlic nuclenr medicine examin~~tions per 1,000 population 
Data from UNSCEAR Survey OJ Medical Radiation llsage and Exposures, unless othem~ise indicated 

CauVrY Orha Year 

0.3 
0.9 
0.3 

0.5 

0.6 ' 
1.6 
1.6 ' 

1.1 
1.3 
1.1 

0.5 
0.7 

0.4 

1.2 
0.9 
0.9 

0.2 
0.1 

1.4 

0.4 

0.2 

Bow 

Argentina 

Australia 

C ~ n a d a  

G&oslovakia 

Denmark 

finland [A121 

Franrc [LZO. UI] 

h n y ,  
Fed. Rep. of 

ltrl y 

Japan 

Kuuait 

Netherlands 

New 7 ~ l n n d  

77rpid 

I &a Uptake 

0.8 

0.1 
0.1 
0.5 
0.8 

0.3 

6.1 
4.3 
6.7 
8.4 

3.9 
4.5 
4.8 

3.3 
3.0 

3.9 
2.7 
2.5 

0.7 
0.3 

1.8 

3.9 

0.8 

0.06 
0.2 
0.5 
0.8 

Brain 

1985.1989 

1970 
1980 
I984 
1991 

1985-1989 

1970-1974 
1976-1980 
1981.1985 
1986.1990 

1977-1980 
1981-1989 
1986-1 990 

1975 
1982 

1990 

1976.1980 
1981-1985 
1986-1990 

1974 
1985 

1985.1989 

1985-1989 

1985.1989 

1970-1974 
1975-1979 
1980-1964 
1985-1989 

1.5 
0.8 
0.8 
0.6 

0.9 

1.7 
1.8 
1.9 
1.8 

1.3 
1 .O 
1.6 

1.3 
1.8 

1.9 

9.3 
18.2 
17.7 

0.2 
2.0 

0.4 

3.2 

1.1 

0.4 
0.7 
0.7 
0.7 

KLlnry Cmdiob9rdar 
Lunx . 

2.8 

0.05 
2.0 
2.6 
3.4 

16.8 

0.09 
2.1 
3.4 
4.6 

2.2 
2.7 
2.5 

0.6 
3.1 

2.6 

4.4 
9.6 
10.3 

0.06 
2.0 

2.1 

1.7 

3.6 

0.3 
I .5 
2.2 
2.8 

4 5  

0.05 
0.07 
0.01 

0.8 

1.0 
0.5 
0.2 
0.2 

0.7 
0.5 
0.3 

0.6 
0.2 

1.8 
0.2 
0.2 

3.0 
0.7 

0.4 

0.03 

0.3 

1.2 
0.7 ' 
0.3 f 
0.3 

Libwlsplcm 
Volrilorion Pafwion 

0.4 

1.0 
1.5 
0.3 

4.0 

1.3 
0.4 
0.5 
0.6 

2.4 
1.4 
O.8 

3.4 
4.9 

4.0 
1.4 
1.1 

0.6 
0.2 

0.3 

0.2 

1.2 

1.2 
2.4 
1.3 
1 .0 

level I 

1.6 

0.2 
I .0 
1.5 

0.8 

0.02 
0.2 
0.5 
1.2 

0.6 
1 .O 
1.1 

0.3 
0.6 

0.7 

0.2 
2.4 
2.8 

0.09 
0.3 

0.9 

1.8 

I J 

0.3 
0.1 
0.4 
0.4 

0.24 

0.001 
0.3 
0.6 
1.5 * 

0.2 

0.05 
0.2 
0.4 
0.6 

0.1 
0.4 
0.4 

0.06 
0.05 

Heallh<src 

1.1 

0.6 
1.7 
1.2 
0.2 

1 .O 

3.6 
2.6 
1.9 
2.2 

1.2 
0.7 
0.1 

1.9 
2.2 

4.0 

13 . 
0.9 

1.2 ' 
1 .5 

0.9 

1.1 

I .S 

0.7 
1.3 
1.2 
0.6 

0.5 
0.9 
0.9 

0.4 

0.1 
0.4 
1.1 
1.8 

0.5 
0.7 
0.7 

0.6 
1.1 

1.4 

0.05 
0.2 
0.2 

0.06 
0.02 

0.3 

0.4 

0.4 

0.1 
0.4 

2.2 
2.9 
3.1 

0.04 
0.2 

0.8 

0.7 

0.3 
0.6 
0.5 
0.6 
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I'uhlc 27 
Avcrc~gc ilnnurtl nunil)cr or dlt~gnoslic nuclcnr rncdlcinc cxanilnaUons pcr I,(HH) populutlon hy hctillh-care lcvcl 
Data Jrom UNSCkCAN Sunuy oj  hfedicol Radialion Usage and Exposrrres 

Chnall aimgc: tad nmbcr of cxaminationr divided by tk lad populabsn d counlriu (thousands). 
Mcan a rncdtan d ~nd~wdual vrlucr or counlna. 
ma from lnd~a mly. 

Examinarim 

Bonc 

Brain 

Grd imuu la r  

L~vcrfsplcen 

Lung vcnt~latiar 

Lung pcrfurim 

Kdncy 

Thyroid scan 

Thyrcid uptak 

Taal 

)'car 

1970-1980 
1980-1985 
1985-1990 

1970-1980 
1980-1085 
1965-1990 

1970.1980 
1980-1985 
1965-1990 

1970-1960 
1980-1965 
1985.1990 

1970-1960 
1960-1985 
1985-1990 

1970-1980 
1980-1985 
1985-1990 

1970-1960 
1980-1985 
1985-1990 

1970-1980 
1080-1085 
1985.1990 

1070-1980 
1980-1985 
1985.1990 

1970-1960 
19EO-1985 
1985-1990 

Lor1 
I 

O.RJ 
2 6  
4.8 

1.3 
1.1 

0.42 

0.53 
0.58 
2 6  

1.7 
1.2 
1.4 

0.13 
0.26 
1.2 

0.34 
0.94 
2 2  

1.8 
1.3 
1.4 

1.3 
2 5  
1.8 

2 2  
0.17 
0.55 

10.9 
6.9 
16.2 

A \ a a x e  

Lnrl 
11 

0 

0.016 

0.23 

0.006 

0 

0.008 

0.087 

OD23 

0 

0.001 

0.024 

0.002 

0.611 

0.096 

0.40 

0.062 

0.25 

0.17 

0.86 
0.10 
0 

Loel 
I 

1.4220 
2 4  r 2.7 
3.3 2 2.6 

1.9 r 1.6 
1.1 r 1.3 

0.63 r 0.92 

0.~7 121  
0.9 2 0.74 

1.3 r 1.7 

1.6 2 1.4 
1.0 r 0.75 

0.89 r 0.62 

0.16r0.32 
0.19 r 0.17 
0.49 r 0.62 

0.58 r 0.65 
0.71r0.61 
0.78 : 0.98 

1.9 r 1.9 
1.6 r 2.2 
1.9 r 2 1  

2 1  : 2.7 
2 3  z 5.1 
2 4  r 4.0 

1.4 : 1.5 
0.15 0.16 
0-3 = 0.3 

15 r 13 
12.7 r 9.8 
15 r 10 

Lnrl 
111-N 

0.001 
0.011 
0.084 

0.022 
0.013 
0.007 

0.Mnn 
0.003 
0.014 

0.086 
0.034 
0.016 

0.0001 
0.0001 
0.008 

0.0003 
0.002 
0.008 

0 . m  
0.009 
0.E3 

0.066 
0.618 
0.066 

0.10 
0.063 
0.052 

0.25 
0.19 
0.25 

Lnrl 
I 

0.64 
2 1  
2 8  

1.5 
1.0 

0.35 

0.1 1 
a28 
0.99 

1.2 
1.1 

0.68 

0.06 
0.15 
0.25 

0.46 
0.67 
0.58 

0.71 
0.48 
0.88 

1.3 
0.90 
1.4 

0 . n  
0.15 
0.32 

12.6 
10.3 
12.0 

Meon 2 SD 

Lovl 
R 

0 

0.11 r 0.11 

0.34 : 0.59 

0.12 r 0.24 

0 

0.014 r 0.11 

0.12: 0.19 

0.076 2 0.06 

0 

0.0001t0.0003 

0.036 0.062 

0.M6 t 0.071 

0.051 r 0.079 

0.053 r 0.062 

0.42 f 0.55 

0.39 r 0.46 

0.083 r 0.143 

0.091 r 0.13 

1.35 t 1.23 
0.10 

1.1 r 0.76 

L njcls 
I I I . ~ ~  

0 . 0 5  r O.OO(% 
0.024 r 0.045 
0.056 r 0.099 

0.017 r 0.014 
0.01 1 2 0.01 1 
0.007 : 0.008 

0.0005 r 0.0005 
0.002 r 0.002 
0.008 r 0.013 

0.617 : 0.069 
0.029 r 0.035 
0.014 r 0.012 

0.0000m.00003 
0.00003r0.00006 

0.003 r 0.007 

0.0001rO.MX)2 
0.001 r 0.002 
0.005 2 0.010 

0.0039 : 0.0037 
0.001 2 0.012 
0.020: 0.036 

0.067 2 0.042 
0.059 2 0.049 
0.079 r 0.087 

0.104 r 0.092 
0.078 r 0.085 
0.051 r 0.049 

0.24 r 0.21 
0.21 : 0.13 
0.25 2 0.15 

Median 

Lor1 
11 

0 

0.10 

0 

0.010 

0 

0.001 

0.013 

0.066 

0 

0 

0 

0.018 

0,012 

0.27 

0.21 

0.25 

0 

0.52 

0.80 
0.10 
1.0 

Lo,& 
nl-N 

0.0000 
0.002 
0.011 

0.018 
0.01 1 
0.003 

0.0000 
0.00 1 

0 

0.021 
0.012 

0 
0 
0 

0.0001 
0.001 

0 

0.005 
0.00 1 
0.006 

0.063 
0.056 
0.063 

0.080 
0.0s 1 
0.028 

0.18 
0.21 
0.26 
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Table 211 
Age- and sex-distrihullon or pullcnts undergolny dlagnmllc nuclear mcdlclnc extlrnlnatlons, 1985-1990 
Data Jrom UNSCWR Survey o/ hfedical Rudialion Usage and Exposures 

I/etllrh-care 
In,cl 

counrry 

1 

n 

n~ 

Age dimibur;a, (I) 

Auslrdia 
&a& 
Qechalwakir  
Gcrmnny. Fai.Rcp. 
Italy 
Kuwait 
h'ethnlmds 
New M a n d  
S a w a y  
R O M N ~  
Swcdcn 
Yugoslavia 

Average 

(hi- 

Ecvrda  

P n u  

Average 

EWP~ 
Myanmar 
Sudan 
Shniland 

Averagc 

Scx dirPihvrion (%) 

0-15 years 1640 wars 

I 

n 

nl 

N 

Mole > d 0  years Female 

6 
3.4 
1.9 
2 

0.8 
45 
3.9 
5.8 
2 6  
3.5 
2 7  
3.4 

3% 

21 
5.1 

20 

18% 

4.4 
0 
0 

0.3 

1% 

Australia 
Canada 
Gechor lwaha  
Germany. Fed. Rcp. of 
Italy 
Kuwait 
Nclhcrlmds 
h'cw Zuland 
S a u x y  
Romania 
Swedm 
Yugalana  

Average 

a i m  
Ecuada 
Iraq 
Pcru 

Average 

Mylnnur 
Sudan 
%land 

Aver a gc 

Ethiopia 

47 
36 
48 
48 
U 
60 
53 
44 

52 
65 
46 
41 

45% 

63 
63 
30 
40 

SI Z 

3 I 
60 
49 
17 

36% 

C d i e v u c u l a r  

Bone 

25 
10 
49 
4 

8.2 
30 
24 
13 
11 
19 
13 
30 

14% 

35 
75 

41 

354  

40 
40 
2 
33 

32% 

33 
64 
52 
52 
66 
40 
47 
56 
48 
35 
54 
59 

55% 

37 
37 
70 
60 

49% 

69 
40 
51 
83 

64 % 

I 

69 
87 
49 
94 
9 1 
75 
72 
8 1 
86 
78 
85 
67 

83 5 

44 
70 

40 

47% 

M 
60 
98 
67 

67 % 

20 
2 6  
0 
0 
0 

4.7 
3.6 
4.5 
1.6 
6.6 
0.1 
0 

3% 

17 
0 

48 

-! c4 r m 

0 
21 
1.4 

5% 

12 

58 
72 
82 
75 
90 
20 
80 
66 
60 
43 
74 
70 

74 2 

59 
86 

26 

5 3 5  

100 
6 1 
73 

79% 

24 

Brain 

22 
25 
18 
25 
10 
76 
17 
30 
19 
46 
26 
30 

23% 

24 
14 

26 

23% 

0 
18 
26 

16% 

64 

Ausvdia (thallium) 
A u t r d i a  ( l c c h ~ l i u m )  
G n a b  

52 
49 
54 
25 
53 
90 
58 
53 
46 
9 
50 
45 

46% 

60 
10 
48 
40 

46% 

SO 
42 
45 

46 % 

58 

9 1 
87 
85 

48 
51 
46 
75 
47 
10 
42 
47 
-% 
43 
50 
55 

54 5 

40 
90 
52 
60 

-54 $6 
- 

50 
58 
55 

54 Lk 

42 

0.1 
2 
6 

9 
11 
9.5 

62 
62 
62 

3 
38 
38 



Ilcalrh-cmc 
lrVrl 

I 
(con~inucd) 

U 

UI 

Cowlrry 

Gtchalwakia 
Germany, Fed. Rep. or 
Italy 
Kuuu I 
Nahalanh 
New Zuland 
Nauay 
Romania 
Sweden (Mood pod) 
Swcdm (rnyaardiul) 
Yugoslabia 

Average 

ClGo 
h d a  

Avnagc 

Ern 
9- 
Sudan 
Thailand 

Avmage 

I 

U 

Ill 

Australia 
Canada 
~ m l w a k i a  
Italy 
Kuwar I 
Nelherlandr 
Ncu. b l a n d  
h'aury 
Romania 
Romania 
Sweden 
Yugorlana 

A W ~ F  

Quna 
E w d a  
Iraq 
Pcri 

Amage 

E m '  
.U yanmr 
Sudan 
Thailand 

Average 

>40 years  

45 
83 
89 
70 
90 
86 
77 
86 
54 
W 
73 

63% 

90 

907:- 

100 
100 
98 
67 

89% 

Sa distribution 

Male 

M 
75 
76 
55 
66 
66 
58 
50 
66 
64 
75 

68 2 

33 
75 

43% 

70 
75 
49 
17 

51% 

0 1 5  ).ems 

3.8 
0 
0 
0.6 
0.6 
0.7 
0.1 
0 
0 
0 
2 

1% 

0 

ffd 

0 
0 
0 
0.3 

054 

10 
5.7 
4.7 
37 
1.6 
1.2 
1.2 
0.7 
29 
6.6 
1.7 
6 

5% 

24 
5.6 

5.6 

3% 

10 
0 
4 
0.3 

4% 

Lung rtntiblion 

(%) 

F d e  

36 
25 
24 
45 
34 
34 
42 
50 
34 
M 
25 

32% 

67 
U 

575 

30 
25 
51 
83 

49% 

~ b c  distribution (96) 

1640 .war+ 

52 
17 
11 
29 
9.1 
13 
23 
14 
46 
1.4 
25 

16% 

10 

10% 

0 
0 
2 
33 

11% 

68 
79 
40 
48 
73 
86 
85 
TI 
63 
52 
67 
62 

67% 

66 
62 

46 

63% 

57 
50 
5 1 
73 

60% 

Livrrlsplcm 

22 
16 
55 
62 
25 
13 
14 
22 
34 
41 
1 1  
30 

n5 

32 
32 

47 

Y % 

33 
50 
45 
27 

37% 

I 

Dl 

45 
44 
58 
52 
45 
56 
50 
51 
50 
79 
44 
66 

56% 

71 
50 
34 
40 

62% 

66 
50 
50 
50 

550 

17 
10 
63 
0 
5.6 
35 
14 
28 
l.5 
37 
21 

13% 

58 

55 
54 
42 
66 
55 
44 
50 
49 
50 
21 
56 
34 

445 

29 
50 
66 
60 

38% 

34 
50 
49 
50 

45% 

Australia 
Cnnada 
Qechalwaba 
Gamany. Fed. Rep. of 
I ~ d y  
Kuuai~ 
Ncthmlandr 
New h l a n d  
Nm%y 
Romania 
Swcdm 

Amage 

Ern 

82 
88 
37 
100 
94 
65 
85 
72 
83 
63 
79 

86% 

42 

1 
1.7 
0 
0 
0 
0 
0.6 
0.8 
1.4 
0 
0 

0 

42 
66 
53 
38 
54 
50 
6 1 
54 
40 
67 
49 

51 Z 

48 

5s 
34 
47 
62 
46 
50 
39 
46 
60 
33 
51 

49% 

52 



Ilrdih-ra-r ARC disnibutim (%) . k r  dun ih ion  ('3) 
C o w n y  

loel 0-1 5 yrms Id40 .wars d 0  ycnrs Malr Fcmdc  

l w n ~  perfusion 

I G n s &  0.6 16 E4 44 -56 
C h c h a l m a h a  0.5 64 M 50 50 
K w a i t  0 35 65 50 50 
Nccholandr 0.4 18 82 56 44 
New Zraland 0.6 24 75 54 46 
N a w a y  0.5 16 83 4.4 56 
Swcdcn 0.1 15 84 42 58 
Yugorla\ia 0 33 67 65 35 

Avera gc Wm 26% 732 51% 46% 

U h d a  0 25 75 36 62 
Peru 8.3 33 58 50 50 

Avcrage 5% 30% 645 46 5% 548 

m M)anmar 0 0 100 50 50 
Sudan 0 0 100 100 0 

Avcragc Orm 0% 1 W o  69% 314 

l i idncy 

I Australia 31 ?3 46 54 46 
G n a d a  25 3 1 44 30 70 
(icchorlovaba 2 1 39 40 50 50 
Gcrnlany, Fed. Rcp. of 10 30 60 60 40 
Italy 14 21 65 54 46 
Kuwait I5 n 13 70 30 
Ncthcrlanh 14 36 48 4s 55 
Ncw Zc~land 15 32 53 55 45 
Naway 3.8 26 70 49 51 
Romania 0.9 36 63 45 55 
Swcdcn 21 26 53 52 SS 
Yugoda~ia  5.7 32 62 29 71 

Average 14% 3% 57% 50% 50% 
- 

U Olim 5.2 49 46 59 4 1 
Emada 0 69 11 10 90 

58 42 
Pcru 9.9 50 41 50 50 

Average 5% 52% 43% 54% 46 C 

[II E W P ~  18 56 27 62 38 
Myanmar 0 100 0 75 3 
Sudan 15 36 49 52 48 
h i l a n d  1.7 2 76 14 66 

A m a p  8% 52% 40% 48% 2% 

N Ethiopia 7.7 74 18 33 67 

Thgruid scan 

1 Gnada  0.8 48 51 14 66 
Gcchmlovaha 3.3 64 33 18 82 
Kuwait 5 75 20 al 80 
Nclhnlandr 0.7 3 1 69 3 1 69 
S e w  La land  1.7 29 69 16 84 
Naway 2 4  29 69 16 64 
Sweden 0.9 24 75 IP  8 1 
Y u~or la r i a  0.5 30 70 28 n 

Awrage 1% 40% 59% 21% 791 

n aim 4.5 53 43 22 78 
h d a  9 22 69 14 86 
Peru 9.8 39 51 20 80 

Avnagc 6% 49% 46 5% 215 79% 
I 
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The cnalcs In t h ~ s  TaMc arc as lollour: 

Ilealrh-rme 
I n r l  

111 

tV 

C n d a :  Data arc la Nova S c d ~ a  Province m l y  (abcut 33% of tht population). 
Pcru: Data are from l n r l ~ l u ~ o  Pemano de Enag ia  N u d a r  mly,  where about 01 all examinntiom are n n i c d  cut. 
Hom511in: D a b  are f a  1990. 
Svaden: Data arc f a  Stockhdm county only (about 20%- o f t h c  population). Agc d~rt l ibut im: 0-14 years, 15-39 yeorr. >40 y u n .  
Thdond: Data arc from the National G n c c r  Institute and Rajabithi ffospital mly.  
Yugnrla w i n :  Datr mrc f a  Scrbia only (about 40% o f t h c  population). 

Values arc m m n i n ~ u l  101 early pnrt a 1  the period only, since CT and magnetic rcaonance imaging (MRI) have replaced Tc.99m. 
* lndudcs lung palwion.  

corvlny 

E w t  
M ylnmar 
S u b n  
Ttuilnnd 

A m a g e  

Ethiopia 

Sa durriburion (%) Alc  dishibulim (%) 

Afalc 

24 
25 
14 
I I 

19% 

40 

Thyroid uplakc 

36 
42 
M 
16 
37 
90 
37 
20 
22 
37 
45 

332 

60 
22 

47 

55% 

35 
71 
52 

50% 

I 

n 

n1 

Fcmnlc 

76 
75 
66 
89 

81% 

bo 

65 
M 
76 
74 
84 
70 
bo 
60 
63 
67 
62 

78% 

n 
86 
76 
60 

78% 

70 
86 
68 

82% 

62 
58 
44 
84 

62 
10 
63 
60 
n 
58 
SS 

66% 

34 
69 

41 

38% 

65 
25 
46 

48% 

Other  

>40 ?cars 

33 
82 
25 
46 

47% 

20 

0 1 5  yc-s 

9.5 
0 
4 
1.9 

4% 

0.7 

Is 
14 
24 
26 
16 
30 
40 
20 
17 
33 
18 

222 

23 
14 
24 
20 

22% 

30 
14 
12 

18% 

Aushalia 
G n a &  
Czechalovaha 
Germany, Fad. Rep, 01 
ltaly 
Kuu-rit 
Netherlands 
Ncw U a n d  
N~~~~ 
Romania 
Yugorlrda 

A m a g e  

a i m  
h d a  
Iraq 
Pcru 

Average 

Myanmar 
Sudan 
Thailand 

A m a g c  

16-40 ,wars 

62 
18 
71 
52 

50% 

60 

2 
0 
0 
0 
1 
0 
0.4 
0 
1.5 
4.5 
0 

1% 

6.5 
9.1 

12 

7% 

0 
4 
1.8 

2% 

I 

U 

33 
12 
59 
26 
31 
63 
50 

35% 

27 

Gnada  (Ga47) 
Canada (In-l l I) 
C E K h a l o n h a ,  b l d  cells 
Italy (Ga47) 
Nahcrlmdc 
Romania 
Yugala\ia 

A m a g c  

olirv 

All agnnl 

65 
68 
35 
74 
64 
37 
50 

64% 

71 

21 
0 
6 
0 
4.4 
0 
0 

1% 

2 

50 
57 
52 
50 
49 
100 
50 

58 % 

64 

7.7 89 I 

50 
43 
48 
50 
51 
0 
50 

42% 

36 

Japm 3 I 54 46 
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PART 11: LIVERISPLEEN, LUNG. ICIDhFY 

C ~ n r r y  

Sudan 

h ~ l a n d  

Ycnr 

1986-IWO 

1976-1980 
1981-1985 
1986-1990 

A i w a ~ e  ncriviry dmin isrcrd  (Mnq) (Ro~tfr  in pmcn~hercs) 

Counrr?. 

llrttlthcarc Ir\rl I V  

Ycm 

Cardro, atcdor Ronr 

Ethiq~a 

IIrnlIh-csrr Icvrl I 

OP'Tc eryrhrocyrer 

740 
584 
475 

Broin 

" T c  phnxphore 

555 

275 
269 
197 

500 ' (370-555) 1970-1989 

A trragc rrc~iviry alminirrncd (MI# (Hangc in pmrtuhuu)  

O~halunkmtnown 

503 (370-555) 

Argentina 

Australia 

Canada 

Grchcnlovnkin 

Dcnmark 

Finland IAIZJ 

Germany. Fed Rep. 

O~hcrlunknuun 

312 ' 
350' 
359 

chloride P g m ~ c  pcrrechncrare 

L i l a  I ~plclcm 

1985-1989 

1970 
I980 
1984 
IWI 

1970-1974 
1985-1989 

1970-1974 
1976-1985 
1986-1990 

1989-1990 

1975 
1982 

1986-IWO 

Orhcrlunknmn w m ~ c  ~luconnrc 

444 

61 
115 
121 
17'9 

I l l  (37-148) 

60 (40.120) 
240 

240 (R0.300) 

65-129 

74 (19-.W) 
120 (40.220) 

135-143 

E;&q 

'"1 hippwolc 'Y hippworc 

Lunl  

Orhrrlunhonn "'TC colloid 

I l l  q 

130 (74.220) 
120 (74-200) 

141-160 'D.7 ' 

I I1 

160 
160 

183 

168 

OPmrc MA4 OPmrc 1IIL)A OPmrc micicrorphcru 

120 
110 
174 

111 (37-148) 

160 (100-400) 
240 

280 (200400) 

1 29 

Orhcrlunlnown 

60 
9 7 

102 

185 (148-222) 

I60 (100.400) 

240 (20400)  

102 

148 

108 

40.4 

74 

111 
434 

3711222'' 
252 ' 

18.5 

80 P 

RO p 

260 1 10.5 r 1-29 

0.9 (0.4.3.7) 
1.0 (0.4-1.6) 

1.4 '11 1 ' 
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Carntty Yrar 

A ~ w o g c  crcli~,if,v ~mlminis~rral (Affjq) (Rangc in p c r r c t ~ h o r ~ )  

Kidney 

~ l u o n a ~ c  W " ~ c  oork Olhrrluntuoun 

Ilcnllh<arr lcvcl 11 

7hyroid 

Ctuna 
Dcijing arm 

Iintirc nntim 

h d n  

India 

I r a q  

Jamaica 

Peru 

Tunisia 

2W (222-2%) 

296 ' ( 444) 

194 (74-555) 

(2(Xl-400) " ' 

74 ( -182) 

740 (555-925) 

185 
111 ' 

1970-1974 
19R5-19R0 
19R6.lW0 

1970-1974 
1985.1989 

19R5-IW9 

IPRS.198q 

1970-1974 
1985-19R9 

1985-IOU9 

1970.1974 
1985-1989 

'sf rrp~akc 12'1 ~ c m  w m ~ c  pcrcchnrrorc 

IIcallh-caiT lcvrl Ill 

'jll rrp~akc l"1 s c m  

23 

94 (15-148) 

74(  -148) 

18s (1 11-259) 

111 
I I I 

Eg~pt  

Myanmar 

Sudan 

na~lnncl 

0. l l (0.07-0. I s) 
0.1 l (0.07-0.15) 

0.10 

3.0 ( -5.6) 
3.0 ( 4.4) 

0.74 (0.2- 1.9) 

10 ( -25) 

0.4 (0.2-0.4) 

3.7 
1.1 

1986-lo90 

1976-1080 
1981-1985 
1086-1990 

1976.19R0 
I98I.lQPS 
1986-1990 

1976.1980 
1981.1985 
1986-1990 

3.7 ( 1.5-9.3) 
1 I. I (7.4.18.5) 

5.9 

3.0 ( -5.6) 
3.0 ( 4.4) 

1.7 (0.9-3.7) 

10( -26) 

IIrmlth<niT lwcl I V  

R I  '. 1.15" 

74 Y 

74 Y 

74 Y 

148 : 74Y 

12' 
20 ' 
21 

Ethirpin 

R I 

37 

1970-1989 74 y (37-74) 

0.28 

0.37 
0.37 
0.37 

1.1 
1.1 
1.3 

0.5 
0.35 
0.12 

I 

2.7 

1 
1 
1 

1.1 
1.1 
1.3 

0.45 
0.47 
0.23 

1.7 (1.7-2.2) 1.7 
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1 h c  entries in this TaMc arc qualified as Follows: 

Awrrolio: OIving to the subti~ulirm o l  CT and MRI f a  Tc-9%. ~ h c  number la brain cxa~ninulinis uith Tc-99m pmccfinctrtc and Tc-99mTc- 
duconatc lor IVY I ir too small to statc svcragc. Informalion pertaining lo Par1 111 olTuhlc: "Cia Citralc lun~ourfirifection, 1980: 166 MBq; 
1984: 210 MHq; 1991: 212 MBq. 

Czecharlo~~otja: Infamatim pertaining lo Put  Ill d Taldc: Tc-Wm ILhPAO blood cdlr. 1976-3990; 160 MDq. 
C o ~ d a :  Ih ta  arc la Nova Scdin Probincc mly (&cut 3.5% of the population). 
H n s s  2 raland: N m a t  a11 1'11 uptskcr arc d m c  on patienu rccciring l a r p  thcrapcu~ic '"1 doses. In cllictivc dcsc u~imatioru uptakc should be 

avumcd = 0. Ahou~ one lhird o l  W c  thyroid scam arc also uced lo r u c u  uptake. 
)L~oslo\.in: Data arc f a  Scrha and Mnccdonia only (about 5m of thc population). Data f a  1970-1974 arc lor Scrhia only. 

a Radicirdopc used is Sr-85. 
Radiciraope compound used is 1-131 RIISA 

' Radiasuope compound used is Tc-9% IIMPAO. 
Rahcisdopc compound used is Tc-9% MIBl. 
Waditisdope compo-md used is Tc-9% DTPA 

I Radicisuope compound uscs is Tc-99m PP. 
* Rad~dsdcpc  compound used is 1-123 amphclminc. 

Radicisuopc used is Tc-99m. 
' Radiasuopc used is Tc-99m patcchnctatc. 
J Radicisdopc used is Sc-75 mahioninc. 

RaQtisuope compounds used arc Tc-99m phcsphatciphosphon.~c. 
I Radicisuopc compound used is Fc-59 d ~ a l c .  

Radicisuopc compwnd used is 0 - 5 1  dlnte.  
" Raditisdopc used is 1-13]. 
O Radi t iaope  used is Xe-133. 
p Raditisotope Cwm wed is Tc-Wm aerosol. 
q Raditisotopc compound used is I n - l l l m  c d l a d .  
' Radici-opc compound, d Tc-9% arc mi l l iminsphna .  denatured qhroc)zu urd phpatc. 
' Radicimopc fonn wed arc 0 - 5 1  denatured cr)hocyccr. 

WG. 
" Scqumcc. 
" Radiasdopc used is Au-196. 
" Radi t iaopc  used is In.113. 
' Radicisuopc used is Ilg-197. 
y Raditisdopc compound used is Tc-99m DMSA 
: Raditisdopc compound uscd is Tc.99m MAG3. 
"" Radicisdopc compound used is Tc-9% gluconalc. 
bb Roditisaopc compound uscd is 0 - 5 1  EDTA 

Table 30 
Errcctivc dosc cqulvulcnts to patlcnls from diagnostic nuclear medicine examinaUons (mSv) 

When Tc-Wm 1s available. Standard proccdurc: Au.196. 
When Tc.Wm is available. Standard procedure: 1.131. 

Iicdth-rare l n r l  I1 

Chi- I983 1261 

1.8 

P 1.2 ' 

<O.l 
94, 0 3  * 

1.5 

15-30 

Ewninolion 

Iknc 
Bran 
G r d w u c u l a r  
l~vcrhplccn 
Lung rcnlilarim 
Lung perfusion 
h d n c y  
Thyroid r a n  
Thyroid uplakc 

Avtragc 

Hedrh-cmr In.*/ I 

Irdy, I199 [Dl11 

0.5 
3.7 
13 
1.9 

1.4 
1.7 
2.1 

4.5 

C:ccharlo~pLin. 1987 IIUO] 

4.5 
3.5-6 

4.3-17.2 
1.4-3.5 

1 .? 
0.01-21 
1-36.3 

3.1 

2 4  

Drnmorf 1990 [E3] 

1.1-6.6 
0.6-1 1 3  
3.0-215 
0.9-:.6 

0 .070.3  
1.1 

0.01-13 
2.1-13.7 

3 

3 
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Tahlc 31 
Ayc-dcpcndcnt analysis of cffcclivc dosc cqulvalents lo patlcnl from dla~nmtlc nuclear rnfdlclnc exerninallons 

Activity admininered and cxaminalion hqucncy for Manitoba. h n d a  [H17]. For c h i l d r ~  it uas assumed here lhal acti%ilics administered were reduced 
accading to B c c n ~ j a  [BIO]. 
Auumcd lhyoid uprake: 15%. 

O r l ~  Rdiopha-mnceuricd 

Agc ~ r o u p :  0-9 yean 

Dart Jorrur 

(rnFvIMBq) 

h n c  
Brain 
CIr&ovascular 

E+Mlinnrimr 

Pa 1,0@' 
popularion * 

ElfCcr i~~ dW 
t p i i ~ l e ~  pa- 

C V ~  W1.J 

.4w7a#e 
ncririy ' 

(MBd 

Tc-9% phosphate 
Tc49m ducorulc 
ll-201 chlaidc 
Tc-99m ciythrocyta 

380 
460 
37 
555 

Age ~ r w p :  10-19 y e a n  

Efecriu dnse 
tqu'valmr p a  

craminorion (rnTt,) 

0.025 
0.E4 
2 0  

0 . W  

0.17 
0.05 
0.004 
0.006 

9.5 
11.1 
73 

13.9 

1.6 
0.6 
0.3 

0.08 

1.1 
1-5 

0.08 
0.05 

Bone 
Brnio 
Gr&onrcuhr  

0.010 
0.01 1 
0.36 
0.011 

Tc-99m p h ~ p h ~ c  
Tc-9% glucoru~c 
ll-201 chlaidc 
Tc-99m crythrocytcs 

Agc group: adulu 

no 
690 
55 
830 

6.39 
4.47 
0.79 
1.19 
4.81 
0.16 
1.83 
0.75 
1.12 
1.36 

23.6 

Bone 
Brain 
Grdimnscular 

Livrrhplccn 

Kdncy 
Thyroid 

5.7 
7.6 
19.7 
9.1 

Tdal 

0.008 
0.009 
0.23 

0.0085 
0.014 
0.024 
0.012 
0.009 
0.015 
6.6 

40.3 
38.7 
13.8 
11.7 
7.9 
0.9 
2 5  
3.5 
4.5 
3.4 

127.2 

Tc-99m phorphale 
Tc-99m g l u c o ~ t c  
ll-201 chlaidc 
Tc-9% e r y t h r q a  
Tc.99m cdlad 
Tc39m lm)A 
Tc-99m MMA 
Tc-9% giucomtc 
Tc-99m patuhnctatc 
1-131 imic 

0.20 
0.19 
0.004 
0.006 

790 
962 
76 

1156 
117 
226 
114 
523 
3 0  
0.38 

6.3 
8.7 
17.5 
9.8 
1.6 
5.4 
1.4 
4.7 
3.8 
2 5  
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Tnhlc 32 
Collccllve doses rmni nuclear medicine cxaniinatlons, 1985-1990 

Tuhle 33 
Conlrihulion or various types or nuclear rncdicine examinations la lhc collcclive dose, 1985-1990 
Dara jrom U h ' S C E 4 R  S u r v e y  ojhledical R a d i a t i o n  Usage and E x p o s u r e s  

Examinnrim 

lbnc  
Dram 
GrQovsscuhr 
Lvnlsplccn 
Lung ventilation 
I-un g perfurr on 
L h c y  
Thyroid scan 
Thyroid uptake 

T a l l  

Avnagc dcsc p n  
cxamina~icn (mSv) 

A m a g e  dose 
per capur (mSv) 

G d a r i o n  

Cardovascular 
Eonc 
Thyo ld  scan 
Ldncy  
Lvcrlsplcrn 
Brain 
Lung pcifusi on 
Thyroid uptake 
Lung ventilat~on 

AMUI r d l a t i t r  f l c c r i ~ r  dnrc Numb of a M l i ~ 1 i o n . r  
pa 1,000 popularion 

Conmibuton to r ~ a l  cdlerri tr  dosc (7%) 

Efirr iw  dart  
po aominaion (mT4 

L o v l  
I 

40700 
4930 
49900 
6660 
470 
4160 
BS80 
9290 
1860 

127000 

Lnr l  
I 

4.8 
0.42 
26 
1.4 
1.2 
22 
1.4 
1.0 
0.55 

16.4 

L a d  1 

3'9 
32 
7 
7 
5 
4 
3 
1 
0.4 

Il'orld 

6.3 
6.7 
14 
4.3 
0.3 
1.4 
4.7 
12 
25 

6.7 

0.030 

Ln~cl  
I1 

0.016 
0.006 
0.008 
0.0?3 
0.001 
0.002 
0.096 
0.M2 
0.167 

0.38 

~ c r r l  n 

1 
1 
78 
6 
7 
1 
0.4 
6 

0.m 

It'orld 

41700 
5150 

3MOO 
8-19 
480 
4160 
1WiDO 
32700 
3130 

156000 

L a d s  
111.n~ 

6.3 
8.7 
14 
22 
0.3 
1.4 
4.7 
94 
2 5  

27 

0.0076 

( m ~  S I ~  

Lo ,< /  
I 

6.3 
8.7 
I4 
3.5 
0.3 
1.4 
4.7 
3.8 
25 

5.7 

0.094 

L n r k  
I l l - n  

0.W4 
0.007 
0.014 
0.016 
0.W8 
0.008 
0.023 
0.M6 
0.052 

0.28 

Lor1  
I1 

270 
140 
300 
1330 
1 
7 
1190 
15300 
1100 

19600 

Lavl  
n 

6.3 
5.7 
14 
22 
0.3 
1.4 
4.7 
94 
25 

20 

0.0075 

L m c k  1II.IV 

3 
7 
82 
1 
5 
1 
0.2 
2 

0.03 

Il'orld 

1.3 
0.11 
0.68 
0.38 
0.30 
0.55 
0.41 
0.51 
0.24 

. . -.- 

L a r k  
I l l - w  

690 
60 
260 
460 
3 
I5 
140 
8130 
170 

WOO 

World 

32 
27 
21 
7 
5 
3 
3 
2 
0.3 
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T n b i e  34 
A n n u a l  Indivlduul ~ r n d  collccllvc c r k c t i v e  d o s c  from n u c l e ~ ~ r  r n ~ d l c l n c  e x a n ~ i n a t i o n s  

D o r a  Jrom UN.YCI3R S u r v e y  o j b t e d i c a l  R a d i a t i o n  U s a g e  a n d  E x p o s u r e s  u n l e s s  orhern. ise i n d i c a r c d  

Valuc f a  Bavaria and W& Berlin cnrapdatcd to thc cntirc wuntry (cxcql new BundalSndcr). 
~ o n a p o ~ d r  lo 2.0 mSv/uarninalion (rornc patimlr had rnnc than onc cxaminat~on). ' Ltirnatc amounting for agc dis~ribution d population. 
lligh ~xluc causal by ubiquitous wc o i  1-131, 474  d all cxarninalims wilh an abrragc collcct~vc date pet plicnl d 51.5 mSv. 
Of this valuc 51% is duc to Tc-99m. 4 7 5  to 1-131 and 21% lo all ahc: nuclidca. 

Coung, 

f Gllceivc dosc cunponcnt to worncn is 1,910 nun Sv. 
8 Thc cdlectivc dare due to thc somatic part d thc clTectlvc dose qulval:nl is rcpatcd lo bc 575 man Sv [B20]. 

Probably undcra~irne~c due to low prccisim In cornpulatim. 
Using two difTcrcnt rncthdr to utirna~c callecr~vc dose p a  cxaminrlion h m  1761. lLgh wluc depends on 1-131 rhycid scint~grphy ~ 7 t h  cdlcct~vr d m c  pn 
cuminatim tmng 94 msv. 

1 Mainly duc to use d 1-131. 

Yea- 

- 

Ttrhie 31 
Estl rnalcd d m e s  lo the w o r l d  popu ln l lon  t rorn n u c l e a r  rncdlclnc exnminn t ions  

Aurtralin 
Dulgaria 
Gna& 

Manitoba 
& k c  

G.cchcslma!cia 

Denmark 

Enland 
Gcrmnn Danocra~ic RcpuMic 

Germany, Fed. Rcp. of 
(Baeria and Wul Berlin) 

Cnocce (northern part) 
Italy 

Japan 
Ncthcrhnds 

Poland 
Swedm 
ussn 
Lhitcd Kingdun 
United Stata 

t 'flccri~r date c q ~ i ~ ~ a l c n r  / I E  (my1 J 

Ilrallh-cuc 

1980 
1980 
1980 
I985 
1969 
1983 
1987 
1985 
1990 
1982 
1978 
1981 

1985-1986 
1984- 1988 

1982 
1983 
1989 
1982 
1984 

1981 
1986 
1981 
1982 
I982 

Collrcrit~c 
cflccri~~r 110sc 

( m ~  S I )  Per indiiidual parirnr 

Urslth-cnrr Itvd 11 

Annual col lar i~,c flecrit.c 
dose cqui~mlcn~ ( I #  man St.) 

130 
zn 
6 
4 

160 

I l e d r h c w r  
l o e l  

I 
n 
Ill 
IV 

T d  
Average 

Rrfrrrnce 
Per capu 

lrvd I 

2.5 
8.4 
3.8 
5.2 
6.4 
2 2  
2 4  
3 
3 

3.4 
2 2  

27-32 ' 
2 5  
2 9  
3.3 
4.5 
4.1 
2 9  

2 7  
25.7 

3.5 
8.2 
2 5  
5.0 

Popdolion 
(rnillwnr) 

1350 
26% 
850 
460 

5290 

0.02 
0.11 
0.17 
0.13 
0.42 
O.M 
0.06 
0.05 
0.05 

0.03 
0.02 

0.11-0.12 

0.03 
0.03 
0.04 
0.055 
0.034 
0.03 1 
0.06 
0.05 
0.032 
0.02 
0.14 

0.005 
0.m 

O.M2 

(3hiru 

Lndia 

4960 
21000 

1340 

Annual pa copw rf ict i \e  
darc c ~ i v a l e n r  (mSt.) 

0.09 
0.008 
0.008 
0.006 

0.03 

[ul .  z] 

30 
970 
$200 
127 

3 O t l  
430 
610 
250 
250 

430 ' 
480 
3 0  

7000 

1510 
1890 
2450 

42401 
480' 
450 ' 
X K l  
420 

8600 
loo0 

32100 

1981-1985 

1985-1989 

l u l l  
l u l l  
11-11 

11117) 

In 101 
IIIMl 

~ 3 1  

lE5l 
lA121 

[K 1 O] 
IP20] 
ID111 

[Mll. M12) 

fU2Ol 
lR20l 

(S41. UI] 

IV41 
[sol  
[I 1101 

[MJI. XI] 

6 '  
15-34 ' 
7.9 1 



Tn hl e -36 
Tolal annunl number of rndiolherapy h a i m e n l s  per 1,000 populullon 
Data /ram U-R Survey ofhfedical Radiation Usage and Exposures unless orhenr~isc indicared 

* M a l ~ p a n ~  l r c s r c  only. 
Value rncludcr bnchphnapy. 

c o w q  
Tclcrhaap 

1970-1979 1980-1984 1985-1990 

Brrrzhyrhaapy 

1970-1979 1980-1981 198.5-1990 

0.1 

0.2 

0.08 

0.06 
0.2 

0.17 

0.8 

0.2 

0.2 

0.1 
0.2 

0.3 

0.26 

Argcntina 
Awlralia 
Canada 
Cuba 
Gcchmlmkia 
Dcnmark 
Finland 
Iceland [L16) 
law 
Kuwait 
Luxembourg 
Mdu 
E;&alan& 
New Znlmd 
N-Y 
R m - r  
S d c n  
Switzerland 
Uni~ed Kngdan 
United Slates 
Yugarl~ria 

Avcngc 

0.2 
0.2 

0.05 
0.1 
0.1 

0.M 
0.07 
0.03 
0.1 
0.07 
a1 

0.1 
0.1 

0.9 

0.25 

Ilcmllh-con Icvd 11 

Barbdcs 
china 
Ecuadcr 
India 
Iraq 
Jamaia 
Pcru 
Turkey 

Avnagc 

nrnllh-cuc fcvd I 

1.5 
29 
0.2 
27 
1.2 
1.2 
1.2 
0.7 
0.2 

1.8 
0.6 
3.9 
6.8 
0.8 
1.8 

0.6 

1.2 

20 

29 

0.7 

0.4 
0.5 = 

0.6 

1.0 

1.6 

4.2 

0.4 

1.7 

24 
24 

24 

0.03 

0.09 
0.7 

0.1 

nrnlth-cux lcvd 111 

0.9 

E m  
India 
Myanmar 
Sudan 
'Thailand 

Avuagc 

0.6 
0.2 
0.08 
0.1 
0.1 
0.1 
0.1 
0.7 

0.2 

0.02 
0.01 

0.02 

0.07 

0.006 

0.03 

0.02 

0.01 

0.00 

0.03 

0.2 
0.08 
0.02 
0.03 
0.009 
0.07 
0.04 

0. M 

0.2 

0.0005 

0.02 
0.0003 
0.04 

0.02 

0.04 

0.2 
0.08 
0.09 

0.1 
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Tnhlc 37 
Avcrngc nnnuul nunlttcr of tclcthcn~py tind brachythcrapy treatnicnlc pcr 1,tK)o papulnlion 
Dora from UNSCbjlR S~rrvey of Medical Radialion Ilsage and Exposures, unless o~hern~ise indicared 

PART I: TEIlTllERAPY 

Covnny Y 

Aurtralia 

~ o l o v a l d a  

h a r k  

Rnlaad 

Japan 

&wail 

h'clhcrlmds 

Hew &land 

N a u n y  

Ranis 

Swcdcn 

Yugdaria 

Avmgc 

Lcukacmia 

1970-1974 
1985.1989 

1970-1974 
1976-1960 
1981-1965 
1986-1990 

1985-1989 

1967 

1970-1974 
1975-1979 
1985-1990 

1965-1989 

1987 
1986-1989 

1970-1974 
1975-1979 
1980-1984 
1985-1989 

1970-1974 
1985-1989 

1980 
1990 

1970-1974 
1985-1969 

1985-1989 

1970-1979 
1980-1984 
1985-1990 

Lymphoma 

0.010 
0.021 

0 . W  
0.006 
0.006 
0 . W  

0.009 

0.016 

0.016 

0.028 
0.045 

0.003 

0.009 
0.016 

0.001 
0.002 

0.043 
0 . m  

0.029 
0.024 

0.017 

0.010 
0.029 
0.018 

0.24 

0.009 
0.010 
0.045 

0.015 
0.012 

0.036 

0.015 

0.002 

0.053 
0.068 

0.04 
0.06 

0.040 

0.N: 
O.Ml 

Buhdos 

Ql~na 
Bcijing area 

Enlirc mlicn 

Ecwda 

lndla 

Iraq 

J a m a ~ a  

Peru 

Turkey 

Avcnp  

Brcasf 
IYN)W 

0 
<0.0001 

0.0005 
0.002 

0.0032 

0.009 

1965-1989 

1970-1974 
1985-1986 
1986-1990 

1970-1974 
1985-1989 

1965-1989 

1985-1989 

1985-1989 

1970-1974 
1985-1989 

1976-1979 
1980-1984 
1985-1990 

1970-1960 
1985-1990 

gcniml 
a g a m  

R u p i r d a y  

qam 

0.12 
0.017 

0.058 
0.028 
0.024 
0.017 

0.0% 

0.032 

0.75 ' 
0 . m  
0 . M  

0.021 

0.076 
0.1s 

0.033 
0.027 
0.027 
0.053 

0.044 
0.074 

0.028 

0.075 
0.093 

0.03 1 

0.038 
0 . m  
0.045 

0.016 

0 
0.0001 

0 
0.0001 

0.0007 

0.001 

0.W06 

0.0006 
0.00 1 

0.04 
0.07 

0.042 

0.003 
0.001 

0.003 
0.0006 

0.001 
0.001 
0 . W  

0.016 
0.014 

0.002 
0.007 

0.W7 

0.005 

0 .W 

Wilmr' 
f m u r  

0.003 
0.009 

0 
0.001 

0.0001 

0.M09 

0.0003 
0.000r 

0.03 
0.02 
0.006 

0.002 

0.012 
0.11 

0.19 
0.071 
0.076 
0.075 

0.14 

0.06 1 

0.12 
0.061 

0.022 

0.11 
0.22 

0.086 
0.09 

0.062 
0.078 

0.27 
0.17 

0.13 
1.1 

0.069 
0.14 

0.26 

0.11 
0.11 
0.16 

Ilcallh-crc 

0.27 
0.19 

0.19 
0.15 
0.16 
0.16 

0.18 

0.29 

3.33 
0.075 
0.059 

0.059 

0.49 
0.98 

0.14 
0.086 
0.077 
0.21 

0.18 
0.18 

0.12 
0.53 

0.36 
0.41 

0. 12 

0.12 
0.13 
0.16 

Ilrnlth-rut 

0.041 
0.001 

0.0001 

0.001 
0.004 

0.002 
0.005 

0.0036 

0 

0 . ~ ~ 4  

0.01 3 

0.004 

0.24 

C.019 
0.021 
0.036 

0.008 
0.02 1 

0.01 1 

0.041 

0.055 

0.014 
0.012 

Ncwo- 
M a ~ r o m a  

Icvrl 1 

0.16 
0.29 

0.19 
0.15 
0.17 
0.16 

0.11 

0.m 

234 ' 
0.093 
0.17 

0.029 

0.44 
0.85 

0.13 
0.014 
0.16 
0.20 

0.047 
0.16 

0.12 
0.49 

0.054 
0.077 

0.13 

0.1 1 
0.14 
0.20 

Icvcl I l  

1.3 
0.9 

1.2 
3.4 
3.8 
2 3  

0.064 

0.023 
0.034 
0.037 

0.002 
0.005 

0.0067 

0.037 

0.005 

0.013 
0.016 

0.10 
0.10 
0. I0 

0016 
0.026 

0.19 
0.22 
0.17 

0.016 
0.004 

d L c p r u  

0.35 
0.013 
0.002 

0.012 

0.007 

3.3 

1.2 
3.8 

0 . W  
0.023 

0.007 

0.40 
2 0  
0.48 

0.11 

0.004 

0.002 

0.001 

0.0001 

0.002 
0.002 

0.010 

0.001 
0.001 
0.008 

0.005 
0.009 

0.13 
0.12 
0.046 

0.011 
0.025 

0.16 
0.28 
0.18 

0.015 
0.005 

0.002 

0.002 

0.002 

0.0003 
0.001 

0.007 
0.00 1 

0.06 1 

0.020 
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Tnl~lc 37 (conrinucd) 

PART 11: B W I  M E R A P Y  

+ 

Hcnizn 
discmcr 

Rcrp i rday  
sysron 

I I ~ . I ~ ~ - C ~  I C V ~  In 

Nnuo-  
Mmomo 

Rrcnrr 
rumour 

genital 
aganr  

Cnunm 

Counfy 

H'ilmr' 
rumow 

Benign 
discnrrr 

Brain 
rumour 

Brcnrr 
rumour Yew 

ncal th i srr  lrvd I 

Y e  

O.(Y)05 

0.020 

0.019 
0.018 

0.008 

0.037 

0.019 
0.017 

0.003 

0.0022 

0.023 
0.024 

0.003 

0.008 

0.002 
0.023 
0.009 

O r k r  
rumows 

Prosrare 
IIY)(OIY 

Ainealia 

Crcchcslmab'a 

Denmark 

Japan 

Leukocmia 

0 .01  

0.0003 

0.0002 
0.0001 

0.002 

0.001 

0.0003 
0.0002 
O.MX)8 

0.006 

0.00 17 

0.004 
0. 03.l 

0.008 

0.010 

0.002 
0.004 
0.007 

0.002 

0.0007 

0.002 
0.001 

0 . 0 5  

0.010 

0.0007 
0.002 
0.005 

Eppt 

India 

M>anmar 

Sudan 

Thziland 

Average 

0.034 

0.16 
0.031 
0.016 
0.10 

0.012 

0.035 

Lymphoma 

0.026 

0.0047 

0.01 2 
0.013 

0.009 

0.019 

0.005 
0.012 
0.018 

1965-1990 

1970-1974 

1980-1984 
1985-1990 

1995-1990 

1986-1990 

1970-1980 
1980-1984 
1985-1990 

F d e  gcnilol organr 

1970-1974 
1965-1989 

1970-1974 
1976-1980 
1981-1985 
1986-1990 

1985-1989 

1970-1974 
1975-1979 
1980-1984 

0.0005 

0.0001 

0.0001 
0.0002 

0.002 

0.0001 
0.0001 
0.0006 

RdLun 

0.18 
0.076 

0.003 

0.002 

0.003 

0.024 
0.0007 

Kuwait 

Malta 

Netherlands 

New Zcaland 

Nauay 

Romania 

Sweden 

Yugoslavia 

Avcrngc 

0.004 

0.0035 

0.0002 

0.004 

0.004 

Afmlooding 

---- 

0.0002 

0.022 

0.010 

0.51 

0.006 
0.002 
0.0003 

0.016 

0.020 

0.001 

1985-1989 ---- 
1985-1969 

1968.1989 

1985-1989 

1970-1974 
1965-1989 

1980 

1970-1974 
1985-1989 

1985-1989 

1970-1979 
1980-1984 
1985-1990 

0.010 
0.005 

0.005 

0.004 

0.016 
0.004 
0.024 

0.001 

0 . W  

0.054 

0.001 
0.004 

0.16 
0.002 
0.021 

0.017 

0.001 

0.029 

0.0001 

0.019 

0.068 
0.019 ' 

0.064 
0.16 
0.09 1 
0.034 

0.073 

0.082 
0.19 
0.025 

0.007 

0.002 

0.012 
0.022 

0.W8 

Barbed- 

0l1m 

Ecuada 

lnd~a 

0.006 

0.028 

0.047 

0.0006 
0.002 

1965-1989 

1986-1990 

1970-1974 
1985-1989 

1970-1974 
1985-1989 

0.001 

0.0005 

0.0001 
0.002 

0.015 

0.0005 

0.005 

0.000? 
0.0307 - 

n r ~ l t h - c m  lcvd 11 

0.019 

0.24 ' 

0.0004 

0 . W  
0.015 

0.008 
0.002 

0.02 

0.0003 

0.13 
0.013 

0.037 
0.029 

0.15 

0.16 
0.034 
0.062 

0.00001 

0.066 

0.019 

0.054 

0.006 
0.14 

0.63 

0.M8 
0.035 
0.22 



Table 37 ( c o n l i n u c d )  

Oualifinlions d cnaiw in this Table have t u n  given as fd loul :  

Cuba: 
Denmark: 
Finland- 
Iraq: 

Brain 
rvnow 

0.00s 

Cowtm 

Iraq 

Jama~ca 

Peru 

Avcrage 

Data for 1985-1969 from Nova Scotia nnd Rincc Edwrrd l d a d  about 4 2  ofthc population of the muntry. Dan for urlicr periods f r a n  
Nova Scuia only, about 3.5% of the population of thc country. 
Data from PIUfO. 
Data also f ran  p16j .  
Data also f r m  [Llbj. 
Data from lmtitutc 01 R a d i d o p  md S u d u r  Mcdicinc, Baghdad. 
Da~a born Kingston I1mpit.l only. 
Data also irom [06]. Values f a  1988-1989 ore numbcr of trcatmenls, not padcnts. 
Data also from [Llbj. Vnluu include palliatlvc trcatmcnts: d m u  f a  curativc trcatmmts only arc about lo% higher. Valuc gvcn for knign  
discax is f a  1990. 
Data also f ~ o m  bib]. Data lor telnhmpy arc scaled up hom non-random sample of 33% d patients (ncithn af~aloadtng nor hcadmak 
arc cvcnly dirlrilutd in the country.) Data f a  hachyhrrapy arc scaled up horn nm-random sample of 2 8 5  of patients: thcrc were m a c  
childrcn than average. 
Data from Ilaccttepc Univcrsi~y (2% d thc papulatim). 
Data la tclctherapy exclude Montmcgro. Vojvodina and );omlo. Dab f a  bnchythc:apy arc for Goatia mly (about 20% d thc pcpulatim 
d the famer Yu@awa). 

Brcmt 
r v ~ w  

0.012 

Year 

1985-1989 

1985-1989 

1970-1974 
1985-1989 

1970-1979 
1980- 1984 
1985-1990 

ncnllh-cur lcvd 111 

" Number of trcatmcnts, not patients. * Val* is for buh Ieukcmia and lymphana. 

O r b  
lwnoyrs 

O.MI 
0 . W  

0.cOLv 

0.W2 

LiLum nd n d ~ u m .  
RaLum and acrlurn. 
Manual adrnrninralion d ucrium-137. 

ha t ra fc  
1-w 

0.00001 

H c m ~ n  
d u e m u  

0.012 

O.M1 

0.0006 

Ew@ 

Myanmar 

Sudan 

nailand 

Avmagc 

F c d c  fenilol W ~ O N  

0.005 

0.01 I 
0.012 
0.016 

0.041 
0.016 

0.008 
0.029 
0.010 

0.0002 

1985-1990 

1975-1979 
1960-1984 
1985-1990 

1985-1990 

1981-1985 
1986-1990 

1970-1979 
1960-1984 
1985-1990 

* 

R u f k  

O.ID9 ' 

0.06 1 

0.031 
0.044 

0.024 

0.002 

0.M03 

0 . m  

0.012 

0.016 

~ f i r r l o d i n f f  

0.013 
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Tnhle 38 
Agc- nnd scw-dlslrihullon or pnllcnls undergoing Lclclhcmpy nnd t)rnchylherepy Lrculmenls, 3985-1990 
Dora /ram UNSCW R Sunvy of Medical Radiution Usage and Exposures 
-- ---  

PART I: 7EEllERAF'Y 

Scr diswibvrion (5%) 

hfalr I F d e  
Ilcdth-care 

ln,cl 
Cowhy 

A#c dhributicm (%) 

>40 ycnrs 0-15 ycars 

34 
52 
6.7 
23 
40 
78 
29 
0 

39 

1 1  
27 
18 
29 

27 

47 
50 
4 

32 

L u k x r n i s  

45 
9.6 
u) 
30 
35 
0 
30 
5 

17 

33 
39 
21 
10 

38 

34 
46 
13 

29 

16-40 )uws 

21 
38 
73 
47 
25 
22 
41 
95 

43 

M 
34 
60 
87 

35 

19 
4.2 
83 

39 

I 

I1 

nr 

63 
60 
53 
60 
70 
71 
n 
M 

61 

50 
63 

M 

63 

66 
50 
51 

56 

Awtr~l ia  
Czcchohlovaki~ 
Kuuqi l 
Ncw b l a n d  
K a u a y  
Rcmunia 
swcdrn 
Yugoslavia 

/\wage 

E a d a  
India 
lraq 
Tut key 

Avaage 

ED?[ 
Mpnmzr 
Thailand 

Average 

I 

D 

n~ 

37 
do 
47 
40 
30 
29 
43 
M 

39 

50 
37 
a 
44 

37 

34 
50 
49 

44 

70 
6 1 
64 
35 
69 
68 
79 
50 

64 

57 
39 
27 
13 

39 

46 
73 
64 

60 

Rrr.11 cumour 

Lymphan. 

21, 
39 
23 
41 
28 
3 1 
18 
33 

2.5 

40 
38 
53 
?3 

36 

37 
2 1 
26 

3 

53 
53 
56 
69 
64 
n 
55 
50 

55 

78 
75 
zz 
13 

75 

62 
63 
60 

62 

Aurcralia 
Gcchorlovakia 
Japan 
Kuu-if 
Ncw Zealand 
Naway  
Su,cdco 
Yugoslavia 

A r n a p  

E w d a  
In&a 
baq 
Turkey 

Arnage 

ED?! 
Myanmar 
7h.iland 

Arcrage 

47 
47 
44 
31 
36 
43 
45 
50 

45 

22 
2.5 
a 
67 

2.5 

38 
37 
do 

38 

4 
0 
13 
24 
23 
1 
3.8 
17 

11 

18 
23 
20 
63 

23 

16 
5.4 
9.3 

1 1  

I 

n 

69 
86 
60 
92 
89 
93 
95 
92 

90.4 

67 
71 
72 
60 
71 

71.5 

1 I 
14 
39 
7.6 
I I 
7.3 
5 
6.3 

9.7 

M 
29 
28 
40 
29 

28.3 

1 
1 
0 
1 
0 
0 
2 
0 

0.5 

5 
0 
1 
0 
0 

1.1 

Atntral~a 
Gechelwabr  
K u u a ~ t  
New Zealand 
Nuway 
Rmunra 
Surdcll 
Yugdavia 

Amsgc 

mim 
b d a  
lndla 
Iraq 
T w L y  

Avnrge 

99 
99 
100 
99 
1 0 0  
1 W 
98 
100 

99.5 

95 
1 0 0  
99 
1W 
100 

98.9 

0 
0 
0.9 
0 
0 1 
0 
0 
0 

0. 0? 

3.1 
0 
0 
0 
0.1 

0.1 



I lcdrh-rmc 

lnvl 

ni 

Cowrrry 

Em 
Myanmar 
Thailand 

Average 

Agc dkoiburim (St) 

O15 .vcnr~ 

0.7 
0 
0 

0.2 

Scr dirrrihrrion (SF)  

.Udc 

1 
1 
0 

0.6 

99 
97 
95 
95 
98 
99 
95 
% 
87 

94.9 

67 
88 
87 
91 
88 

84.7 

82 
97 
n 

84 

75 
59 
8 1 
85 
67 
75 
Y 
69 
90 

76 

71 
68 
80 
83 
94 

79 

61 
71 
23 

.57 

16-40 years 

36 
17 
4 1 

32.8 

Fcmdc 

99 
99 
100 

99.4 

23 
1 1  
19 
15 
33 
23 
66 
3 1 
10 

24 

29 
12 
20 
17 
6 

21 

19 
29 
'77 

43  

lun%thoru 

1.3 
3.2 
5 
3.6 
1.5 
1.4 
5.1 
3.4 
13 

5.1 

32 
12 
13 
8.4 
11  

15.1 

18 
3.3 
23 

16 

1 

n 

UI 

>10 years 

63 
83 
59 

66.9 

Australia 
Crccholwaha 
Japan 
&wait 
New &land 
N a u a y  
Romrnim 
Sweden 
Yugoslavis 

Average 

Olina 
Ecuada 
India 
Iraq 
T U w  

A m a g e  

E m  
Myannur 
Thailand 

Avcragc 

88 
89 
87 
66 
78 
91 
58 
94 
86 

04 .O 

89 
64 
75 
58 
68 

76.4 

67 
93 
70 

75.1 

I 

D 

ll1 

0 
0 
0.2 
1.8 1 
0 
0 
0 
0.2 
0 

0.1 

1.6 
0 
0 
1 
0.7 

0.2 

0 
0 
0 

0 

0 
0 
0.3 
25 
0 
0.8 
0 
0 
0 

0.2 

0.6 
1.4 
0 
1.6 
11  

0 1 

0 
0 6 
0.1 

0.2 

Aufralia 
Czcch~lwaha 
Japan 
Kumi 1 

Ncw Zuland 
Nuuay  
Romania 
Sweden 
Yugorlam 

Avcragt 

a na 
Ecuada 
bdi  a 

Iraq 
Turkey 

Avcragc 

EWPc 
Myanmar 
Thailand 

Avnagc 

Wilm~' lunlour 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

a 
0 
0 
0 
0 

0 

0 
0 
0 

0 

G y n s r c d q i c d  

12 
11 
12 
30 
Z 
7.9 
42 
5.9 
14 

15.4 

10 
14 
25 
4 1 
21 

23.4 

33 
6.4 
30 

24.7 

100 
100 
100 
100 
100 
100 
100 
100 
100 

100 

P 

100 
100 
100 
100 

100 

100 
100 
100 

100 

0 
0 
0 
0 
0 
0 
0 

0 

% 
55 
67 
50 
100 
80 
50 

60 

44 

45 
33 
50 
0 
20 
50 

40 

0 
5.5 
0 
0 
0 
0 
0 

1 

!00 
95 
100 
100 
100 
100 
100 

99 

1 Auatrdia 
(lechalovaha 
liu\nil 
Ncw b l a n d  
Nuway ' 
Sweden 
Yugalana 

Avcragc 
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Tul)lc 38 (conlinucd) 

Jlralrh-cmr 
lor1 

U 

Ill 

S a  duwibu~ion (%I 
Covlby 

F m d a  ' 
India 
lrnq 
T w L y  

A ~ r r a g e  

Myanmar ' 
Thailand 

Average 

Male 

100 
68 
50 
68 

68 

40 
33 
44 

40 

F r d r  

0 
32 
50 
32 

32 

60 
67 
M 

60 

44 
0 
50 
50 
29 
20 
50 

35 

50 
36 
33 
33 

36 

n 
100 
36 

59 

Age dirpib~ia (5) 

56 
100 
50 
50 
71 
80 
50 

65 

50 
64 
67 
67 

64 

47 
0 

63 

40 

SrumblmLorrw 

B e n i p  d i t c u n  

>10 years 

0 
24 
0 
0 

23 

4 
0 
5 

1 

0.15 yews 

100 
65 
100 
100 

66 

% 
100 
100 

99 

6 
0 
0 
0 
50 
0 

30 

14 

0 
10 
0 
0 

10 

o 
0 
0 

0 

IMO .WS 

0 
I I 
0 
0 

11 

0 
0 
0 

0 

44 
67 
25 
0 
33 
0 

40 

37 

50 
17 
0 
11 

17 

10 
0 
0 

4 

1 

n 

UI 

I 

I1 

90 
99 
58 
u 
52 
39 

63 

92 
54 

55 

Australia 
G c c h m l w a h a  
Kumi t  
Ncw 7xaiand ' 
h'au*ay ' 
Swcdcn * 
Y u ~ a v i a  

Avaagc 

E n u d a  
India 

La¶ 
Twky 

Average 

E Q ~ I  
Mpnmar ' 
'Ihailand 

Average 

Alattal~a 
Gccharlovaba 
Japan 
Kunait 
New Zuland 
S n d m  

A m a g e  

E n u d a  
lnd~a 

A\nngc  

All malipml tumoun 

50 
33 
75 
100 
16 

100 
30 

49 

50 
73 
100 
89 

73 

90 
100 
100 

% 

65 
36 
58 
50 
55 
42 

56 

96 
51 

52 

35 
64 
42 
50 
45 
58 

44 

2 5  
49 

48 

1 
0 

4.2 
4 

1.6 

3 

0 
3 

3 

I 

U 

9 
1.4 
38 

41 
60 

34 

8.3 
43 

43 

85 
93 
85 

86 

72 
72 

72 

Japan 
Nahcrlandr 
Romann 

A m a g c  

O u n ~  
India 

Average 

49 

37 

47 

44 
19 

22 

51 
u 
63 

9 

56 
81 

78 

2 4  
0.2 
1.3 

2 

4.3 
3 

3 

13 
6.4 
14 

13 

24 
25 

25 



PART 11: BRAC1fi-ll W A P Y  

l / c d f h ~ c ~ r  
Inrl 

counrry 

Brrnal l u m w r  

I 

n 

II1 

Age-dimib~ion 0 

0 1 5  yews 

.k -dLhihuion 0 

Auswalia 

a i m  
India 

Asrrsgc 

Thailand 

Mole 

Prmmk Lurnour 

16-40 ycars F c d r  

0 

3.1 
0 

2 

0 

1 

U 

>40 years 

23 

M 
0 

17 

63 

Australia 
Crechatlavakia 
Naua y 

Avetagc 

Turkey 

Cynarcdogicnl (radium) 

n 

67 
100 

61 

37 

0 
0 
0 

0 

0 

1 

II 

Ul 

0 

5 
0 

3 

0 

0 
0 
0 

0 

0 

Australia 
(itEhmlova!sia 
Naua y 

Avcragc 

China 
Ecuadu 
India 

kaq 
Jamaica 
Pcru 

Average 

'Ihailaad 

100 

95 
100 

97 

100 

Cynnccdo@icd (dtrrloading) 

100 
100 
100 

100 

100 

0 
0 
0 

0 

0.6 
0 
0 
0 
0 
0 

0.3 

0 

100 
100 
100 

100 

100 

19 
0 
10 

12 

10 
22 
40 
0 
16 
12 

22.2 

56 

91 
63 
74 
86 
95 

86 

90 
58 
73 
55 

E?.7 

67 
6(, 

66 

1 Australia 1 Gcchat la!s i r  

0 
0 
0 

0 

0 

0 
0 
0 
0 
0 

0 

0.6 
0 
0 
0 

0.3 

o 
0 

0 

n 

ni  

Rrsin tumour 

8 1 
100 
90 

66 

69 
78 
60 
1M) 
64 
66 

77.2 

4 1 

6.9 
17 
25 
12 
4.7 

12 

10 
42 
n 
45 

17.3 

33 
34 

34 

0 
0 
0 
0 
0 

0 

0 
0 
0 
0 

0 

o 
0 

0 

Now Zcaland 

h'orway 
Swcdm 

Average 

Q i o a  

Ecuada 
lndit 
Turkey 

Avoage 

Thailand 

Avc~agc 

100 
100 
100 
100 
100 - 
100 

100 
100 
100 
100 

100 

100 
100 

100 

0 
0 
0 

0 

0 
0 
0 
0 
0 
0 

0 

0 

100 
0 

8 1 

37 

0 
100 

19 

55 

I 

II 
1 

100 
100 
100 

100 

100 
100 
100 
100 
100 
100 

100 

100 

Australia 
Ncrway ' 

Avnagc 

China 

100 
0 

6 1 

64 

0 
0 

0 

7.3 

0 
100 

19 

3 



Tuhlc 38 (continued) 

Thc cntr iu in this Table arc qualified as follow+: 

hfyannw: Data horn Ynngon Gcnual  Hospital only. 
Romania: Data arc from a u m p l c  o f 4  of thc popula~ion in 1990. F a  Ieukacmia, values indudc lymphoma. F a  'All m l i p n n t  turnours', data are 

for Cod0 only, namely Y d all palienu; moll a h a  patients wcfc t ru ted  u i th  x mys. 
Thdand:  Data horn Department of Radidogy, N a t i d  CUK;Q Institute, Bangkok. only. 
Turkey: Data arc la 1986-1990. 
Yugalavia: Dala arc fa Scrha  only ( a h 1  40% of Ihc population). 

I l ed lh - rmc 
l o r 1  

Three paticn~s. 
Fivc paticnu. 
One patient. 
Four patients. 

' Six palicnts. 
1 Two patimu.  

k .d imibur ion  0 
covnhy 

Male 

Other  tu rnaun  

F d e  

~~c-diruibwim 0 

0.15 yews 

100 
11-66 
58 
50 

60 

68 

30 

Id40 y c u s  + I 0  ycors 

0 
3 -89 

42 
50 

I S  

32 

70 

100 
95.96 
0 
0 

66 

12 

46 

0 
4-5 
0 
0 

1 

0 

0 

I 

n 

n l  

Benign diaern 

0 
0 

100 
100 

3 1 

88 

54 

Australia 
O e c h a l w a k i a  
Nau-ry 
Swcdcn ' 
A m a g c  

India 

h i l a n d  

100 

100 

22 

22 

I 

n 

0 

0 

7 

7 

Ctcchcalovoldr 
k a i  t 

Avcslgc 

India 
Jamaica 

Avaagc 

All malignsnt Lumoun 

0 
80 

12 

48 
30 

48 

0 

0 

71 

71 

100 
20 

88 

52 
70 

2 

85 

72 

I 

D 

1.3 

4.3 

Romania 

China 

37 

44 

14 

24 

63 

56 



Tnhle 39 
Doses to paticnk undcrgolng rndiaUon tclclhcrapy nnd brnchythcmpy, 1985-1989 
Data jrom UNSCWN Survey o j  Medical Radiation 1/sage and i3posures 

PART I: lELETl tIXAl'Y 

Target 22 (10-35) 40 (3040) 47 (35-70) 51 (25-70) 55 (30-75) 30 (1540) 30 (1540) (3.30) 
Surface 17 (640) 36 (7.5-69 44 (9.9-71) 41 (11-70) 42 (9-86) 19 (15.35) 20 (5.649 (0.949 

Lraq 

Jamaica 

Pcru 

Targd 

Tafgd 
Surface 

Target 
Surface 

Ilr~lth-carr lrvd m 

20 (18-24) 

18 (18-24) 
12.6 

(12.6-17) 

35 (3540) 

35 
40 

(25.50) 
32 

(15.30) 

M 

40 (4040) 
41.9 

(41.9628) 

60 
26 

45 (40-50) 
27 

(24-30) 

(5040) 

40 (2040) 
42 

(2142) 

30 
24 

65 ( 6 0 4 9  
39 

(36-39) 

Egypt 

Myanmar 

Sudan 

Thailand 

45 (4045) 

40 
47 

60 (50-70) 
66 

(41-58) 

24-35 

30 (2040) 
M. 1 

(20.140.2) 

40 
32 

30 (27-30) 
18 

(16.2-18) 

Target 

Target 
S u r f ~ ~ c  

Targel 
Suriacc 

Target 
Surface 

30 (3010) 

40 
46 

50 (60) 
45 

( -3) 

40 (2040) 
40 

(2040) 

I5 
20 

24 (21-24) 
14.4 

( 1 . 6 - 4 . 4  

40 

30 
3 

40 (40.50) 
24 

(24-30) 

(9-15) ' 

50 (45-59 

50 
R 

50 ( a d o )  
21 

(20-70) 

40 (2040) 
42 

(21 42) 

45 

44 (4046) 
Z .4  

(24-?7.6) 

50 

M (4040) 
52 

(4 1.5423 

40 
(3640) 

SO (45-50) 
30 

(27-30) 

35 (3040) 

40 
47 

30 (2040) 
21 

(14-28) 

40 

40 
47 

30 (25-35) 
20 

(17-24) 

15 
18 

17 ' 
(12-23) 



PART 11: DRACIIYTIEMPY 

Ihc cnlrics in this T ~ b l c  arc q u l ~ f i e d  a t  i d l o w  

Covnny 

China: Undn  telclhcrapy, thc scsond n l u a  roc the surface d s c  region under breast tumow. lunghhaax twnour and gyruccologid t m w  arc 
from a n;rtimuidc study. 

hf~o.0~101: Lhta h o m  Yangon flcrpital mly.  
7'hailond: Data h m  Lkpartmcnt of Radrdogy. National G n u r  Inn~tutc, Rang)tok, mly.  
t 'u~oslaiia: Exdudtng Monrencgro, Vojvodiru and Kaovo. 

. , ' ?he cn t l ana  rmfacc d m c  (Gy) has bcm c s t ~ m a ~ e d  Iran exparwc (R) multipl~cd by 0.008710.75. This applies also lo  range 
E;rlcid. 

T a r ~ a  ahsabuf dose (Cy) (RMXC in porenihcru)  

Urs l th -cuc  l cvd  I 

Rrensr 
rumour 

Aurtrdia 

G c c h u l c m l d a  

Kuwai I 

Maltn 

Nctherlandr 

Xew & l a n d  

N a u a  y 

Sweden 

Ernin rumow 
Prasrorc 
IIYMW 

Gynaecdogkd  

Rdiwn Afmloadin# 
Orher rruwurs 

20 (10.30) 

20 (2040) 

Ilrmlth-cnrr I rvd  I1 

Bcnign 
&rare 

9 (54- ) 160 (160- ) 

20 (15-20) 

Barbador 

QIma 

W d a  

India 

Iraq 

Jamaica 

Pcru 

34 (10- ) 

(4040) 

20-30 (20- ) 

(3040) 

u) 

(20-25) f 

20 

ZS (20-50) 

Ucal th -cm lcrr l  111 

25 (2040) 

40 (3040) 

33 

30 (32) 

29 (15-75) 

26 

15 (10-20) (8-75) 

38-60 W40) 

25 (2040) 

40 (3040) 

70 (65-75) 

20 (10-30) 

36 

24 EBF' 

Myanmar 

Sudan 

mailand 

(30-35) 

29 (1440 

60 (4040) 

38 

30 (40) 

49 (15-82) 

201 

26 (39) 

44 (3045) 

25 (20-30) 

40 (40- ) 

60 

35 (15.75) 

25 (25. ) 

(2045) 

40 (30-50) 

30 (=-30) 

30 

48 

30 (25-30) 
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Table 40 
I)oses from scatkrcd n id i i i l l on  from lhcrtrpy using coha i l -60  
11319, 141 

" Arruming bone marrow in bum gels 60% of d u e  to urge1 agan.  
* O r p  in beam. 

O r g ~  

Gooads 
Breast 
Red bone manow a 

L u g  
Thyroid 
Bone surface 
Remainder 

Brain 
Icdncy 
Parlacar 
Splem 
U t a w  

Effective dose 
cquivalcnl (HJ 

Effenivc dcsc (E) 

Table 41 
Collective eTlective dose from radiothcrtrpy In the Netherlands, 1978-1979 a 

[B191 

h'ormalirad d m  lo rirsuc ( d l !  per Gy ro ra rga  q n n )  

Breast cancer and skin ancer  disregarded becawc lhcrc arc no &la on scallered radialion: lung cancer disregarded because tralment is in most asu only 
palliative. 
A large1 dose of 60 Gy i s  arsurncd. 

' Per patient. ' 21.000 ndiolhtapy paticaw cure rate 50%. at m u 1  0.1% r c c a d  canctrs in urgct agans  [IJ]. yield 5.25 ' J l h  from seccnd cancers. With a probbility 
uxlficient of0.0125 p a  man Sv [Ill. 5.25 d u t h r  c a r r u p d  to 5.25rn.0125 = 4?0 man Sv. 
G n c n  falalily prcbatility d ~ c i e n ~  is 0.05 pec man Sv [18]. 

Targel in ~ c k  

T n ~ c r  region 

Neck 
Thorax 
Panncar and gall blsddu 
Pelvis 

Fcmalc 

0.1 
0.3 
6.7 
0.9 

5.0 

1.7 
0.1 
0.1 
0.1 
0.1 

1.8 
1.1 

I 

Effccrirr dasc ' ( d t )  

Ma le  

0.1 

6.1 
0.9 

4.8 

1.9 
0.1 
0.1 
0.1 

1.5 
0.95 

Male  

64 
1790 
963 
496 

T q e l  in b o n c h w  T a r ~ c l  in ccnrrd pclr i t  

Cdl&ve dow (man Sv) 

Addition for t a r e  r c ~ o n  

T d  

K& ofparknu 

F d c  

fl 
1370 
680 
1020 

F m d e  

0.1 
19 
66 
127 
82 
30 

3.3 
1.9 
3.6 
3.8 
0.2 

37 
30 

Targct in pancrrm 

F r m d c  

b 

0.5 
65 
0.5 
0 
13 

0.1 
4.5 
27 
26 

11 
8.3 

18630 

420 ' 
19050 

M a l e  

414 
317 
1635 
4533 

Effmritr d m  cquivalmr ( d r , )  

10330 

105 

10435 

Malc  

0.1 

62 
95 
78 
3 1 

3.4 
1.4 
3.5 
3.0 

26 
23 

Fcmale 

4.0 
11 
67 
21 
0.8 
24 

0.2 

212 
6.2 

55 
16 

M a l e  

47 

60 
0.5 
0 
13 

0.1 
4.0 
1.9 
1.8 

22 
17 

F d e  

626 
33 1 
18% 
4078 

Male  

108 
2210 
3320 
67 1 

Lfolc 

0.5 

58 
18 
0.7 
23 

0.1 

183 

32 
11 

F d c  

92 
1540 
1910 
1300 



Tehlc 42 
Ejtimutcd dmcs lo thc world popul~Uon lmm telclherapy and brachytherapy 

' V d u u  u c  baed m cffcaivc dose. E assuming 10,403 rnm Sv p a  14.3 &llim pcpulation (ligwes from Ihc Nelhnlandr 18191) = 730 nun Sv per millim 
population rl healthcue lcvel I and r lrutmmt frequency d 0.0024, i.c. 730124 = 300 m a  Sv p u  1,000 procedwu. 

Ilralrh-cmc 
/me1 

I 
n 
III 
N 

Taal  
A ~ r r a g c  

Table 43 
Total annual number of treatments with radiopharmaceuticals per 1,000 population 
Data from UNSCEAR Survey of Medical Radiarion Usage and Exposures 

Popdali0n 

(millioru) 

1350 
~ 3 0  
850 
460 

5190 

Corrnhy 

AMW/ nrunbn 
q(pror&es 

p 1.000 popdarion [UI] 

2 4  
0.6 
0.1 
0.05 

0.9 

1970-1979 

Number 01 
procaluru 
(millionr) 

3.2 
1.6 

0.085 
O.M3 

4.9 

B c a l t h s v e  Icvcl I 

1 

AMW/ cdlatire 
r/licrirr d m  
(ld man .Sr$ ' 

980 
a 0  
26 
7 

15M 

1980-1984 

Argcnlina 
Australia 
Belgium 
Canada 
Czechoslovaha 
Denmark 
Finland 
Japan 
K w i t  
Lucmbourg 

1985-1990 

0.15 
4 

0.073 
0.13 
0.32 
0.049 

0.15 

0.12 
0.18 
0.36 
0.025 

Avnagc 

Counlry 

0.16 
0.14 
0.31 
0.88 
0.18 
0.21 

0.030 
0.018 
0.19 

0.086 

1970-1979 

Malta 
Netkrlan& 
New k l a n d  

N w y  
Romania 
Swcdm 
Suimrlmd 
Unild Kingdm 
Yugoslavia 

Ucalth-cuc Icvcl I1 

0.093 

Barbados 

h d a  
India 

1980-1984 

0.16 
0.059 

0.34 
1.55 

0.10 

1985-1990 

0.007 

0.097 

0.051 

0 . 3  

Average 

0.075 

0.17 
0.12 
0.052 
0.43 

0.11 

0.15 
RQ35 
0.0065 
O.OOM 

0.014 

Iraq 
Jarnlia 
Pcru 
Turtey 

0.021 

f l rml thcuc  ltvcl In 

E m  
M>anrmr 
Sudan 

0.17 
0.013 
O.MS 
0.01 1 
0.008 

0.064 
0.014 
0.001 

A m s g e  

0.06 1 
0.01 1 
0.003 

0.025 

0.062 
0.005 
0.006 

0 . W  

Thailand 
Turuua 

0.025 

0.008 
0.035 

0.011 0.013 
0.042 
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l'nblc 44 
Avcragc nnnuul nunibcr or lhcnipcutlc lrcatnicnts wllh mdlopharni~cl.ullcnls per 1,000 popultlllon 
Data from UNSCEAR Surwy o/hicdicol Radiation Usage and Exposures unless orhernice indicoled 

Pdycy~haemia two Ilypm~hyrdirm Colrnmy Yew 01hcr ~unwlos Jh?~oid IY-s Benign dbrpru 

0.013 
0.012 
0.024 
0.010 

0.28 

0.011 
0.007 
0.008 
0.009 

0.012 
0 . ~ 0  

0 .08  

0.014 
0.036 

0.0008 
0.001 

0.032 
0.034 

0.022 

0.025 

0.005 

0.014 
0.024 
0.016 

0.001 
0.012 
0.018 
0.022 

0.006 
0.005 
0.001 

0.022 
0.012 

0.001 
O.M3 

0.013 

0.053 

0.009 
0.013 
0.PJ 

0 .P2  
0.01 1 

0.023 

0 
0.024 
0.038 
0.055 

0.008 
0.005 

0.006 

<0.001 
0.52 

0.003 
0.001 

0.52 

0.014 

0.013 
0.025 
0.018 

Argentina 

Aurlmlia 

Belgium 

Gnada 

Gechcslovatia 

Denmark 

finlaad [A121 

Japan 

l i m i t  

Malta 

Nclhcrlanb 

New Laland 

Nauay 

Romania 

S d c a  

Suilrcrl~nd 

U n i ~ d  IGngdan 

Yugda\in 

Avcragc 

1965-1989 

1970 
1980 
1984 
1991 

1966-1990 

1985-1989 

1970-1974 
1976- 1980 
1981.1985 
1986-1990 

1977-1980 
1981-1985 
1989-1990 

1975 
1982 

1985-1989 

1985-1989 

1985-1969 

1984 

1970-1974 
1985-1989 

1970-1974 
1985-1989 

1980 
1985-1989 

1990 

1970-1974 
1985-1989 

1976 

1981-1985 

1985-1989 

1970-1979 
1980-1964 
1985-1990 

ntsllh-cuc lrvd I 

0.16 

0.00 1 
0.024 
0.022 
0.11 C 

0.009 

0.016 
0.031 
0.035 
0.050 

0.023 
0.029 
0.023 

0.005 
0.038 

0.025 

0.016 

0.003 

0.W1 

0.001 

Barbadoa 

mna 
Bcijing area 

Entire nnlim 

Ecuada 

India 

Iraq 

0.13 
0.12 
0.063 

0 . 9  

0.013 
0.022 
0.022 
0.046 

0.097 
0.15 
0.19 

0.29 
0.28 

0.005 

0.064 

1985.1989 

1985.1989 
1986-1990 

1970-1974 
1985- 1969 

IVBS-1989 

1985.1989 

0.15 

0.01 1 0.00006 

0.002 
0.003 

0.0006 

0.012 

0.097 

0.016 
0.005 
0.0056 

0.005 
0.00J 

0.(UY 

0.01 1 
0.018 

0.004 
0.019 

O.W 1 
0.013 
0.038 

0.14 
0.11 

0.033 
0.084 

0.010 
0.009 
0.004 

0.31 
0.39 

1.0 

0.015 

0.009 

0.059 
0.033 
0.063 

0.14 

0.029 

0.068 
0.10 
0.022 

ncnlth-csrr Irtd II 
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l'nble 44 (conlinucd) 

The cntriu in this Table arc qualified as follour: 

C a ~ d n :  Nma S a i a  Prorincc mly (abart 3.5% of the population). 
T u b :  Khta are from Gad Univartty (1% of the population). 
)irgarlavw: Lhu exdude Mmtcncgr~ Vojvdna and Korovo, *otherg turnours and benign drsuscs b a r d  on Goatia data mly ( a h  20% d the 

population) 

Counrry 

Jamnica 

Pcru 

Twkcy 

Avnage 

Valuc rs f a  bolh lhyrad turnoar and hypmhyroidim. 

Pdyc?.rhocmin turn 

0.M01 

Yew 

1970-1974 
1985-1989 

1985-1989 

1991 

1970.1979 
1960-1984 
1985-1990 

nrallhsur kvcl  

01b I-WS 

0.011 

Th,+oid 1-1 

0.093 

O.MZ 

0 . m  

0.0001 

Benign diseasu 

0.018 

I f y p ~ h ~ r a L i i s m  

0.077 
0.005 

0 . a  

0.008 

0.OOE.i 

O . W o 6  
O.Wl5 

0.0009 
0.002 

0.00 1 
0.002 

Ei3P 

Myanmar 

Sudan 

Thailand 

Tunisia 

Avcragc 

<0.0001 
~0.0001 
0 

0 . W  
0.00003 

1975-1979 
1960-1984 
1985-1989 

1975-1979 
1960-1984 
1985-1989 

1975-1979 
1960-1984 
1985-1989 

1976-1980 
1981-1985 
1966-1990 

1970-1974 
1985-1989 

1970-1979 
1960-1984 
1985-1990 

0.024 
0.017 
0.012 

0.0006 
0.001 

0.0002 

0.001 
0.M01 
0 .W3 

0.010 
0.014 
0.039 

0.013 
0.OlD 
0.0038 

0.0005 
0.002 
0.0038 

0.008 
0.011 
0.013 

0.01 1 
0.013 

0.010 
0.009 
0.01 1 

0.023 
0.027 

0.012 
0.025 
0.020 
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Ttlblc 45 
ARC- and sex-dlstrihutlon of pallcnlc undcrgolng treatment wllh rwdlopharmaceuticuls, 1985-19!M 
Dora from UNSCFAR Survey oJAIedica1 Radiation Usage and Exposures 

5he rnrrlcr in this Table are qualified as lollour: 

Cnnndar Nova Scotin Prownte cnly (ahout 3.55 ct the popitlalion). 
Hamnnin: Data arc for 1990 mly.  
Thailand: Data arc from Dcpartmcn! d Had~dogy.  Natimal C a n m  lrxtitutc, Bangkok and Rajasl th~ Ilcspiml only. 
Yugaslav~: b t a  arc la Scrha  only (about 40% o l  the populnlion). 

IIcd~h-cwc 
lnrl 

S a  dirbibu~ion (%) 
Cowtny 

Agr disbiburim (%) 

Male 

Thyroid l u m o u n  

Female > I 0  years @IS ycars 14-40 )uws 

75 
26 

78 
60 
68 

100 

68 

84 

25 
74 

3 
40 
32 

0 

32 

15 

0 
0 

2 
0 
0 

0 

0 

0.7 

I 

U 

III 

IIypcrthyroidirm 

10 
31 
37 
33 
7 
U) 

25 
50 

10 
40 
20 

13 

Qna& 
G e c h a l u v a t i a  
K w i l  
Nethcrlan& 
New Zcaland 
N a w y  
Romania 
Yugmlana 

E n u d a  
Iraq 
Pcru 

Thailand 

90 
69 
63 
67 
93 
60 
75 
M 

90 
60 
60 

n 

74 
51 
68 
72 
66 

100 

33 
43 
67 

42 

69 

26 
49 

32 
28 
14 

0 

67 
55 
33 

58 

31 

o 
0 
0 
0 
0 
0 
0 

0 
1.5 
0 

0 

0 

I 

I1 

m 

Pdyrylhacmia vrra 

25 
26 
19 
25 
22 
25 
10 

29 
26 
I5 
21 
33 
30 

17 

Canada 
C z e c h a l w r b a  
Netherlands 
Ncw Zuland 
X m - r y  
R m i a  
Yugoslavia 

a i m  
Beijing arm 
Entire naticn 

E m d a  

hq 
Jamaica 
Peru 

Thailand 

75 
74 
61 
75 
78 
75 
90 

71 
74 
65 
79 
67 
70 

63 

57 
0 
17 

0 
0 
0 

I Gcchmlovnkia 
New Zuland 
Y u g d a v i r  

Other  tu rnoun  

43 
100 
63 

51 
53 
90 

90 
n 

I 

49 
47 
10 

0 
0 

G c c h a l w r h a  
N a u r y  

Benign d i a c v n  

61 
0 

9.8 
23 

39 
100 

100 
100 

I 0 
0 

G n a &  
Czccholovaba 
Romania 

50 
19 
36 

0 
0 

50 
61 
64 



Ti~hlc  46 
Avcrngc acllvlly edmlnlslcrcd In Lhcrepy hetrnents  wllh mdlophnrmnccutlc~~ls 
Dara from UNSCbAN Sun~cy oj Medical Radiarion Usage and Exposures 

A%.ongc 0crivi.y cvlminirfoad (MHq) (Range in pnrcnrhuer) 

country )'car ntpid Ilypcr- Pdyryrhocmia Other r w w s  
1-0 

Bcnizn duemu 
I Y ~ O W S  thyroid& 

 PO^ cdloid 01hm 
l J l l  iodidc lJJ1 iodide 3 2 ~  p h p h a ~ t  

l P d ~ u  cdloid O f h a  

IIcallhsut lcvd I 

Atstralia 1970 5550 35 1 157 
1960 4225 310 160 
1964 4950 430 162 183 
1991 963 169 265 

Chub 1970-1974 3700 185 111 
( -5550) ( -1100) ( -18s) 

1985-1969 3700 185 111 

( -3550) ( -1110) ( -16s) 

Gechaslovakia 1970.1974 6500 200 !85 600-3000 
(5000-l2ooo) (150-300) (lo@=') (400-5509 

1965 6500 200 i85 600-3000 185 185 
( 5 5 0 0 - 2 2 0  (150-300) (l0o=-c') (400-5500) (150450) (150-450) 

Japan 1976.1980 180 
1981.1985 400 

Kuwait 1985-1989 3630 535 176 
(1700-7770) (399671) (152-180) 

Malh 1985-1969 3700 U 9  ( -370) 

Ncthcrlands 1963-1990 5500 500 
(3700.5800) ( isalsoo)  

Ncw Ztaland 1973 3145 400 :54 
(2220-3700) (74-1480) (1 11-204) 

1985-1989 1632 4U 172 
(370-4200) (150-2700) (100-39) 
-- - 

K a w a y  1970-1974 MOO I 3700 
(1000-Moo) (131-39) 

1965-1969 3600 310 3001 110 750 r 
(2100-5100) (152-466) 

Romanla 1980 3700 222 
1965-1989 3700 222 

Sweden 1974 1700 344 3 0  165 160 150 

1985.1969 2 4  3 7 4  150 167 
(140-335) (2000-3700) (1 10-185) (150-200) 

Swuoland 1976 92s 165 74 

Llm~cd Lngdan 1961.1965 3301 335 207 191 
(110-5000) (120-1550) (111-434) (55-280) 

Yugoda\ia 1970. 1974 3700 I65 (100-?OD) 
1985.1989 3700 I85 (100-200) 

Ilcalth-cnrr lcvd I1 

8.7 .t 

b r h d o r  

ollna 
Bcij~ng area 

Entlrc nat~m 

1985-1989 

1970-1974 
1965-1969 
1966-1990 

296 (222.296) 

296 (148-740) 
259 (111-740) 

162 

2 9 A  (222-370) 
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Tablc 46 (con~inucd) 

The en~ricr in lhir Tablc arc qualified as idloux: 

Corrnny 

b d a  

lndia 

baq 

Jamaia 

Peru 

Camdc Nova Scuia Pronncr cnly (about 3.5% of the population). 
Jamaica: Value fa thyrid tumows treated ~ 7 t h  '"1 iodide to be checked. 
Yugarlovia: Excluding Montenegro. Vojvodina and Kcswo. 

Value is lor bah thyroid turnours and hyperthyroidism. 
Ynrim-90 cdloid. 
QvDmic phephaur-32. 
P-32 Na+i PO, (600 MBq). Au.198. P-31 colloid (3.000 MBq). 
Gdd-198. 
Phcsphaus-32. 
Iodine-131. 
Iodine-131 MIGB. 

Yelp 

1970-1974 

1985-1989 

1985-1989 

196s-1989 

1970-1974 
1985-1989 

1985-1989 

Uealth-cur level 111 

A t a n r e  acritiry &inisrard (MBq) ( R m ~ c  in pawuheru) 

ThyDid 
I u n l a W S  

1Jl1 a i d e  

3700 

( -9250) 
3700 

( -9250) 

5330 
(3700-7400) 

1850 ( -5550) 

370 

3700 
(2960440)  

185 
259 

Em 

Myanmar 

Sudan 

Thailand 

Iiypo- 
lm7o idk  

I J 1 /  iodide 

296 

( 4-44] 
296 

( 4 '4 )  

190 
(74-226) 

200 ( -1000) 

182 
370 

2s9 
(185-370) 

1976.1980 
1981-1985 
1986-1990 

1976-1980 
1981-1985 
1966-1990 

1976-1980 
1981-1985 
1966-1990 

1985-1989 

nix 
2500 
40a) 

1850 
1850 
1850 

3700 
3700 

no 

Pdycyrhocmia 
\WO 

"P p h p h o r e  

127 
(74-296) 

200 ( 400) ---------. 

600 
800 
loo0 

185 
185 
185 

185 
185 
222 

Benign dircprcr 0 t h  r ~ o w s  

1 v 8 ~ u  cdloid Y cdloid 0th 01ha 



Tnhle 47 
Ahsorhed dose lo non-lnrgct organs from therapy h a t m e n l s  of adult thyrnld with iodlnc-131 lodidc 
In Jspnn, 1982 a 

" 402 MBq administud [MIO]; assumed thyroid uplakc: 15%. 

Organ 

Bladder ud l  
k c  surfact 
f31u~t  
Stomach uall 
Small intestine 
Uppo large inicstinc 
iiidncy 

Red bone marrow 

~ I Y  
T u ~ i r  

- 
Tnble 48 
Estimaled dmes ln the world population rrom therapeutic Lrealmenis by nuclear medicine proccdurcs a 

' Based oo cnrapdation of data horn \he NclhnlanL ID19). * b u r n i n g  an cffenivc dou per t rcatd paticnr d 40 mSvKl.9 (40 mSv ca lda td  lor thyroid therapy in Japan; thyroid thcnpy a u m d  to bc 0.9 d all 
autmcnts), as calculard fa Japan wilh the methodology d Dccntjcs 10191. 

Table 49 
Equivalent dose rates rrnm adult patlenls undergoing nuclear mcdiclne examinations 

IN61 - 

h'umlxr of 
r h a o p i u  

/MI 01 

29% 
29% 
2956 
2956 
2956 
2956 
2956 
2956 
29% 
2326 
626 

Dare focror 

llsl 
(mGy/MBq) 

0.52 
0.047 
0.043 
0.46 
0.26 
0.059 
0.06 
0.053 
0.054 
0.043 
0.028 

Absorbad d w c  

W Y )  

209 
18.9 
17.3 
185 
113 
23.7 
24.1 
21.3 
21.7 
17.3 
11.3 

Ernminoion 

Bone 

L vcr 
n l d  pool 
Twnour 
(SF 
llcrn 
liean 
Bone 
l l u n  

Rodiophmmaccurud 

Tc-99m MDP 

Tc-9% S cdlcid 
Tc.99m RDC 
Gad7 citra~c 
ln.111 DTPA 
Tl.201 chlaidc 
Tc-9% llSA 
Tc-9% MDP 
Tc-99m RDC 

A mount 

dminirrcred 

IMBq) 

740 

1 50 
740 
110 
19 

740 
190 
740 
loo0 

Time o j r o  
odminunorion 

0 
1 h 
2 h 
3 h 
0 
0 
0 
0 
0 
0 
0 

20 min 

Dkrancr 

(cm) 

100 
100 
100 
100 
100 
100 
I00 
100 

100 

Ecpivalrnr dose 
rare 

(US h") 

9 
6.3 
4.7 
3.5 
2 
14 
3.5 
0.8 
20 
15 
3 
18 
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Tt~hlc 50 
ENrctive dme equlvnlcnl lo mothcr trnd hrcast-fcwllng child Tor common nuclcar medlclne exarnln~Uonr 

[ J l l  

Thyroid rcintigraphy 

Rmogra~hy 
Qcarrnce 
Thrunbair Icst 

Arriviy 
Nldiopharmxcwicd nlmtrlrcrd 

I Table 51 I 

Eflccriw dose e ~ ' v a l c r  ( d b j  

Morha I Child 
- 

Tc-99m pcrtcchnetrtc 
1-131 icdohippurstc 
G-51 EDTA 
1-13 tibrogcn 

Exposures of volunteers In media l  research and clinical trlals 1 

120 
0.4 
4 
4 

Kumbcr of vduntccrr per study in parenthas. * Acrlvity administered p a  study in pivrnthuu. 
' Ert~mated to givc upper Ilmit vdluu. 

1.3 
0.02 
0.01 
0.44 

3.6 
2 8  

0. a% 
13 

Cornmined 
cffcctiw d m  

( d v )  
cowl- 

Nwnbcr of 
nvdiu Rcjl 

A 

Ycm 

Clinical t r i a l s  or lnbcllcd phumsceutical 

N- of 
rdunrrrrs " 

Rdionurlidc 
ldminirmcd 

Activity ndmininad 
pcr bolwucff 

3.7 (1.9-16.7) 
3.7 (0.37-11) 

3.7 

0.03-03 
0.28 
0.4 

P'l Gcrmany, 
Fed. Rcp. d 

Taal 

Use d r d i ~ c t i v t  suhsLnncn in medical r r u u r h  

I5 
62 
2 

79 

85 (3-8) 
452 (3-30) 

1.4 (7) 

55 1 

1978-1988 

11 years 

PSI 

11-3 
C-14 
S-35 

3.79 
1 

3 5 0 7 4  
20 

150-185 
900 

Gctmany. 
Fed. Rep. d 

Clinical t r i l l s  or ndiophannaceutic.* 

1988 

Germany. 
Fcd. Rep. d 

G-51 
Fe-59 

Tc-9% 
In.lll 
1.123 

Xe-133 

220-1300 
74-75 
3.7 
185 

PSI 1988 

Clinical t r i a l s  of lsbcllcd phumwruticals 

2 
1 
5 
1 
3 
1 

18 (6-12) 
12 

I07 (10-32) 
80 

I05 (15-70) 
M 

Tc-9% MAR 
In-Ill  MAE 

1-15  
1-131 MAR 

40 (3-1s) 
201 (2-10) 

3 

United Lngdan 

32 
6 
3 
2 

11-3 
C- 14 
S-35 

1978-1986 

1286 (15-120) 
175 (10-80) 

500 (100-200) 
35 (15-20) 

4 
55 
1 

-10.5 
-1-3 
2.8 

0.03-0.3 
0.01 4.5 

0.3 

w'l 



Table 52 
Fslirnakd dmes lo the world populaUon from rnedlcal uses of rndla(lon 

Evaluated fa d c a i v c  dorcr 

Madkd rndio~ion uw 

Collccri~a cffecri~r dnrr cwvoluu (18 man Sv) Eflrrrivr d m  cgu'rolmr pa capu  (a 

D i q n a i i  

L o v l  
I 

Lovl  
I 

L w l  
n 

L n r l  
111 

McQcal x-ray cxrmimtionr 
Dental x-ray u n m i m ~ i m c  
Nuclear medicine 

Taal 

290 
3 
20 

310 

L o v l  L n r l  
n 

' Ihrnpy 

Lor1 
CY 

H'orld Ln*l 
nl 

1300 
14 
130 

1400 

40 
0.3 
6 

46 

1.0 
0.01 
0.09 

1.1 

Hbrld 

Radidhnapy 
Nuclear medicine 

T~ 

20 
0.1 
4 

24 

0.1 
0.001 
0.008 

0.1 

980 
6 

990 

1600 
17 
160 

1600 

0.W 
0.0003 
0.008 

0.05 

460 
2 

480 

0.7 
0.004 

0.7 

0.2 
0.0009 

0.2 

0.03 
0.0009 

0.03 

0.W 
0.0003 
0.008 

0.05 

26 
0.8 

n 

0.3 
0.003 
0.03 

0.3 

0.02 
0.004 

0.02 

7 
0.2 

7 

0.3 
0.002 

0.3 

1500 
9 

1m 
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Figum I. 
Diagnostic mcdical x-ray examinations In relation to population and number of physicians. 
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Figure 11. 
Distribution of bhl annual frequency of  diagnnslic medical x-ray examinations. 
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Flgum I l l .  
Average annual frequency or dlagnostlc medical x-ray examlnatlons. 



Figure IV. 
Populalion-weighted average clTerUvc dose in dingnostlc medial  x-my exnmlnalions. 
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Figure V. 
Distribution of  total annual frequency of diagnostic nuclear medicine examinations 

In 1985-1990. 
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Figunt VI. 
Average annwxl frequency of diagnostlc nuclear medicine examinations in 1985-1990. 
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Levcl I coun~ries 

0 Lcvcl l l  countria 
lrvcl  I l l  coun~rics 

I  I I  I I I I I  I  I I  I l l  I 
0.2 0.5 1 2 5 10 20 30 40 50 60 70 80 90 95 98 99 99.5 99.8 

PERCENTAGE 

l o - ' l  1 , 1 I  I I  I I I I I  I  I  I  I l l  1 
0.2 0.5 1 2 5  10 20 30 4 0 5 0  60 70 80 90 95 98 9999.599.8 

PERCENTAGE 

Figure VII. 
Dlstrlhutlon of tole1 annual frequency of radlolherapy trcatmenls. 



Fipm VIII. 
Avcrnge annunl frequency of mdlolhempy trentrnenk in 1985-1990. 



35 4 UNSCMR 1993 REPORT 

Levcl 
Levcl 
Levcl 

1 0 - 3 1 1  I I I I 1 I I I I I I  I I I 1 1 1 1  
0.2 0.5 1 2 5 10 20 30 40 50 60 70 80 90 95 98 99 99.5 99.8 

PERCENTAGE 

Figure IX. 
Distribution o f  total annual lrequency o f  therapy lrcatrncnt 4 t h  rndlopharmaceuticals. 
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Figure X. 
Avcmgc unnual rrequcncy or thcrnpy lreatrncnts with radioplmnnoccuticals in 1985-1990. 
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Responses Lo UNSCEAR Survey of hlcdicnl RndinUon Usagc tind Exposures 

Country 

Argentina 

Australia 

Barbados 

Belgium 

Belize 

Burma 

Canada 

Cape Verde 

Chile 

China 

Costa Rica 

Cuba 

Czechoslovakia 

Denmark 

Djibouti 

Ecuador 

Ethiopia 

Finland 

France 

Response from 

J. Skvarca. Ministerio de Salud y Accidn Social, Departamento dc Radiofisica, Buenos Aircs. 
Argentina. (September 1990 and Deccmber 1991). 

D. Webb. Medical Radiation Section, Australian Radiation Laboratory, Victoria. Australia. 
(May 1990, December and April 1991). 

J. Rajendran. Queen Elizabeth Flospital, St. Michael, Barbados. (February 1990). 

SPRI-DBIS, Ministere Volksgezondheid & Leefmilieu, Bruxelles, Belgium. (November 1991). 

C. Bords.  Pan-American Iiealth Organization, Washington. (December 1991). 

S. Tun Aung and U. Maung Gyi. Radiotherapy and Radiology Department. Mandalay General 
Hospital, Myanmar. Burma. (1990). 

T. Than 00 and S. Than Tun Aung. Radiotherapy Department, Yangon General Hospital. 
Myanmar, Burma. (April 1990). 

P. Dvorak. Bureau of Radiation and Medical Devices, Health and Welfare, Ottawa, Canada. 
(April, March 1990 and October 1991). 

D. Dantas Dos Reis. Dr. Agostinho Neto Hospital, Ministry CI; Health, Praia, Cape Verde. 
(April 1990 and October 1991). 

C. Bords.  Pan-American Health Organization, Washington. (December 1991). 

Z. Liangan. Institute of Radiation Medicine, Chinese A a d e m y  of Medial  Sciences, China. 
(November 1991 and January 1992). 

Wu Shengcai. Yue Baoreng and Cui Jianguo. Laboratory of Industrial Hygiene, Ministry of  
Public Iiealth, China. (June 1990). 

C. Rorris. Pan-American Ilealth Organization, Washington. (December 1991). 

C. Borris. Pan-American Health Organization, Washington. (December 1991). 

E. Kunz. National Institute of Public licalth, Centre of Radiation Hygiene, Praha. 
~echos lovak ia .  (April 1990). 

V. Klener. National Institute of Public Health, Centre of Radiation Hygiene, Praha, 
Czechoslovakia. (November 1991). 

K. Ennow and 0. Iljardemaal. National Institute of Radiation Ilygiene. Brnnshnj, Denmark. 
(June 1990 and January 1992). 

Ministry of Public llealth and Social NTairs, Djibouti. (April 1990). 

M.F. CampaAa. Direccicin de Ciencias Riofisicas. Comision Ecuatoriana de Energia Atomica, 
Quito, Ecuador. (February 1990j. 

S. Demena. Department of lnlemal Medicine. Nuclear Medicine Unit, Addis Ababa, Ethiopia. 
(April 1990 and October 1991). 

S. Rannikko. Finnish Centre for Radiation and Nuclear Safety, Department of Inspection and 
Metrology, Ilelsinki. Finland. (April and October 1991). 

P. I'ellerin. Senlice Central de Protection contre les Rayonnemcnts Ionisants, Le Vbinet,  
Fra nce. (April 1990). 
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Country 

Germany, I:cd.Rcp. 

Guatemala 

lndin 

Iraq 

Italy 

Jamaica 

Japan 

Kuwait 

Luxembourg 

Malta 

Mcxiu, 

Ncthcrlands 

Ncw Zealand 

Norway 

Peru 

Philippines 

Poland 

ftomania 

Rwanda 

Singapow 

S p i n  

Sweden 

Response from 

W. Rurkart. nundcsamt firr StrahlcnschuQ, Institut fur Striihlcnhygicnc, Ncuhcrbcrg, Gcrmijny. 
(October 1991). 

C. 13orl;cls. Pan-American llcalth Organization, Washington. (1)ccembcr 1991). 

U. Madhvanath. Division of Radiological Protection, Bhabhzi Atomic Rcscarch Centrc. 
Bombay, India. (December 1991). 

A. Al-Douri. Physics Department, lnstitutc of Radiology and Nuclear Medicine, Baghdad, Iraq. 
(1991). 

Ministcro dclla Sanith. D.G.S.I.P., Div. Vlla. Rome, Italy. (June 1990). 

F. Dobici. ENEA, Divisione Radioisotopi e Macchine Radiogcne, Rome, Italy. (October 1991). 

A. Beach. Radiotherapy Department. Kingston Public IJospital, Kingston, Jamaica. (July 1990). 

T. Maruyama. Division of Physics, National Inslitute of Radiological Sciences. Chiba-shi, 
Japan. (1991). 

F. Sulaiman. X-ray Office, Ministry or Public llealth, Safat, Kuwait. (April 1990 and 
November 1991). 

P. Kayser. Direction de la SantC. Division de la Radioprotection, Luxembourg. (February 
1990). 

M. Gauci. Occupational fjealth Unit, Department of Health, Valletta, Malta. (April 1990). 

R. Ortiz Magab. Comisi6n Nacional de Seyridad Nuclear y Salvaguardias, Mcxico. 
(October 1991). 

L.B. Beentjes. Health Physics Department, University of Nijmegen, Netherlands. (July 1990 
and October 1991). 

B.D.P. Williamson and V.G. Smyth. National Radiation Laboratory, Christchurch, New 
Zcaland. (July 1990). 

J. Unhjcm. National Institute of Radiation Ilygiene, BstcrAs, Norway. (April 1990). 

G. Saxcbl .  National Institute of Radiation I.lygiene. OsterAs, Noway. (August 1990). 

R. Ramirez Quijada. Institute Peruano de Energia Nuclcar, Lima, Peru. (1990). 

L. Pinilios Ashton. Ministry of Ilcalth, Lima, Peru. (1990). 

M. Elesango. Radiation FIcalth Service. Department of Health, Manila, Philippines. 
(April 1990). 

M.A. Staniszcwska and J. Jankouxki. Institute of O ~ ~ ~ p a t i o n i i l  Mcdicinc, Department of 
Radiation Dosimctry. Lbdi. Poland. (April 1990). 

C. Milu. Radiation Ilygicnc Laboratory. Institute of Flygicnc and Public Ilcalth, Bucharest. 
Romania. (April 1990). 

C. Diamncscu. Radiation llygiene Laboratory, lnslitute of Public lIealth and Medical 
Rcscarches. Iassy, Romania. (November 1991). 

Division Survcillancc Epidemiologique. Ministcrc dc la Santc, Kigali, Rwanda. (June 1990). 

T. Goh. Diagnostic Imaging Scrviccs, National University llospital, Singapore. (1990). 

E. VaR6 Canuana. Catedra dc Fisica Medica, Facultad dc Mcdicina, Univcrsidad Cornplutcnse, 
Madrid, Spain. (April 1990 and Odober 1991). 

W. Leitz, J. Karlbcrg and P. Ilofvandcr. Nalional Institute of Radialion Protection. Stockholm, 
Swcdcn. (May 1990 and October 1991). 
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PART B 

Country 

Switzerland 

Thailand 

Tunisia 

Turkcy 

United Kingdom 

Unitcd Statcs 

Vanuatu 

Yugoslavia 

Anisirnov, S.I.. V.N. Popov. R.V. Chepiga ct al. 
Radiation dosc to patients and informativeness of the 
images obtained during eyc examinations using x-ray 
mmputed tomography. Med. Tekh. (July/Aug): 38-40 
(1987). (in Russian). 
Aikcnhead, J.. J. Triano and J. Baker. Rclativc 
efficacy for radiation reducing methods in smliotic 
patients. J. Manip. Physiol. Thcr. 12: 259-264 (1989). 
Arranz. L. Radiation protection implications of 
dcvcloping technologies and practices. in: Radiation 
Protection Toward the Turn of the Ccntury, Pans, (in 
press, 1993). 
Allen, BJ., D.E. Moore and B.V. flarrington. Progress 
in Neutron Capture Thcrapy for Cancer. Plenum 
Prcss. New York & London, 1992. 
Atkins, H.L., S.R. Thomas, U. Buddcmeyer ct al. 
MlRD dose estimate Report No. 14: Radiation 
absorbed dosc from technctiurn-99m-lat~lcd red blood 
cells. J. Nud. Mcd. 31: 378-380 (1990). 
American Canccr Society. Mammography guidclincs 
1983: Background statement and update of cancer- 
rclatcd checkup guidclincs for breast cancer detection 
in asymptomatic women age 40-49. CA-Cancer J. 
a i n .  33: 225 (1983). 
j\grcn, A., A. Urahme and I. Turcsson. Optimization 
of uncomplicated control for head and neck tumors. 
11-11. J. Radiat. Onml. Uiol. Phys. 19: 1077-1085 
(1990). 
American Cancer Socicly. Guidelines for the canccr- 
rclatcd checkup - recornmcndations and rationale: 
Cancer of the breast. CA-Canccr J. Clin. 30: 224-240 
(1980). 
Adarns. 1. Thc establishment or dose reducing 
protocols using rare earth filters in pacdiatric 
radiography. Radiogr. Today 56: 11-12 (1990). 

Response /ram 

J. Marti. Radiation Protcction Division, 1:cdcral Oficc or I'ublic Ilcalth, Bcrn. Switzerland. 
(Novcmbcr 1991). 

Ministry of Public Ilcalth, Bangkok, Thailand. (1:cbruary 1990). 

S. M'Timct. Ccntrc National dc Radioprotcction, Ministcrc dc la Santc Publiquc. Tunis Jcbbari, 
Tunisic. (August 1990). 

A. G6niil Buyan, I:. Goztxtxk and B. Ccyhan. Turkish Atomic Encrgy Authority, Ankara, 
Turkcy. (Octobcr 1991). 

B.F. Wall. National Radiological Protection Board, Chilton, Grcat Britain. (March 1990 and 
Octobcr 1991). 

R.L. Burkhart. Centre for Dcviccs and Radiological Health, Food and Drug Administration, 
Maryland, Unitcd States. (April 1990). 

R.E. Fcy. Ministry and Department of llcalth, Port Vila, Vanuatu. (April 1990). 

V. RadmiloviC. Fcdcral Sccrctariat for Labor, flcalth, Veterans Affair and Social Policy of 
Yugoslavia. Belgrade, Yugoslavia. (October 1990 and Novcmbcr 1991). 

hwclsson. B., 11. Forsberg, B. Hansson ct al. Multiple- 
bcam equali;ration radiography in chcst radiology. 
Acta Radiol. 32: 12-17 (1991). 
Araujo. A.M.C., M.T. Carlos, L.R.F. Cruz et al. 
Fontcs de Radiapo Ionizante Utiliradas cm Mcdicina 
no Brasil. Comissao Nacional de Energia Nudcar. Rio 
dc Janciro, Brazil, 1991. 
Asikainen, M. Radionuclides used in diagnostic 
nuclear medicine and doses 1982. STUK-B60 (1984). 
Atkins, 1i.L.. D.A. Webcr, H. Susskind et al. MlRD 
dosc cstimatc rcport no. 16: Radiation absorbed dose 
from technetium-99m-dicthylcnetriamincpentaacetic 
acid acrosol. J.  Nucl. Mcd. 33: 1717-1719 (1992). 
Arias, C.F. Potential exposures in radiation medicine. 
p. 356-359 in: Worldwide Achievement in Public and 
Occupational Ilealth Protection Against Radiation. 
Worldwidc Achicvcmcnt in Public and Occupational 
Health Protection Against Radiation. ~roceedings of 
thc 8th International Congress of the International 
Radiation Protcction Assodation, Montrbl, 1992. 
N m  Carisson, G. and D.R. Dancc. Breast absorbed 
doscs in mammography: evaluation of experimental 
and thcorctial approaches. Radiat. Prot. Dosim. 43: 
197-200 (1992). 
Bush. W.11.. D. Jones and R.P. Gibbons. Radiation 
dosc to paticnt and personnel during extracorporeal 
shock wave lithotripsy. J. Urol. 138: 716-719 (1967). 
Bcrtclli. L., 1.E.C. Nascimcnlo and G. Drcxlcr. 
lnflucnce of tissuc weighting factors on risk wcightcd 
dosc cquivalcnt quantities. Radiat. Pmt. Dosim. 37: 
85-88 (1991). 
Bsrresen, A.-L. Role of genetic factors in brcast 
canar  susceptibility. Acta Oncol. 31: 151-155 (1992). 
Benson. J.S. I'aticnt and physician radiation cxpsure  
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INTRODUCTION 

1. Many individuals are exposed to radioactive 
materials or radiation sources in the course of their 
work. The Committee has bcen interested in evaluating 
occupational radiation exposures to determine the 
annual collective dosc to workers in various sectors of 
industry. For purposes of comparison, the doses have 
often bcen expressed in tcntls of some normalized 
measure of the practice. The total collective dosc has 
bcen assessed as a measure of the radiation-induced 
detriment to these individuals. 

2. Occupational radiation exposures are monitored 
in the workplace for the purposes of controlling doses 
to individuals and demonstrating compliance with 
occupational exposure limits. Differences exist among 
countries, however, in the procedures adopted for the 
monitoring and reportirlg of occupational exposures; 
these reflect, inter alia, differences in regulatory 
systems, in regulatory requirements, in the size of the 
country, in the uses made of ionizing radiations and in 
the nature and scale of the radiation protection 
problems anticipated [D6, G4, G5]. As a result, 
monitoring data are not always collected arid reported 
in a comparable fashion. This has implications in 
making valid comparisons between data reported by 
different countries and, to a lesser extent, between data 
for different uses of ionizing radiation within a given 
country. The Committee has adopted a number of 
assumptions and developed a number methodological 
approaches for data evaluation to overcome, or at least 
minimize the impact of, differences in the monitoring 
and reporting of occupational exposures. This, in turn, 
has had some effect on data collection and reporting 
practices. 

3. Much progress has been made in the assessment 
and evaluation of occupational exposures since the 
Committee's first comprehensive treatment of the topic 
in the UNSCEAR 1977 Report [U4]. Improvements in 
the quality of reporting and collation of data have 
largely bcen responsible for the progress. There 
remain, however, areas where adequate data and 
analyses are lacking and where further investigations 
are needed to elucidate trends. In the UNSCEAR 1982 
Report p 3 ] ,  occupational exposures were reviewed 
and a number of recommendations were made for 
analyses of data that would give much clearer 
indications of the occupational exposures in all areas 
of work. Particular attention was drawn to the need for 
data on the pattern of dose accumulation over a 
working lifetime, especially for those occupations 
where higher levels of exposure are encountered, and 
to the benefits, in terms of facilitating a reliable 
estimate of collective dose, of reporting monitoring 
data in narrower bands of individual dose, especially 
at high doses. A more limited analysis of occupational 

cxposurcs was undertaken in the UNSCEAR 1988 
Report [Ul]  with updating of the levels of exposure in 
the nuclear power industry, in the medical uses of 
radiation and in selected groups exposed to natural 
radiation. 

4. The analysis of occupational cxposurcs in this 
Annex represents a continuation of the earlier work of 
the Committee. The main objectives of this continuing 
analysis arc: 

(a) to assess annual external and committed internal 
doses and cun~ulative doses to workers (both the 
average dose and the distribution of doses within 
the workforce) for each major practice irlvolving 
the use of ionizing radiation. This provides a 
basis for estimating the average individual risk 
and distribution of risks in a workforce and for 
subgroups within it; 

@) to assess the annual collective doses to workers 
for each of the major practices involving the use 
of ionizing radiation. This provides a measure of 
the contribution made by occupational exposures 
to the overall inipact of that use and the impact 
per unit practice (the contributions made by 
exposures of members of the public are assessed 
in other Annexes); 

(c) to analyse trends with time in occupational 
exposures in order to evaluate the effects of 
changes in regulatory standards or requirements 
(e.g. changes in dose limits, increased attention 
given to reducing doses to as low as reasonably 
achievable), new technological developments, 
modified working practices and radiation 
protection programmes more generally; 

(d) to compare exposures in  different countries and 
to estimate the worldwide levels of exposure for 
each major use of ionizing radiation; 

(e) to evaluate data on accidents involving the 
exposure of workers to levels of radiation that 
have caused clinical effects. 

Within this context, the purpose of this Annex is to 
provide a comprehensive and structured analysis of the 
levels and trends in occupational exposures over the 
period 1975-1989. Consideration is given to annual 
and cuniulative individual doses, to annual collective 
doses and their magnitudes per unit practice and to 
accidents involving high exposures and clinical effects. 
Particular emphasis is given to those occupations not 
considered in the UNSCEAR 1988 Report [Ul], to 
those where the need for more information was 
identified by the Committee in the UNSCEAR 1982 
Report [U3] and to those occupational subgroups 
which, in general, are exposed significantly in excess 
of the average. There is no intention to evaluate the 
totality of radiation exposures that niay be received by 
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pcoplc whilc at work of any nature. Consideration is radiation cxposures worldwide by nlcans of a 
lirnitcd to U~osc occupations whcrc the riaturc or qucstioanairc to co~lntries with significa~~t numbers of 
circu~~~stances of the work undcrtakcn may lcad to workcrs involvcd in radiation-related ac~ivities. This 
significant additional exj)osurc, at lcast to somc qucstionnairc specifically rcquestcd data on annual 
mcmbcrs of the workforce. individual and collective occupational cxposurcs 

5.  This analysis e ~ ~ a b l e s  broad comparisons to be 
made bctwccn occupational cxposures arising in 
various industrial and mcdical activities and behvccn 
countries. From longer-tcmi monitoring, trends in 
avcragc individual doscs and collectivc doscs fro111 
particular practiccs or cntirc industries can be asscsscd 
and changes in undcrlying dose distributions can be 
cxamincd. Trends in doses with time can bc assessed 
in terms of a wide variety of quantities of potential 
interest (e.g. changes in regulatory standards, 
technological advances etc.). 

i~lcurrcd in operations of tllc nuclear fucl cycle, in 
oU~cr industrii~l uscs of radiation, in rncdical uscs of 
radiation and data on accidents with the potential to 
cause clinical cffccls. Froni Uic cxtcnsivc and dctailcd 
annu;ll data sub~nittcd, thc Committee computed 
averages for thc five-ycar pcriods 1975-1979, 1980- 
1984 and 1985- 1989 to indicate representative average 
annual valucs and thc basic trends. The assessment has 
benefited from the substantial database that has bcen 
provided, for which the Committee gratefully 
acknowledges the collaboration of so many countries. 
Thosc countries responding to the UNSCEAR Survey 

6.  To obtain the data nccdcd for this rcview, UIC of Occupational Exposures arc listed in Part A of thk 

Committee has undertaken a survey of occupational References. 

I. ANALYSIS OF OCCUPATIONAL DOSE DISTRIBUTIONS 

A. DOSE hiONITORING DATA 

7. The main function of monitoring in the 
workplacc is to provide information for the control 
and further reduction, where appropriate, of exposures 
and to ensure satisfactory working conditions. This 
entails providing the information necessary for 
cstirnating the exposure of workers in terms of those 
quantities in which the basic limits, cithcr primary or 
secondary, are expressed. However, none of thcsc 
quantities (e.g. thc cffcctive dosc, the equivalent dosc 
in a tissue or organ and thc intake of a radionuclide) 
can, in practice, be measured directly, so  they must be 
estimated on the basis of other mcasurcd or assesscd 
quantities. Individuals are monitored using equipment 
carricd on their pcrson (e.g. film badge, personal air 
sampler etc.) or by measuring the quantities of 
radioactive materials in their bodies or in excreta. 
Models appropriate for the cxposure conditions of 
interest arc uscd to cstimatc thc rclevant dosimetric 
quantities from thcse measurements; in general, the 
modelling approach is chosen cautiously to ensure that 
the risk of undercstimatir~g the exposure of an 
individual is acceptably small. In some cases 
exposures are assessed from monitoring of the 
working environment and knowledge of the habits and 
location of the workforce. 

8. The nature and type of the measurements made 
and the realism and complexity of the model or 
models used to intcrpret them may vary considerably 
with the cxposurc conditions and their potential 

sibwificance. Differences in thcse inevitably lcad to 
different levels of conservatism in the doses reported 
or recorded in monitoring programmes. Such 
differences place limitations on the extent to which 
direct comparisons can be fairly made between 
reported data. Where these limitations may be of 
practical significance for the data included in this 
Annex, they are identified. 

1. Quantities nieasured 

9. Exrernal exposure. Film, thennoluminescent 
and other personal dosimeters are used lor monitoring 
individual cxposurcs to external radiation. The choice 
of dosimeter in any particular circumstances will be 
influenced by thc nature of the radiations likely to be 
encountcrcd. Dosimeters normally provide a measurc 
of tllc cquivalcr~l dose in Uic skin in the immediate 
vicinity of the dosimeter and to immediately 
undcrlying tissue in this region. They do not, in 
general, provide an estimate of the absorbed dose or 
equivalcnt dosc in other oQans or tissues, which in 
principle need to be assessed to determine the 
effective dosc. The relationship between the dosimeter 
measurement and the doscs in particular organs and 
tissues of thc body is influenced by many factors, such 
as the type, quality and spatial extent of the radiation, 
the orientation of the worker rclative to the radiation 
field, the position and composition of the organs in the 
body etc. Several of these factors will be functions of 
both time and position in the workplace. 
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10. Practical guidance on measurement quantities 
that could be related to the effective dose equivalent 
and to the dose cquivalcnt in the skin was issued by 
ICRU in 1985 [I14). For cnvironnicntal or area nioni- 
toring, the a~ribient dose equivalent, ~ * ( d ) ,  for strongly 
penetrating radiation and [be directional dose equiva- 
lent, H(d), for wcakly penetrating radiation were intro- 
duced. For individual nionitoring, the individual dose, 
penetrating, Hp(d), and the individual dose, superficial, 
H,(d) were introduced. The relationships between 
these quantities and the effective dose equivalent, HE, 
were discussed by ICRP [I31 and ICRU [I14, 1151. 

11. Some further alterations in radiation quantities 
have been made. The ICRU recommended in 1992 use 
of the personal dose equivalent, Hp(d), for individual 
monitoring, which combines the concepts of the indi- 
vidual dose, penetrating and the individual dose, 
superficial [I16]. The ICRP introduced in 1991 the 
effective dose, E, which incorporates tissue weighting 
factors as in the effective dose equivalent, HE, albeit 
for additional tissues specified and with revised 
numerical values [I7]. The adjustment of the absorbed 
dose required to reflect radiation quality has been 
changed by the introduction of radiation weighting 
factors. An analysis of the relationships between these 
radiation quantities will be issued by a joint task group 
of ICRP and ICRU. It can be assumed that the quanti- 
ties introduced by ICRU provide reasonable approxi- 
mations of the effective dose and equivalent dose in 
the skin when these quantities are calculated using the 
relationships between quality factors and linear energy 
transfer given in ICRP Publication 60 [I7]. 

12 In most practical situations, dosimeters provide 
reasonable approximations to the personal dose 
equivalent Hp(d) at least at the location of the 
dosimeter. In situations where the exposure of the 
body is relatively uniforni, it is common practice to 
enter the dosimeter reading, suitably calibrated, 
directly into the dose records as a surrogate for the 
effective dose. However, because the personal dose 
equivalent generally provides an overestimate of the 
effective dose, this practice results in an 
overestimation of recorded and reported doses, with 
the degree of overestiniation depending on the energy 
of the radiation and the nature of the radiation field. 
For many practical situations involving relatively 
uniform exposure to fairly high-energy gamma 
radiation, the degree of overestimation is modest; for 
exposure to low-energy gamma- or x-radiation, the 
overestimation could be substantial. For  photo^^ 
energies below -50 keV it can cxceed a factor of 2, 
depending on the orientation of the body. 

13. For exposure to spatially variable radiation fields 
or where there is partial shielding of the body or 
extreme variations in the distances of parts of the body 

fro111 thc source, the relationships between the 
dosimctcr measurement and the effcctivc dose are 
more variable and complex. Where tlie circumstances 
so  justify, additional nicasurements or theoretical 
analyscs rnay be used to eslablish reliable relationships 
on a case-by-case basis for tlie exposure conditions of 
interest. The direct entry of dosimeter nieasurcments 
into dose records in these more complex situations (or 
the use of very simple and dclibcrately cautious 
assumptions to establish the relationships between the 
two quantities) lead, in general, to ovcrestirnatcs in the 
recorded exposures. Where such practice has been 
adopted in the recording of doses, care is needed in 
their interpretation, in particular when co~rlparisor~s are 
made with doses arising elsewhere. 

14. For its previous assessments the Committee 
adopted the convention h a t  all quantitative results 
reported by monitoring services represent the average 
absorbed dose in the whole body (or the effectivc 
dose). It further assumed that the dose from natural 
background radiation has been subtracted from the 
reported results and that medical radiation exposures 
have not been inclvded. The Committee also 
recognized that it is almost always the reading from 
the dosimeter, suitably modified by calibration factors, 
that is reported, without consideration of its 
relationship to the absorbed doses in the various 
organs and tissues of the body or to the effective dose. 
This is still regarded as a reasonable convention to 
adopt, in particular as most data are for external 
exposure of the whole body to relatively uniforni 
photon radiation of moderately high energy. In 
situations where exposure of the body is very 
non-unifonn (especially in medical practice) or where 
exposure is mainly to low energy radiation, the use of 
this convention will result in an overestimale of 
effective doses, which then need appropriate 
qualification. Because the relationship between the 
reported dosimeter reading and the average absorbed 
dose in the whole body (or the effective dose) varies 
with the circunistances of the exposure, caution needs 
to be exercised when aggregating or directly 
comparing data from very dissimilar types of work. 
Appropriate qualifications of the reported data are 
made in those cases where the adoption of the above 
convention may lead to significant misrepresentation 
of the actual doses. 

15. InIernal exposure. The assessment of internal 
doses from the intake of radioactive material into the 
body is, in general, more difficult than the 
nieasurenienl of cxternal doses. It is impossible to 
measure directly the internal dose received by an 
individual. Instead, it must be calculated based on the 
quantity and distribution of radioactive material in, or 
estimated to be laken into, the body, metabolic data, 
Ihe type and energy of radiation en~itted, the fraction 



of the cniittcd energy absorbed by various organs and 
tissues etc. Various lypcs of monitoring arc undertaken 
to aid the evaluation of intcn~al exposures, depending 
on the radionuclide conccrncd and the niode of 
cxposurc. These include the use of personal air 
saniplcrs and/or area nionitoring to assess intakes by 
inhalation, the biological moriitorir~g of cxcrcta and the 
external counting of the wholc or parts of the body. 

16. The level of intcrn;il contaniination, and 
subsequently dosc, is easy to determine by biological 
monitoring for some radionuclidcs (e.g. tritium, at 
least in inorganic form) but very difficult for others 
(e.g. 239~u) ,  especially at long linics after intake or in 
cases of multiple intake. In general, the uncertainty 
associated with the estimation of effective doses froni 
the intake of radionuclides inlo the body is much 
largcr than that associated with exten~al dosimetry; 
however, it very niuch dcpclids on the nuclide in 
question, the techniques uscd and the level of 
contamination. 

17. In practice there are few occupations for which 
exposures Gom internal contamination arc significant. 
The costs and practical difficulties of providing a 
personal monitoring service produce strong pressurcs 
for designs that reducc internal exposures below levels 
where continuous pcrsonal rtionitoring is necessary. 
Historically, in most organi7ations where intcrnal 
exposures were potentially significant, estiniatcs wcrc 
made of the body (or organ) content of a radionuclide, 
or groups of radionuclidcs, as a fraction of the 
Maximum Permissible Body Burden, and the resuits of 
the monitoring wcrc usually expressed in these terms. 
The situation is changing, however, in particular in 
those countries that have given regulatory effect to the 
recornmendations of the ICRP in its Publicatiori 26 
[Ill. In these countries, the rcsults of nionitoring 
internal exposures arc now being reported in terms of 
the committed effective dosc froni intakes within the 
year of interest; in gcncral, however, the contribution 
made by internal exposure is small. Thcsc aspects are 
addressed further in paragraph 27. 

18. The few occupations for which internal exposure 
is potentially significant arc uranium mining and 
milling (inhalation of radon daughters and ore dust); 
underground work in general, and in particular other 
forms of rnining (inhalation of radon daughters and 
dust), the luminizing industry (tritium), the operation 
of heavy water reactors (tritium), fuel fabrication 
(uranium), fuel reprocessing (actinides), nuclear 
weapons production (tritium, uranium and plutonium). 
Quantitative data, albeit lin~ited in some cases, on 
internal exposures in cach of thcse areas arc included 
in this Annex. Internal exposures could also be 
significant during the decoriili~issioning of nuclear 
installations and in nuclear medicine; however, data 
are unavailable for thcse activities. 

2. Monitorir~g practice 

19. Dccisiol~s on who is to be n~onitorcd in a 
workforce, and lo what degree, are influcnccd by the 
likelihood of exposures at or above different levels. 
Howcvcr, as otl~cr considcr;~tions, (e.g. practiciibility 
and industrial relations) arc also relevant, the dccisior~s 
made by operational managements nlay differ. The 
outcome is the lack of a consistent approach to 
monitoring bctwccli industries or betwccn countries or 
cvcn within an industry or within a country. In 
Publication 26 and in its earlier publications, the ICRP 
rcconinicnded 111, I21 that il l  cases where it is very 
unlikely that a n ~ ~ u a l  doses will exceed thrce tenths of 
the dosc limit, individual nionitoring is not necessary, 
although it may somctimes be carried out to confinn 
that conditions arc satisfactory. 

20. The ICRP rcconimendations have had, and 
continue to have, a major influence on monitoring 
practice. However, the relative ease, low cost and 
sensitivity of nionitoring deviccs for external radiation 
means that these are much niore widely issued than 
would be expected from the suggested criteria. The 
deviccs having been issued, even trivial doses are 
oftell reported, despite the ICRP having recommended 
a recording level of one tenth of the annual limit. The 
situation for internal exposures is, however, quite 
different, with monitoring being undertaken only in 
those few circumstances where there is a clear need. 

21. In Publication60 [17], the ICRP has re- 
commcndcd tllat external radiation should be moni- 
tored for all those who arc occupatior~ally exposed, 
unless it is clear that their doses will be consistently 
low or, as in the case of aircrew, that the circuni- 
stances prevent tllc doses Goni exceeding an identified 
value. 

22. Different approaches arc adopted in designating 
which workers in  a workforce are to be monitored. 
This is to be expected for the reasons previously 
addressed (e.g. see paragraph 2). However, such 
differences, if substantial, could lin~it the extent to 
which direct and valid comparisons can be made 
betwccn reported monitoring data for different 
occupations or industries and/or between data for the 
same occ~lpatior~ or industry carried out in different 
locations. This dil'ficulty a n ,  to sonic extent, be 
overconie by making comparisons between data for 
those lneasurably exposed 1i.e. those for which any 
dosirneter issucd during thc ycar in  question recorded 
a dosc in excess of thc minimum detectable lcvel 
(MDL) or, alternatively, in cxcess of s o ~ n e  administra- 
tively established rcporting level] as opposed to those 
monitored. Even this, however, does not completely 
circu~i~vcnt the problem because there are differences 
in M D L  (or reporting levels) for different sets of 



ANNIX D: OCCUPATIONAL RADIATION I.XI'OSUIU 381 

data. The potential magnitude of this probleln can be 
readily appreciated by referc.nce to tlie variability in 
the ratio of tlle number of persons monitored and 
tllose measurably exposed in various occupations. This 
ratio was found to vary horn about 1 to 10 for 
different occupations in the United States [Nl] and 
over an even greater range in Canada [F2]; a value of 
about 2 was typical of the nuclear industry in the 
United Slates. 

23. Because of these difficulties, a distinction is 
made throughout this Annex between average doses 
estimated for monitored and n~easurably exposed 
workers. W e n  appropriate, indications are given of 
how data expressed in the different ways can be 
modified to enable direct and more valid comparison. 
The implications of these difficulties are largely 
confined to the evaluation and comparison of the size 
of the exposed workforce and average levels of 
individual dose. In general, they do not unduly 
influence the estimation of the collective dose apart 
from those cases where individual exposures are 
mostly very low and the ratio of monitored to 
measurably exposed workers very high. 

3. Recording and reporting practice 

24. The way in which occupational exposures are 
recorded and reported differs significantly between 
occupations and countries. The more important of 
these include the recording of doses that are less than 
the MDL, the assignment of notional doses. the 
protocol for determining who in the workforce is to be 
monitored (visitors, administrative staff etc.), the 
inclusion of contract workers in addition to employees, 
the recording and reporting of internal exposures and 
the general way in which occupational exposure 
distributions are reported. 

25. M D L  may differ behveen occupations and 
certainly differ behveen countries. When doses are 
determined to be less than the MDL, the value 
recorded in the records may be zero, some pre- 
designated level or the MDL value itself. These 
differences affect the comparability of results. It is 
therefore important that reported data on occupational 
exposures be accompanied by information on the 
MDL and how doses less than it were recorded. 

26. When dosimeters are lost, or the readings are 
otherwise not available, notional doses are assigned to 
an individual dose record. A variety of procedures arc 
used in determining the notional dose. These include 
the assignn~ent of the appropriate proportion of the 
annual authorized limit for the period for which the 
dosimeter was lost; the assignment of the average dose 
received by the worker in the previous 12 months; the 

assignment of the average dose received by 
co-workers in the same period etc. Some of these 
procedures can distort records significantly. 
particularly if large nunlbers of dosi~nctcrs are lost 
within a particular occupatio~~al group. Where this is 
t l~e  case, direct comparisons with other data may be 
invalid or at least need qualification. Such potential 
difficulties could be overcome if, in these cases, 
modified data sets were available in which the 
notional doses wcrc substituted by doses calculated 
from the average dose over the remainder of the year 
for each individual or by the average dose received by 
co-workers during the period in question. This 
procedure would only be appropriate for dosimeters 
lost in routine situations; when high exposures are 
suspected, such as in accidents, individual dose 
reconstruction would be a Inore appropriate basis for 
determining the dose to be recorded. 

27. In the past, internal and external exposures were 
generally recorded separately and often in different 
ways, with little or no attempt ~ n a d e  to present 
distributions of the summed exposures. Significant 
variations also occurred in the reporting levels for 
internal contamination, and this further enhanced the 
difficulties of compilation and comparison of statistics 
on internal exposure. This situation is changing, 
however, and internal exposures are increasingly being 
recorded in ternls of committed doses from intakes 
within the year of interest and, moreover, added to any 
dose received from external sources. The generation of 
these more complete dose records will enable more 
valid and reliable comparisons to be made of doses in 
various occupations and industries. These changes in 
recording procedures have two implications. however. 
First, in the transitional period not all dose 
distributions are likely to be based on the sum of 
internal and external doses, and due provision will 
need to be made for this in any comparisons. 
Secondly, previous estimates of occupational 
exposures will nccd to be updated, in particular for 
those occupations and industries (e.g. fuel fabrication 
and fuel reprocessing) where internal exposures may 
have been significant but were not included in the 
reported data. 

28. Two particular features of the way in which 
occupational dose distributions are reported influence 
tbe ease and effectiveness with which the relevant data 
can be extracted and compared. The first is the 
categories or types of occupation for which data are 
commonly reported. Significant differences are 
apparent in the occupatior~al categories used in 
different countries. The advantages of reporting data 
according to a broadly agreed categorization scheme 
are self-evident, hut the difficulties of achieving 
consensus in this area are not to be underestimated, 
especially in the light of long-established national 



practices, which oflcn will have evolved to evaluating trends. For thcse purposes, i t  idcntificd 
sccommodatc particular r~ational interests and/or Ihrec charactcristics of dosc distributions a s  bcirlg 
concerns. Nevcrthclcss, efforts to achieve greater particularly useful: 
uniformity in the collcction ;~nd rcporting of data 
would bc of gcncral t~cncfit. The categories used by 
the Conunittce for evaluating occupetional exposurcs 
are givcn in Tablc 1. Although the categories are 
broad, their widcr usc would simplify and unify thc 
data collcction and rcporting. 

29. The second fcaturc influencing data extraction 
and coniparison is thc lcvcl of dctail or resolution 
adoptcd when reporting the distribution of 
occupational exposurcs, in particular, at the higher 
lcvcls of individual dosc. Analytical procedures have 
been developed by the Cornniittce [U3, U4] to enable 
quantities of interest to be extracted almost 
irrespective of how thc data were reportcd, but if the 
data were all reportcd in a sufficiendy detailed and 
consistent manner, these procedures would be largely 
unnecessary. Analytical techniques may, however, play 
a continuing important role in the estimation of future 
annual and cumulative doses, subject to various 
assumptions on dose linlits or dosc constraints in 
particular occupations. This topic is discussed further 
in the ncxt Section, where procedures for data 
rcporting are given with a vicw to achieving greater 
consistency between the data and facilitating their 
evaluation and conlparison. 

30. Finally, two additional points could affect the 
validity of comparisons bctween occupational 
exposures in different groups or within the same group 
over time: first, whcther any administrative changes 
have occurred in dosc recording that may affect the 
reported doses f ro~r~  one ycar to another and, secondly, 
whether the reportcd doses arc complete, in particular 
whether contract workers as well as employees are 
included in the statistics. Tbe reported data are not 
always explicit with regard to these points. 

B. CHARACTERISTICS 
OF DOSE DISTRIBUTIONS 

31. Dose distributions arc the result of many 
constraints imposed by the nature of the work itself, 
by managcmcnt, by thc workers and by legislation. In 
some job catcgories it may be unncccssary for workers 
ever to receive more than very low doses, whereas in 
other jobs workers may have to be exposed to high 
doses fairly routinely. Management controls act as 
feedback mechanisms, especially when individual 
doscs approach the annual dosc limit, or some 
proportion of it, in a shorter pcriod of time. 

32 The Committee is principally interested in 
making comparisons of dose distributions and in 

tlic average ar111ual cffcctivc dosc (i.c. the sun1 of 
the annual dose from external irradiatiorl plus the 
conin~ittcd dosc fro111 i~ltakcs in  tllat ycar), E, 
which is rclatcd to the avcragc level o i  
individual risk; 
the annual collcctivc cffcclive dose, S (rcferrcd 
to as M in earlier UNSCEAR Reports), which is 
related to the inipact of the practice; 
the ratio, SR, o i  the annual collcctivc effective 
dose delivered at annual individual doses 
exceeding 15 rnSv to the total collective dose. 
SR (referred to as MR in earlicr UNSCEAR 
Reports) provides an indication of the fraction of 
the collective dose rcccivcd by workcrs exposed 
to higher levels of individual risk. This ratio is 
termed the collcctivc dose distribution ratio. 

33. Another ratio, NR, of the number of workcrs 
receiving annual individual doses exceeding 15 mSv 
to the total monitored or exposed workforce, is 
reported in many occupational exposure statistics, 
often when the ratio SR is not provided. The more 
frequent reporting of the ratio NR is probably due to 
the ease witb which it can be estin~atcd. In the past, 
this ratio was not used or reportcd by the Committee 
because of its potential sc~lsitivity to how Ule size of 
the workforcc is dcfincd (those monitored, those 
measurably cxposcd ctc.); conscqucntly, comparisons 
of values of this ratio reported for different 
occupations and in diffcrent countries would, in 
general, require somc qualification. The ratio SR on 
the other hand, is relatively insensitive to this 
parameter and is therefore a better mcans of aflording 
fair coniparisons between exposures arising in 
different industries or practices. Notwithstanding the 
limitations of the ratio N R  it is now included in the 
characteristics reportcd by the Committee. This change 
is largely a reflection of the more frequent rcpoiting 
of the ratio NR in occupatiorial exposure statistics, but 
it also reflects its potential for use in more limited 
circumstances (e.g. when analysing trends with lime in 
a givcn workforcc or making coniparisons between 
workforccs that have been dcfined in comparable 
ways). The ratio SR, however, remains lbe most 
appropriate basis for comparing data gcncrally. 

34. Thc annual collective effective dose, S, is givcn 

by 

where Ei is the alunual effective dose received by the 
ith worker and N is the total number of workers. In 
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practice, S is often calculated from collated dosimetry 
results using the alternative definition 

where r is the number of effective dose ranges into 
which the dosimetry results have been collated and Nj 
is the number of individuals in the effective dose 
rangcs for which E. is the nlearl annual effective dose. 
Thc average annual effective dose, E, is equal to S/N. 
The number distribution ratio, NR, is given by 

where N(>15) is the number of workers receiving 
annual doses exceeding 15 mSv. The annual collective 
dose distribution ratio, SR, is given by 

One of the quantities, the collective dose distribution 
ratio SR, may, however, becorne increasingly less 
useful or informative. In the event that regulatory dose 
limits are reduced by a significant amount, the fraction 
of the collective dose arising from annual individual 
doses in cxccss of 15 mSv is likely to dccreasc. The 
quantity may then cease to serve Lhe purpose intended 
for it. The Committee believes, therefore, that it would 
be useful to estimate and report additional values of 
the collective dose distribution ratio, but for thc 
fraction of the collective dose arising from levels of 
annual individual dose lower than the previously 
adopted value of 15 n~Sv. These collective dose 
distribution ratios are designated, SRE, where the 
subscript E signifies the level of annual individual 
dose to which the ratio refers. These comments apply 
equally to the ratio NR. 

37. In summary, the following characteristics of dose 
distributions will be considered by the Committee in 
its reviews of occupational exposure: 

where S(>15) is the annual collective effective dose 
(a) the average annual effective dose (i.e. thc sum of 

delivered at annual individual doses exceeding the annual dose from external irradiation and-the 
15 mSv. committed dose from intakes in that year), E; 

35. The total number of workers, N, warrants further 
comment, as it has implications for the various 
quantities estimated. Depending on the nature of the 
data reported and subject to the evaluation (or the 
topic of interest), the number of workers may be those 
monitored, those classified, those measurably exposed, 
the total workforce or some subset of this. These 
quantities, therefore, will always be specific to the 
nature and composition of the workforce included in 
the estimation; when making comparisons, caution 
should be exercised to ensure that like is being 
compared with like. These aspects were discussed in 
Section LA, where the implications of different 
monitoring and reporting practices for the assessed 
average individual and collective doses were 
identified. In this Annex consideration is, to the extent 
practicable, limited to the estimation of the above 
quantities for the monitored and measurably exposed 
workforces; however, lack of uniformity between 
employers and countries in determining who should be 
monitored and/or what constitutes measurably exposed 
means that even these comparisons between ostensibly 
the same quantities are less rigorous than might 
appear. Where necessary, quantities estimated for a 
subset of the workforce (e.g. those measurably 
exposed) can be transformed to apply to the whole 
workforce; methods of achieving this, based on 
characteristics of the dose distributions, are discussed 
below. 

36. The three quantities used in the past by the 
Committee have provided a useful basis for 
summarizing and comparing occupational exposures. 

@) the annual collective effective dose (i.e. the sum 
of the annual collective dose from external 
irradiation and the committed collective dose 
from intakes in that year), S; 

(c) the collective dose distribution ratio, SRE, for a 
value of E of 15 mSv in this Annex and 
additionally for lower values in the future; 

(d) the number distribution ratio, NRE (the fraction 
of the workforce exposed to anrlual doses in 
excess of E) for a value of E of 15 mSv in this 
Annex and additionally Tor lower values in the 
future; 

To facilitate the task of extracting data from dose 
distributions, persons reporting data are encouraged to 
include these characteristics explicitly in their dose 
distributions. In addition to the annual collective dose, 
it would also be very useful to have information 
provided so that normalized forms of this quantity can 
be derived, i.e. expressed in terms of unit practice, for 
example per reactor or per unit energy generated. This 
facilitates con~parison between practices. 

38. Ideally, these characteristics of dose distributions 
would be evaluated by those reporting the data from 
the complete, detailed recording of doses to workers 
within a particular workforce, and they would be 
presented in the requisite form. In practice, however, 
this does not always occur. Data on occupational 
exposures are con~pleted in a variety of forms, some 
of which do not lead to the explicit presentation of all 
those quantities of interest to the Committee. In rhcse 
cases the quantities must be calculated from the data 
presented, and the Comrnitiee has developed analytical 
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proccdurcs for lliis purpose. These are summarized 41. Graphical tccliriiques are often of sufficient 
below. Furtlicr details of t l~e  procedures are prescrited accurilcy for anelyscs of dose distributions arid arc 
in the UNSCEAR 1982 Report p 3 ] .  The need for the described both in standard tcxLs [ F l ]  and in the 
Committee to use such proccdurcs has, however, context of c-~.cupatio~ial dose distribution a~~alys is  [Bl]. 
diminished with time, owing to improvements in and If a straight line is fitted to tlic plot of the cumulative 
more comprchensivc reporting of occupatiorial frcq~re~icy versus 111 E, then the value of E is 01 - a) 
exposures. at a cumulative frequency of 15.87% and 0~ + a )  at a 

cumulative frcquc~icy of 84.13%. SE ca-n then be 
39. In UNSCEAR 1977 p41 (Annex obtaillcd from standard tabulations. 
it was noted that many dose distributions exhibit a 
log-nonnal character, especially at doses well bclow 
the annual dose limiL This property can be readily 
identified by plotting the cu~nulative frequency of the 
number of individuals with doses less than a given 
level on a probability axis against the logarithm of 
dose. Where the required information cannot be 
extracted directly from the reported results, a 
log-normal fit to the appropriate part of the 
distribution can be used to extract the collective dose 
and the fraction of the collective dose delivered in 
different individual dosc ranges. This procedure can 
also be used, where necessary, to asscss collective 
doses to the large numbers of workers in the lowest 
dose band, who may receive very low or zero doses 
but nonetlieless arc given dosimeters. 

40. A variable x is said to be distributed log- 
normally if the values of y = In x are distributed 
normally. The mean, median and mode of the distribu- 
tion of y is p; the variance of the distribution of y is 
&. The probability that a value of x will lie between 
x and x + dx is 

Since the data rarely fit a log-normal distribution over 
the whole range, the quantity of use is the collective 
dose SE, up to a certain annual effective dose E. This 
is given by 

E 

(6)  

This can be expressed as 

where the substitution variable t = (In x - ,u - &)/a. 
The substitution using t is made to render SE in the 
form shown, since tabulations of the cumulative 
normal distribution function are readily available. The 
choice of the appropriate value of E for each distri- 
bution is made by inspecting the data plotted on log 
probability graph paper; very often 10 or 15 mSv is a 
convenient value. 

42. Alteniativcly, ;I wide variety of numerical and/or 
analytical techniques can be used to evaluate the 
quantities of interest from the dose distributions. For 
example, when sufficient data are available, the 
niell~ods of maximum likelihood or of least squares 
cat1 be used to obtain the equation for the best-fit line 
up to an annual dose E, chosen from inspection of the 
plot; the collective dose up to that value of dose can 
then be obtained by numerical integration. To estimate 
the collective dosc in the ranges above E, where the 
dose distribution deviates from log-normal, i t  may be 
sufficient to multiply the number of individuals in 
each dose range by the mid-point dose of the range, if 
this information is available with adequate resolution. 
Equally, graphical or various curve-fitting techniques 
can bc employed to evaluate the integral and other 
quantities of the dose distribution. 

43. Iavestigations by Kumazawa et al. [Kl]  have 
shown that the control exercised over doses approach- 
ing the dose limit results in a normal distribution of 
doses in the higher dose ranges, and that a combina- 
tion of a log-normal and a normal distribution (but not 
a niixcd distribution of them) rnay provide a niore 
generally applicable means of representing occupatio- 
nal dose distributions. Such hybrid log-normal distri- 
butions have been shown to provide a good represen- 
tation of observed data in many circumstances [El]. 

44. The distribution function of a variable x is 
hybrid log-normal if the values of y = ln(px) + 
px (p > 0) are distributed normally. The mean, median 
and mode of the distribution of y is p and the variance 
of the distribution of y is a*. The probability that a 
value of x will lie between x and x + dx is given by 

whcre p, p arid o are paranictcrs of the hybrid log- 
normal distribution. I t  should be noted that p and & 
do not have the usual meanings of mean arid variance 
for variate x that lliey have for tlic normal distribution. 
The parameter p is a measure of the degree of control 
exercised to avoid approaching or exceeding some 
level of exposure. AS p + 0, the distribution tends to 



ANNEX D: OCCUPAllOKAL RADIATION EXPOSURES 385 

the log-normal distributio~i; as p -, a, it tends to t l ~ e  
nornlal distribution (defined only above zero). 

45. For a hybrid log-nonnal distribution, the ratios 
NRE and SRE, are given by 

6 P(x) dx 1 xP(x) dx 

NRE = OD 
and SRE = (9) 

All of these integrals have to be evaluated 
numerically. Graphical and computational methods for 
deriving the parameters p, ,u and a of the hybrid 
log-normal distribution that provides thc best fit to a 
given set of data are described in the literature [Kl,  
Sl]. Computational techniques for evaluating the 
above integrals are also available [K2J. 

46. The hybrid log-normal distribution is finding 
increasing use in the analysis and reporting of 
occupational exposures, particularly in the United 
States, where it has been used by several agencies in 
their most recent compilations of annual statistics p3, 
R2, M3]. One of its uses has been to re-evaluate 
statistics compiled previously on a simpler basis; its 
use in this context led the United States Department of 
Energy [M3] to conclude that collective doses reported 
in prcvious years were probably overestimates by, on 
average, 15%-20%. More importantly, it provides a 
means to assess the degree of active control used in 
different occupations to reduce the frequency of 
annual doses approaching dose limits or other 
constraints. Similarly, it can be used to predict futurc 
trends in dose subject to assumptions on the degree of 
control exercised over the occurrence of higher 
individual doses. 

47. l e  hybrid log-normal distribution may also 
provide a useful means of reporting dose distribution 
data succinctly. If dose distributions are generally well 
fitted by the hybrid log-normal form, it would bc 
possible to describe a complete distribution of 
exposures by specifying the three parameters of t l~c  
hybrid log-normal distribution function. It would then 
be possible to generate from these three parameters 
any characteristic of the dose distribution that may bc 
considered useful now or in the future. Given thc 
flexibility offered by this approach, the merits of 
reporting occupational exposures in ternls of the three 
parameters of the hybrid log-normal distribution 
warranfs further consideration. The additional 
computational effort involved in deriving these 
parameters may impede the wide-scale adoption of this 
approach. 

48. The need for succinct reporting of dose 
distributions has, however, diminished with tbe growth 
and ease of use of computer databases. Vast amounts 
of data can now be readily stored in an accessible 
form. Provided occupational exposure databases are 
created with sufficient resolution, it will be possible, 
using simple arith~nctic techniques, to estimate with 
adequate precision all of the characteristics presently 
of interest to the Committee; any other characteristics 
that might eventually be of interest could likewise be 
readily evaluated. Access to such databases in the 
future is likely to reduce the use made by the 
Committee of empirical fits to dose distributions to 
extract required quantities. In these circumstances, the 
future use of empirical fitting by the Comnlittee is 
likely to be limited to the extraction of quantities of 
interest from data compiled with inadequate resolution 
in the past; additionally, the techniques will continue 
to be used to provide insights into matters such as the 
influence of dose limits or constrainls on the 
characteristics of dose distributions and for purposes 
of estimating the magnitude of, and trends in, future 
annual and cumulative doses. 

C. ESTIMATION OF 
WORLDWIDE EXPOSURES 

49. Inevitably, the data provided in response to the 
UNSCEAR Survey of Occupational Exposures will 
remain incomplete in terms of estimating worldwide 
levels of dose. Procedures have therefore been 
developed by the Committee to derive worldwide 
doses from the data available lor particular 
occupational categories. Two procedures have been 
developed, one for application to occupational 
exposures arising at most stages in the commercial 
nuclear fuel cycle and the other for general application 
to other occupational categories. 

50. In general, the reporting of exposures arising in 
the commercial nuclear fuel cycle is more complete 
than that of exposures arising from other uses of 
radiation. The degree of extrapolation from reported to 
worldwide doses is, therefore, less and can be  
achieved with greater reliability than for other 
occupational categories. Moreover, worldwide statistics 
are generally available on capacity and production in 
various stages of the colnmercial nuclear fuel cycle. 
Such data provide a convenient arid reliable basis for 
extrapolating to worldwide levels of exposure. Thus, 
the worldwide annual collective effective dose, S,, 
from a given part of the nuclear fuel cycle (e.g. 
uranium mining, fuel fabrication or reactor operation) 
is estiniated to be the total of annual colleclive 
effective doses from reporting countries times thc 
reciprocal of thc fraction, f, of world production 
(uranium mined, fuel fabricaled, energy generated etc.) 
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accounted for by thcsc countrics, namely, 
111 

where Sc is the annual collective dose froni country c 
and 11 is the number of countrics for which 
occupational exposure data have been reported. The 
fraction of total production can be expressed as 

with PC and P, the productions in country c and in the 
world, w, respectively. 

51. The annual number of monitored workers 
worldwide, N,, is estimated by a similar extrapolation. 
Because of more limited data, the worldwide 
distribution ratios, N S ,  and SREw, are simply 
estiniatcd as weighted averages of the reported data. 
The extrapolations to worldwide collective effective 
doses and numbcrs of monitored workers and the 
estimation of worldwide average distribution ratios are 
performed on an annual basis. Values of these quanti- 
ties have bcen averaged over five-year periods, and 
the average annual values are reported in this Annex. 

52 For exposures to radiation other than in 
operations of the nuclear fuel cycle, statistics are not 
so  readily available on the worldwide level of the 
practices or their distribution anlong countries. In these 
cases a simpler and, inevitably, less reliable method of 
extrapolation has to be used. A variety of approaches 
are possible (e-g. scaling by size of population, by 
employment in industrial or medical professions or by 
some measure of industrial output). In the end, it has 
seemed to be most practical and reasonable to 
extrapolate on Ihe basis of gross national product 
(GNP) of countries. Several considerations influence 
the choice of this quantity in prcferencc to others, 
notably the availability of reliable worldwide statistics 
on gross national products and their potential for 
general application; the latter is a consequence of the 
expectation that the gross national product is 
reasonably correlated with both the level of industrial 
activity and medical care in a country, characteristics 
unlikely to be found in any other single quantity. TO 
make the extrapolation more reliable, it is applied not 
globally but separately over particular geographic or 
econornic regions, followed by summation over these 
regions. This results in extrapolations of available data 
within groups of countries with broadly similar levels 
of economic activity and allows for general 
geographical comparisons. 

53. The worldwide annual collective effective dosc 
for other uses of radiation, is estimated as 

whcrc 

whcre S, is t l ~ c  annual collcctivc cffectivc dosc in 
geographic or economic rcgion r, nr is the number of 
countries in region r, for which occupational exposure 
data have been reported, 111 is the number of rcgio~is 
and g, is the fraction of the GNP of region r, 
represented by those countrics for which occupational 
exposure data arc available and is given by 

whcrc Gc and G, are the GNPs of country c and 
region r, respectively, and are expressed in United 
States dollars. 

54. The above equations are applied to estimatc 
collective doses for those regions for which occupa- 
tional exposure data are available for at least one 
country within the region. For those regions for which 
no data for any country were reported, a modified 
approach is adopted. In these cases the regional 
collective dose is estimated as 

For lhe purposcs of this analysis the world was 
divided into nine geographic or economic regions 
comprising: countries of the Organization for Econo- 
mic Cooperation and Development (OECD), conipri- 
sing 24 countries; Eastern Europe, including the 
former USSR; Latin America: Africa, excluding South 
Africa: the Indian subcontinent; south and south-west 
Asia; centrally planned economies in east and south- 
east Asia; non-ccnlrally planned econoniies in east and 
south-east Asia and Oceania. 

55. The annual nunibcr of monitored workers 
worldwide, N,, is estimated by the same procedure. 
The worldwide distribution ratios are estimated as for 
operations of h e  nuclear fuel cycle, but where the 
averaging was performed first on a regional basis prior 
to su~ii~iiing over all regions. For selected occupational 
categories, estimates are also made of the number of 
measurably exposed workers worldwide. &. These 
are estimated on a regional basis from the quotient of 
annual collectivc effective dose and the average annual 
dose to nieasurably exposed workers. 
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56. Given Ihc approxiniatc nature of this form of 
extrapolation, it has been applied not to annual data 
but to data averaged over five-year periods. 
Representative data on the gross national product were 
used for each of the three periods (specifically, 1977, 
1983 and 1989) 1117, U111. The particular ycars used 
are of no absolute importance, as it is o~ily the relative 
values of gross national products within a given period 
that are relevant to the extrapolation. 

was hope that (his siniplc lrcalrnent would stinlulate 
more rigorous investigations of the relationship 
betwecn the rate of accumulation over the years of 
employment and the total dose received. This hope has 
not been realized to any great extent, and there still 
remain fcw published analyses of cu~t~ulativc o r  
lifetirue doses that the Committee can use as a basis 
for a (horough assessment. 

59. The progress the Committee can make in this 
area will inevitably be constrained by published data 
or data ~ n a d e  available by national authorities. The 

D' CUh'ULAT1"E DISTRIUUT1ONS published data are reviewed ill this Annex, and the 

57. The subject of cun~ulative and lifetime 
occupational doses to workers and their distribution 
for particular workforces is an important one that 
needs to be  addressed. There are, however, few data 
available in the open literature that either report values 
directly or allow estimates to be made. Of particular 
interest are the cunlulative or lifetinle doses among 
those groups of workers who regularly experience high 
average annual effective doses. 

58. The Committee has made no assessment of 
cumulative lifetime doses since the UNSCEAR 1 9 7 j  
Report [U4], when simple linear extrapolation was 
used to estimate doses for a few categories of workers 
for whom data on average doses and years of 
employment were available. The deficiencies in such 
a simple extrapolation were well recognized, but there 

distributions of cumulative and lifetime doses in 
particular occupations are assessed. Given the 
importance of the topic, it would be useful if national 
authorities and some large employers would make 
available other relevant, but so far unpublished, data 
and could undertake further analyses in this area. It is 
evident that much progress will be made in this regard 
in support of epidenliological studies that have been, 
or arc in the process of being, carried out for 
particular occupational groups. The temporal patterns 
of individual exposures are essential components of 
such studies, and it should be possible to extract the 
required data and report them in a suitably anonymous 
fashion so  that the privacy of the records of individual 
workers is safeguarded. The protocols under which 
data were collected for epidemiological studies may, 
however, in some cases inhibit the use of the data for 
the purposes of interest to the Committee. 

IT. THE NUCLEAR FUEL CYCLE 

60. The fucl cycle that serves nuclear power reactors 
used for the generation of electrical energy is a major 
identified practice giving rise to occupational 
exposures. Exposures arising from this practice were 
discussed and quantified in the UNSCEAR 1972 [US], 
1977 [U4], 1982 [U3] and 1988 [Ul] Reports, with 
comprehensive treatment in the 1977 and 1982 
Reports. In comparison with many other sources of 
exposure, this practice is well documented, and 
considerable quantities of data on occupational dose 
distributions are available, in particular for more 
recent years. Consideration is given in this Annex to 
occupational exposures arising at each niajor stage of 
the fuel cycle. As the final stage of treatment and 
disposal of the main solid wastes is not yet sufficiently 
developed to warrant a detailed examination of 
potential exposures, it is given only very limited 
consideration. However, occupational exposures from 
waste disposal are not expected to significantly 
increase the sum of the doses from the olher stages in 

the fuel cycle. For similar reasons, no attempt is made 
to estimate occupational exposures during the 
decomnlissioning of nuclear installations, although this 
will become an increasingly inlportant source. 

61. For each stage of the fucl cycle estimates are 
made of the magnitude and temporal trends in the 
annual collective and average individual doses, the 
numbers of monitored workers and the distribution 
ratios. The collective doses are also expressed in 
normalized terms, that is per unit practice relevant to 
the particular stage of the cycle. For uranium mining 
and milling, fuel enrichment, fuel fabrication and fuel 
reprocessing, the nornlalization is initially presented in 
ternls of unit mass of ura~~iurn or fuel produced or 
processed; these quantities can be re-normalized in 
terms of the equivalent anlount of energy (hat can be 
(or has been) generated by the fabricated (or enriched) 
fuel. The bases for the normalizations, namely, the 
amounts of mined uranium, separative work duri~lg 



enrichment and dlc amount of fucl required to 
generate a unit of elcctriral energy in various reactor 
types, arc given in  AIIIICX B, "Exposures from 
n~as-made sources of radiation". For reactors, several 
ways o l  normalizing thc data may be appropriate, 
depending on how the data arc uscd. I n  this Annex, 
normalized collective doscs arc given per reactor and 
per unit clcctrical energy generated. 

6 2  To allow proper comparison bctwcen the doses 
arising at different stages of the fuel cycle, all the data 
arc ultimately presented in the same normalized form. 
in lernis of the electrical energy generated (or the 
arnount of uraniu~n mincd or fuel fabricated or 
reprocessed, corresponding to a unit of cncrgy 
subsequently generated in the reactor), which is the 
output from thc nuclear power industry. This form of 
normalization is both valid and useful when treating 
data accumulated over a large number of facilities or 
over a long time period. It can, however, be 
niisleading when applied to data for a single facility 
for a short time period; this is because a large fraction 
of the total occupational exposure at a facility arises 
during periodic maintenance operations when the plant 
is shut down and not in production. Such difficulties 
are, however, largely circumvented in this Annex, 
since the data arc presented in an aggregated form for 
individual countries and averaged over five-year 
periods. 

63. In addition to the annual dose, the rate at which 
dosc is accumulated during the career of an individual 
(cumulative or lifetime dosc) is an important statistic 
in judging h e  significance of occupational exposures. 
As ~nentioncd above, however, there arc as yet few 
data available on cumulative or lifetime doses. 
Accordingly, the subject is not treated separately for 
each stage of the fucl cycle, but i t  is addressed in 
Section ILG for the nuclear fuel cycle as a whole. 

64. Various national authorities or i~lstitutions have 
uscd different methods to measure, record and report 
the occupational data included in this Annex. The 
main features of the procedures uscd by each country 
that responded to the UNSCEAR Survey of Occupa- 
tional Exposures are sumniarized in Table 2. The 
potential for such differences to comproniise or 
invalidate comparisons between data is discussed in 
Scction I.A.3. The reported collective doscs and the 
collective dose distribution ratios are largely 
insensitive to the differences that have been identified 
in Table 2, and the quantities can gerlerally be 
compared without further qualification. The average 
doses to monitored workers and the number dislribu- 
tion ratios are, however, sensitive to decisions and 
practice on who in a workforce is to be monitored. 
Difterences in these areas could not be discerned from 
responses to the UNSCEAR Survey of Occupational 

EX~)OSU~CS nor, C O I I S C ~ U C I I I I ~ ,  can tl~cy be discerned 
froni Table 2. However, bcrausc the nionitoring of 
workcrs i r ~  the nurlcar power induslry is ia general 
fairly coniprchensivc, con~parisons of the average 
individual doses (and 11un1bcr distribution ratios) 
rcportcd llcrc arc judged to bc broadly valid. Noncthc- 
less, i t  must be recognized [hat differences in nioni- 
toring and reporting practices do exist, and thcy may, 
in particular cases, affect the validity of comparisons 
bctwcen reported data; lo the extent practicable, where 
such differences arc likely to be important thcy arc 
identilied. 

A. UIWNIUM MINING AND hlI1,LING 

65. Uranium is obtained from ore niined in several 
countries, with the largest producers within WOCA 
(World Outside Centrally planned economies Area) 
being Australia, Canada, France, Namibia, Niger, 
South Africa and the United States; in addition, 
uranium exploration and/or production is being 
undertaken on a smaller scale in several othcr 
countries. Data on (he annual production of uranium 
arc given in Anncx B, "Exposures from man-made 
sources of radiation". Uranium mining operations 
involve the removal from the ground of large 
quantities of ore containing uranium and its decay 
products at concentrations up to several thousand 
tinics the concentrations of these nuclides in the 
natural terrestrial cnvironmenL The concentration of 
uranium in niined ores is typically between 0 . 1 0 ~ 3 %  
U308 but in exceptio~~al cases may be as high as a 
few tens of per cent. Mining is carried out by either 
undcrgour~d or open-pit nictl~ods, which account for 
most o l  the uranium produced; in recent years in siru 
solution mining has also been carried out, although 
this makes only a small contribution to overall 
uranium production. In some cases uranium is 
obtained as a by-product of the mining of gold or 
othcr metals. 

66. Uraniuni milling operations involve the 
processing of large quantities of ore to extract partially 
refined uranium. The process of extraction involves 
the following steps: crushing, grinding, chemical 
leaching, scl~aratioa of the uranium from the leach 
solution, precipitation, drying and packing of the 
extracted tnaterial. Most mills use an acid leach 
extraction process, allhough othcr processes arc in use. 
The uranium concentrate, often referred to as 
yellowcake, is uscd as feed for fuel fabrication plants, 
where it is further refined, converted and, if necessary. 
enriched. 

67. Both internal exposure and cxternal irradiation 
may be significant co~~tributors to occupational 
exposure during ureniutn mining. lr~tcrnal exposure 
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may arisc from thc inl~:~li~tio~t of radon and its dccay 
products and thc iahalation of orc dust containing 
long-livcd alpha c~nittcrs of thc uranium chain. A 
rlumbcr of factors will influcncc tltc rclativc cotttribu- 
tiori of cach sourcc, including, amorlg othcrs, thc typc 
of rniaing undcrtakcn (kc. dccp ltti~ting or open-pit) 
arid the clficacy ol'vcntilatioa undcrground. The niairl 
sourcc of intcrnal cxposurc ill underground mincs is, 
in gcneral, thc inhalation of radon and its dccay 
products; wltcrc thcsc liavc bccn rcduccd to a low 
Icvcl, the inhalation of orc dust may be a significant 
contributor. In opcn-pit mincs, particularly in dry 
climates, inhalation of orc dust is likcly to bc the main 
sourcc of intcrnal cxposurc. Bccausc of the confined 
spacc undcrgrourtd and practical limitations to the 
degree of ventilation that can be achieved, internal 
cxposurc is of greatcr significance in undcrground 
mines than in opcn pit mincs. Occupational exposure 
from the inhalation of radon dccay products in undcr- 
ground mincs was recognized as a major radiological 
protection problcrn in the 1960s and early 1970s. In 
the intervening period much has becn done to reduce 
airborne coriccntrations of radon and its decay pro- 
ducts in mines and, co~~icq i~c~ t t ly ,  exposures from this 
sourcc. Improvcn~cnts continue but with increasing 
cost and difficulty as the co~~ccntrations arc reduced. 

68. Occupational cxposures from uranium mining in 
14 countrics, avcri~gcd ovcr 1975-1979, 1980-1984 and 
1985-1989, arc sumniarizcd in Tablc 3; data are re- 
ported separately for u~tdcrground and open-pit 
mining. Thc cor~tributiorts to the totals, whcrc avail- 
able, of external exposure and internal exposure Gom 
inhalation of radon progcny and ore dust are indicated. 
Some comrncnts on thc tabulated doses arc necessary 
however, in particular on the doses Goln inhalation of 
radon progcny. I11 general, in the data reported to the 
Committce (or published elsewhere), doses from 
inhalation of radon progcny were estimated on thc 
basis of a conversion factor of 10 mSv WLM-I. In 
Annex A the annual effcctivc dose from radon pro- 
gcny for mcmbcrs of the public has bccn taken to be 
1 mSv from indoor cxposurc (7,000 hours per year) to 
a radon concentration of 40 Bq m-3 or an e uilibrium 
equivalent concentration (EEC) of 16 Bq mS. Assum- 
ing thc samc nulncrical relationship between dosc and 
conccntralion applies to occupational cxposures, the 
value of thc convcrsion factor expressed in units of 
dosc pcr working lcvcl ruonth (WLM) is: 1 mSv t 
7,000 hours t 16 Bq m-3 x 6.3 10' Bq h m-3 WLM" 
= 5.6 mSv WLM-I. This is consistent with thc value 
of 5 mSv WLM-' suggcstcd in a co~tsultativc docu- 
ment issued by ICRP [113]. While it has been possible 
to modify rcportcd doscs for this chartgc in convcrsion 
factor, insufficient data wcrc available to enable the 
reported data on distribution ratios to be modified. The 
tabulated values ofNRIS and SRIS, while valid within 
the contcxl within which thcy were reported, are strict- 

ly applicable to ii valuc of E soniewl~at lcss than 15  
mSv; thc c.sact valuc to which thcy rcfcr will depend 
on the particular data sct. in particuler on thc rclativc 
contribution of riltlo~i progclly to thc total dosc. 

69. Estimates of worldwidc lcvcls of cxposurc from 
uranium mining, iilso given in Tablc 3, l~avc  bccn 
derived by extrapolating thc rcportcd production to 
total world uranium production. The riumbcrs of 
monitorcd workcrs and thc annual collcctivc and 
individual doses, avcragcd ovcr thc samc fivc-year 
pcriods, are illustrated in Figure I. Thc normalized 
collcctivc dose and Ihc dosc distribution ratios arc 
prcscntcd in Figure 11. 

70. Data on national uranium production havc becn 
obtained from rcsportscs to Ihc UNSCEAR Survey on 
Occupational Exposures or, in thcir absence, from 
OECD [02]. Worldwide lcvcls of production were 
obtained as the sum of data rcportcd by OECD [02], 
which was limited to WOCA (World Outside 
Centrally planned economies Arca) countrics; data 
reported to UNSCEAR for Czechoslovakia and the 
Gcrnlan Dcmocratic Republic: artd cstimatcs for China 
and the formcr USSR. Production in China was 
estimated froni rcportcd collectivc doscs [IlO], 
assuming that the collectivc dose per unit mass of 
uranium mincd was equal to Ihc average in those 
countries for which data were available for 
undcrground nlincs in 1985-1989. This rough estimate 
of annual production in China was assumed, in thc 
absence of bcttcr data, to apply throughout the pcriod 
1975-1989. Thc mining of uranium in the formcr 
USSR was nomi~tally assunicd cqual to that estimated 
for China. 

71. The annual amount of uranium rnincd worldwide, 
averaged over five-ycar pcriods, was 50-60 k t  The 
production was highest in 1980-1984 and 10%-15% 
lower in 1975-1979 and 1985-1989. By far the 
majority of uranium (about 80%) was mined 
underground in this period, although the contribution 
from open-pit mining irtcrcascd with time. About a 
quarter of a million workcrs were involved in uranium 
mining worldwidc; 99% of thcm, on average, wcrc 
employed in undcrground mincs, with about onc third 
of thcsc in gold mines in South Africa in which 
uranium is also cxtractcd. Thc worldwide annual 
collective effective dose, avcragcd ovcr 1975-1989, is 
estimated to havc bccn about 1.300 man Sv, although 
there is cvidcricc that levcls wcrc about 20% lower 
than this average in thc most rcccrlt fivc-ycar pcriod; 
open-pit mining made only a miriitnal contribution to 
the total (about 1% on avcragc). Tltc avcragc annual 
effcctivc dosc to monitorcd workcrs (or more strictly 
to Ihosc workcrs whose doscs wcrc assessed, either 
from personal or cnvironmc~~tal monitoring) in under- 
ground mines has dcclincd from about 5.5 to about 



4.5 niSv between the first and third five-year pcriods. 
In open-pi! niining the corrcspondirig doses were 
lowcr, declining from about 2.0 mSv to about 1.6 niSv 
ovcr the same period (Figure I). The normalized 
collective cffcctive dosc from underground ni i~~in Q dccrcasrd froni about 30 to about 26 nian Sv kt* 
uraniuni 16.6 to 5.7 nlan Sv (GW a)-'] between the 
first and third five-year periods; in  open-pit mining, 
thc normalized doses were much lowcr, having dccrca- 
sed from about 1.1 to about 0.3 nian Sv kt-' uranium 
[0.24 to 0.06 rnan Sv (GW a)-'] ovcr the same period 
(Figure 11). For uranium niining as a whole, the 
normalized collective dosc decreased from 26 to 
20 man Sv kt" uranium [5.7 to 4.3 man SV (GW a)-']. 

72. The reporting of data on distribution ratios is less 
comprehensive than that on other quantities of interest. 
Moreover, the situation is further coniplicated by the 
modification of reported data to take account of the 
adoption hcre of a conversion factor of 5.6 mSv 
WLM-' for exposure to radon progeny compared with 
a value of 10 mSv WM-' generally used in the 
reported data. While rcported doses can be readily 
modified to account for this change, this cannot be 
done for the reported distribution ratios. In these 
circumstances consideration is limited hcre to an 
analysis of trends in the rcported distribution ratios, 
while recognizing that the ratios strictly are applicable 
to values of E somewhat less than 15 niSv (moreover, 
with the value of E differing between countries 
depending on the relative contribution of inhalation of 
radon progcny with total dose). For those countries 
reporting data on distribution ratios, the fraction of the 
monitored workforce in underground mines in these 
countries receiving rcported annual effective doses 
greater than 15 mSv declined from 0.39 in 1975-1979 
to 0.26 in 1985-1989: the haction of the reported 
collective cficctive dose arising from reported 
individual doses above the same level also declined, 
from 0.69 to 053  over the same period. It is not 
possible to be precise with regard to the level of dose 
to which these ratios apply when using a dose 
conversion factor of 5.6 mSv WLM-I, but it is of the 
order of 10 mSv. The distribution ratios in open-pit 
mining were much smaller; over the same period the 
rcported number distribution ratio, averaged over thosc 
countries providing data on h is  quantity, declined 
fiom about 0.005 to 0.0004 and the reported collective 
dose distribution ratio from 0.026 to 0.006 (Figure 11); 
for the dose conversion factor adopted in  this Annex 
the value of dose to which these ratios apply is within 
a range of about 10 to 12 mSv. These values for the 
rcported distribution ratios, averaged over the countries 
which provided such data, can be considered indicative 
of worldwide levels. 

73. The data for individual countries and their trends 
with time vary considerably about the average 

worldwide values (see Table 3). For undcrground 
mining tile average anrlual effective dose, averaged 
ovcr the five-year periods, typically varied within a 
rangc of 3-20 niSv; Bulgaria was a notable exception. 
For open-pit riiining the corresponding range of 
variation was typically about 1-5 niSv. The variation 
in normalized collective effective doses was even 
greater, between about 1 and 110 nian Sv kt-' uranium 
[0.25 to 25 man SV (GW a)-'] for underground mines; 
doses in Canada, France and h e  United States were at 
the lower end of this range and thosc in Argentina, 
India and South Africa at the upper end. For open-pit 
mines the range of variation was about 0.04- 
16 man Sv kt-' uranium [0.01-4 man Sv (GW a)-']. 
The rsnge of variation between countries for the 
rcported distribution ratios was somewhat smaller than 
the range for other quantities. 

74. Internal exposure makes by far the greatest 
contribution to the total exposures in undcrground 
mining. Averaging over those countries (Australia, 
Canada, China, Czechoslovakia, France, the German 
Democratic Republic, India and South Africa) 
reporting data on at least two of the three main 
contributors to exposure (in thosc cases where only 
two pathways were quantified the contribution of the 
third was assumed to be zero), about 70% of 
exposures arose on average from the inhalation of 
radon daughters, about 3% froni the inhalation of ore 
dust and about 27% from external irradiation. For 
open-pit mining there was much greater variation 
reported in the contribution of the respective exposure 
palhways. In Argentina, external irradiation 
contributed about 80% and inhalation of radon 
daughters about 20% to total exposures; the 
contribution of ore dust was small by comparison. In 
Canada in 1985-1989 (doses from milling were 
included in the data for earlier periods), external 
irradiation and the inhalation of radon daughters were 
also the main contributors to total exposure (about 
50% and 43%, respectively), with a contribution of 
about 6% from the inhalation of ore dust. The 
Australian data showed a somewhat different 
distribution, with the largest contribution from ore dust 
(about 75%) and external irradiation and radon 
daughtcrs contributing about 22% and 2%, 
respectively. Averaging over these three countries 
during the 1980s. external exposure has contributed 
about 70% of the total dose and inhalation of radon 
progeny about 30%; about 4% of the total has arisen 
from inlialation of dust. 

75. Occupational exposures from uranium milling in 
nine countries, averaged over 1975-1979, 1980-1984 
and 1985-1989, are summarized in Table 4. The 
reported data for niillirig were modified in the same 
way as thosc for mining (see paragraph 68) in respect 
of exposure from inhalation of radon progeny (i.e. 
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conversion factor of 5.6 mSv WLM-' adopted, com- 
pared with 10 mSv WLM-~ used in reported data. Thc 
qualifications made in paragraph 68 with respect to the 
tabulated distribution ratios apply equally hcrc. 
Estinlates of worldwide levels of exposure are also 
given in Table 4; they were derived by extrapolating 
to the total world production of niilled uranium. Data 
on the amounb of uranium niilled in individual 
countries were obtained from responses to the 

I UNSCEAR questionnaire or, in their absence, froni 
OECD [02],  subject to the simplifying assumpticin h a t  
the amount of uranium milled in any year was equal 
to that mined. This same assumption was used in 
estimating the amount of uranium milled worldwide. 
The numbers of monitored workers, the annual 
collective and individual doses, averaged over the 
five-year periods, the normalized collective dose and 
the dose distribution ratios are illustrated in Figures 
I and 11. 

76. The average number of workers in uranium 
milling worldwide is much smaller than the number in 
mining. It increased from about 12,000 in 1975-1979 
to about 20,000 since then. The worldwide annual 
collective effective dose, avcragcd over the whole 
period, 1975-1989, is estimated to have been about 
120 man Sv. A small downward trend with time is 
evident, with a decrease of about 10 man Sv between 
the first five-year period and the subsequent periods. 
The worldwide average annual effective dose to 
monitored (or more strictly, assessed) workers in 
milling decreased from about 10 mSv in 1975-1979 to 
about 6 mSv subsequently and is somewhat greater 
than that experienced in underground mining. The 
normalized collective cffectivc dose from milling has 
decreased from about 2.4 in 1975-1979 to about 
2.0 man Sv kt-' uranium [about 0.5-0.4 nian Sv 
(GW a)-'] after that time. In comparison, the 
normalized collective dose froni open-pit mining was 
smaller on average by a factor of about 2 and that for 
underground mining was more than an order of 
magnitude greater. 

77. Relatively few data have been reported on 
distribution ratios for milling and, as for mining, 
interpretation of the data that do exist is complicated 
by the revision of reported doses to conform with the 
dose convention used in this Annex for exposure from 
inhalation of radon progeny. For the reasons set out 
above (see paragraph 72) consideration is limited to an 
analysis of the trends in the rcported distribution 
ratios. Averaging over the available data, the fraction 
of the n~onitored workforce receiving repofled annual 
effective doses greater than 15 mSv declined, from 
about 0.4 in 1975-1979 to about 0.2 in 1985- 1989; the 
fraction of the collective effective dose arising from 
individual doses above that level declined, from about 
0.8 to about 0.4 over the same period. It is impossible 
to be precise with regard to the level of dose to which 

these ratios refer when using a dose conversion factor 
of 5.6 mSv WLM-' for inhalation of radon progeny, 
but it is of the order of 12 niSv. In the absence of 
niore compreher~sive data, these values of the 
dislribution ratios can be considered indicative of 
worldwide levels. 

78. The data for individual countries and their trends 
with time vary considerably about the average 
worldwide values (see Table 4). The average annual 
effective dose to monitored (or more strictly, assessed) 
workers, averaged over the five-year periods, varied 
within the range of about 0.1-13 mSv. The variation in 
the normalized collective effective doses was even 
greater, from lcss than 0.1 to about 30 man Sv kt-' 
uranium [less than 0.02 to about 6 man Sv (GW a)-']; 
doses in Canada, South Africa and the United States 
were towards the lower end of this range and those in 
Czechoslovakia, the German Democratic Republic and 
India towards the upper end. 

79. Internal exposure makes by far the greatest 
contribution to total exposures in milling. Averaging 
over those countries (Australia, Canada, Czecho- 
slovakia, Gemian Democratic Republic and India) 
reporting data on each of the three main contributors 
to exposure in the 1980s, about 38% of exposures 
arose Gom the inhalation of radon daughters, about 
47% from inhalation of ore dust and about 15% Gom 
external irradiation. Considerable variation is, 
however, evident between countries in the con- 
tributions of the respective exposure pathways. The 
data for the Gernian Democratic Republic are com- 
parable with the average values; those for Australia 
and Czechoslovakia indicate much greater con- 
tributions from the inhalation of ore dust, while for 
India, the contribution of ore dust was reported as 
negligible in comparison with the other exposure 
pathways. 

B. UIMNIUhl ENRICHhlENT 
AND CONVERSION 

80. Most thermal reactors use enriched uranium with 
a level of enrichnient of, typically, about 3%; the 
niajor exceptions are the Magnox reactors and the 
pressurized heavy-water-cooled and heavy-water- 
moderated reactors (HWRs), which use natural 
uranium. Uranium is converted to uranium 
hexafluoride before being enriched, generally in 
gascous diffusion or centrifuge plants. Most 
enrichment was historically undertaken by gaseous 
diffusion, but increasingly the centrifuge process is 
being used because of its much lower cost; laser 
enrichment is currently under development and may 
make a significant contribution to the annual supply of  
enriched material by the end of the century. At present 
most enrichment services come from five suppliers: 
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Department of Energy (United States), Eurodif 
(France), Techsnabexprt (Russian Federation), Urenco 
(Gennaey, Netherlands and the United Kingdom) and 
China. The enrichment capacity of these and a few 
other small producers was projected to be about 
40 million separative work units (MSWU) in 1990 [I41 
compared with a demand for about 26 MSWU. Aftcr 
enrichment the uranium is rcconvcrted into a form, 
generally an oxide, appropriate for fuel fabrication. 
The depleted uranium, or tails, from the enrichment 
process are generally stored pending decisions on their 
future use (e.g. in a fast reactor fuel cycle, further 
enrichment later or disposal). Occupational exposures 
occur during both the conversion stages and enrich- 
ment. Consideration here is limited to exposures 
during enrichment. 

81. Occupational exposures to workers employed in 
the enrichment of uranium in six countries are 
summarized in Table 5. With two exceptions the data 
are for enrichment by the diffusion process; the 
exceptions are South Africa, where the jet nozzle 
process is used, and one of the two entries for the 
United Kingdom, which is for centrifuge enrichment. 
Sums or averages of reported data are given in 
Table 5; however, because of incomplete data on the 
separative work used in uranium enrichment, an extra- 
polation based on size of the practice to estimate 
worldwide doses cannot be applied. The alternative 
extrapolation, based on gross national product, is also 
inappropriate in this case, because enrichment is 
carried out in only a very few countries. In these 
circumstances, only an approxinlate estimate of world- 
wide doses can be made. 

82 The annual effective dose to monitored workers, 
averaged over five-year periods and over all reported 
data, decreased progressively, from about 0.5 mSv in 
the first period to about 0.1 mSv in the third. The 
annual collective effective dose, averaged similarly, 
also decreased progressively, from about 5 man Sv in 
the first period to about 0.8 man Sv in the second and 
0.4 man Sv in the third; these trends largely reflect 
trends in the United States, which contributes by far 
the greater part of the reported collective dose. These 
doses are from external irradiation. Although the 
potential exists for internal exposure in enrichment 
plants, its contribution was reported as negligible in 
comparison with external irradiation by those few 
countries reporting data on this aspect In all countries 
reporting data, the distribution ratios are all zero, 
reflecting the relatively low levels of exposure 
encountered in enrichment compared with other stages 
of the fuel cycle. 

83. Only the United Kingdom has reported data on 
separative work for erlrichment by both the diffusion 
and centrifuge processes. These data provide the only 
reliable basis on which to estimate normalized 

collective doses from enricllmcnt. For enrichment by 
diffusion, the norrlialized collective dose was about 
0.5 man SV MSWU*' [0.07 man Sv (GW a)-']; a 
con~parable dose was experiel~ced in the early stages 
of centrifuge enrichment, but this has since beer1 
reduced greatly to about 0.04 man Sv MSWU'~ 
[0.005 man Sv (GW a).'] in t l~e  most recent five-year 
period. The use of much larger centrifuges and the 
greater throughput of enriched material with time have 
been Lhc main conlributors to these decreases. The 
normalized collective doses, in ternis of energy 
generated, were estimated assuming that 0.13 MSWU 
were required to enrich the uranium needed lo 
generate 1 GW a of electrical energy in a light-water- 
cooled, light-water moderated reactor (LWR). 

84. The sums of the reported collective doses (and 
the average individual doses) in Table 5 are assumed, 
in the absence of better data, to be representative of 
worldwide exposures Gonl the enrichment of uranium 
for use in the commercial nuclear fuel cycle. These 
data do not include contributions fiom several count- 
ries, most notably China and the former USSR; any 
underestimate resulting from this omission is, how- 
ever, likely to be small compared with the overesti- 
mate resulting from the fact that the United States data 
include exposures arising during the enrichment of 
uranium for both civilian and defence purposes. 

85. To estimate the riormalized dose that is 
representative of this stage of the fuel cycle, it is 
assumed that the reported collective doses in 1975- 
1989 can be associated with the enrichment of that 
quantity of ura~~ium needed for the generation of 
electrical energy by LWRs worldwide during the same 
period. Based on this assu~nption, the normalized 
collective dose, averaged over the whole period, is 
about 0.17 marl Sv MSWU" [0.022 man Sv 
(GW a).']; this is broadly comparable with experience 
in the United Kingdom for enrichment by the diffusion 
process. In practice, because a fraction of the reported 
doses is likely to have arisen during the enrichment of 
uranium used in defence, the normalized collective 
dose is likely to be an overestirnate. 

86. I n  summary, the individual and collective doses 
from enrichment are small. Consequently, 
notwithstanding the major uncertainties in estimating 
worldwide exposures from this source, they will have 
little impact on the reliability of the estimated 
exposure from the whole of the nuclear fuel cycle. 

C. FUEL FABRICATION 

87. Many types of fuel are fabricated according to 
the reactor type in which they are used. The character- 
istics of fuels that are relevant here are the degree of 
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enrichment and the fonn, either nietallic or oxide. The 
great lnajority of reactors use low enriched (lypically 
a few per cent) uranium oxide fuel; the niain excep- 
tions are Magnox reactors, which use unenriched metal 
fuel, and HWRs, which use unenriched oxide fuel. Thc 
characteristics of the fuel and the reactor environn~ent 
in which it is used influence the amount of energy that 
can be extracted from it per unit mass, arid significant 
differences are to be expccted bctween the various 
types of fuel. About 95% of fuel is currently fabri- 
cated for use in water-cooled reactors of various types, 
with about 85% for use in LWRs. The capacity for 
water reactor fuel fabrication in 1990 was estimated to 
be about 13 kt uranium, and the expected requirement 
for fuel was about 9 kt [I4]. 

88. The exposures from fuel fabrication have, in 
previous UNSCEAR Reports, been considered together 
with those from uranium enrichment. In this Annex 
they are evaluated separately in order to provide 
estimates of the doses arising at each main stage of 
the fuel cycle. Separate estimates are also made in this 
Annex for each of the main types of fuel. The purpose 
of this is to enable more realistic estimates to be 
derived of the normalized collective dose per unit 
energy generated for the different fuel cycles based on 
the various reactor types. The four types of uranium 
fuel to be considered are unenriched metal fuel, used 
in Magnox reactors; low enriched oxide fuel, used in 
advanced gas-cooled, graphite-moderated reactors 
(AGRs) and in LWRs; unenriched oxide fuel, used in 
HWRs; and mixed oxide fuels, used in fast breeder 
reactors (FBRs). Mixed oxide fuels (uranium- 
plutonium) are increasingly being developed for use in 
LWRs, but occupational exposures arising during their 
fabrication have yet to be reported. 

89. There are two main sources of exposure in the 
fabrication of uranium fuels: external exposure to 
gamma-radiation emitted by the uranium isotopes of 
concern and their decay products and internal exposure 
from the inhalation of uranium and its decay products. 
The relative importance of these two routes of 
exposure varies with the type of fuel fabricated and 
the manufacturing process. Data reported from the 
United Kingdom, where significant resources have 
been allocated to limit internal exposure, indicate that 
external exposure is the major source; this, however, 
may not always be so. Individual monitoring for 
internal exposure, with formal entry of the results in 
dose records, is usually carried out for only a fraction 
of the workforce; monitoring of the working 
environment is often sufficient. 

90. Occupational exposures to workers employed i n  
the fabrication of each type of uranium fuel are 
summarized in Table 6. The number of monitored 
workers and the annual collective and individual 

doses, all averaged over successive five-year periods, 
are illustrated in Figure 111 for each fuel type. The 
normalized collective effective doses and the dose 
distribution ratios are illustrated in Figure IV. 

91. LIVR Juel. LWR fuel is fabricated in several 
countrics and is used in pressurized light-water- 
moderated, light-water-eoolcd reactors (PWRs) and in 
boiling light-water-moderated, light-water-cooled 
reactors (BWRs). The fuel is uranium oxide with an 
average enrichment of about 3% and is clad in a 
zirconium alloy. Mixed oxide (uranium and plutonium) 
fuels are being fabricated Tor use in LWRs, but as 
their contribution is small and few occupational 
exposure data are available, they are not considered 
further. The normalized collective effective doses in 
Table 6 have been estimated assuming that 37 t of 
LWR fuel is needed. on average, to generate 1 GW a 
of electrical energy. 

92. The data for LWR fuel are incomplete in two 
respects: first: no data have been obtained from some 
countries that are major fuel producers and, secondly, 
some of the reported data did not contain estimates of 
the amounts of fuel fabricated. Worldwide estimates of 
the annual collective dose and the number of 
monitored workers have been obtained by scaling the 
sum of reported data by the ratio of LWR fuel 
fabricated worldwide to that fabricated in those 
countries reporting data. A number of approximations 
had to be made in this extrapolation process, owing to 
the absence of adequate data on the production of 
LWR fuel worldwide and in some of the major 
producing countries. Annual fuel production in these 
cases was assumed to be equal to that which would 
have been needed for the generation of electrical 
energy by LWRs in those particular countries or the 
world in that particular year. This approximation was 
used to estimate fuel production in the United States 
as well as worldwide. Because the United States also 
supplies fuel to other countries, the amounts predicted 
in this way are likely to be underestimates of actual 
production; the normalized collective doses given for 
the United States are, by the same token, likely to be 
overestimates. Similar degrees of under- or 
overestimation can be expected in the respective 
worldwide data owing to the major contribution made 
by the United States to the total fuel production. 

93. The worldwide annual amounts of LWR fuel 
fabricated, averaged over five-year periods, increased 
from 1.6 kt to about 7.0 kt between the first and third 
periods. The average number of workers also 
increased in the same period, but by about 50%, a 
much smaller increase than in the amount of fuel 
produced. The worldwide annual effective dose to 
monitored workers, averaged over five-year periods, 
decreased progressively, from 1.7 mSv in the first 



period to about 0.5 niSv in the third period. Notwith- 
standing the fourfold increase in file1 produced, the 
worldwide annual collective dose decreased, From 29 
to 11 man SV. Thew changes are reflected in a 
decrease, by an order of magnitude, in the worldwide 
normalized collective cffectivc dose over the same 
period, from 18 to 1.6 man Sv kt-' [0.7-0.07 
man Sv (GW a).']. The average fraction of the work- 
force receiving annual doses in excess of 15 mSv, 
NRIS, declined over the pcriod, froni 0.013 to 0.0003; 
the corresponding fraction of the collective dose 
arising from individual doses in excess of that level, 
SR15, decreased, from about 0.4 to 0.02. 

94. The data for individual countries and their trends 
with tinie vary considerably about the average world- 
wide values. Because of the major contribution made 
by the United States to worldwide fuel production, the 
doses for that country are broadly comparable with the 
worldwide averages, albeit slightly greatcr in general. 
The average annual doses to monitored workers in 
other countries are, in general, smaller than the world- 
wide averages, often by a significant factor. In Japan, 
the normalized collective doses are substantially less 
than the worldwide averages, particularly in earlier 
times; the values in other countries are broadly 
comparable with the worldwide averages. 

95. Only Spain and Japan have explicitly included 
the data on internal exposures. In Spain, the annual 
contribution of internal exposure reported since 1988 
varied from 20% to 40%; its explicit inclusion may be 
one reason why the doses in Spain are, in general, 
greater than those reported elsewhere. In the absence 
of further information, the doses reported for those 
countries not explicitly including internal exposures 
must be considered to be underestimates by 
indeterminate amounts. Data on the contribution of 
internal exposure to tbe doses in fuel fabrication are 
an essential requirement if valid comparisons are to be 
made. The potential importance of neglecting internal 
exposures can be gauged from a review by the 
National Council on Radiation Protection and 
Measurements (NCRP) of occupational exposure in the 
United States [Nl]. In that review it was suggested 
that when account was taken of internal exposures, the 
average effective dose to fuel fabrication workers in 
the United States would increase (from a level of 
about 1.3 mSv for measurably exposed workers for 
external exposure alone) lo a level comparable with 
that experienced by nuclear power plant personnel (see 
Section I1.D). 

96. HH'R juel. Fuel for HWRs is fabricated in 
Argentina, Canada, India and the Republic of Korea, 
which are the main countries where this reactor type 
is used. The total of the reported data can, therefore, 
be assumed to be representative of worldwide expo- 

sure arising from t l~e  fabrication of this fuel type. Tlie 
fuel is unenriched ura~~iuni oxide. The ~iormalized 
collective effective doses in Table6 have been 
estimated assunling tliat 180 t of HWR fuel is needed, 
on average, to gcncratc 1 GW a of electrical energy, 
exccpt when more specific data on equivalent energy 
generation were provided in rcsporise to the 
UNSCEAR Survey on Occupatiorial Exposures. 

97. The worldwide annual production of fuel, aver- 
aged over five-year periods, increased progressively, 
from about 0.6 kt (about 3 GW a equivalent) in the 
first pcriod to about 1.6 kt (about 9 GW a equivalent) 
in the third period. By far the greater part (about 95% 
averagcd over the wliolc period) of the fuel was fabri- 
cated in Canada. Thc worldwide number of monitored 
workers has increased over the three periods, from 
about 500 to about 1,100. The worldwide average 
effective dose to monitored workers, which was about 
1.3 mSv in the first period, declined to about 1 mSv 
in the second but illcreased to about 1.7 mSv in the 
third period. The same doses in Canada increased pro- 
gressively over this time, from about 1.3 mSv to about 
2.4 mSv, with most of the increase occurring in 1985- 
1989; some of this increase may be attributable to 
incrcasing fuel production with a decreasing workforce 
(at least a monitored workforce). The average doses in 
the other countries are, in general, less than the 
worldwide averages. The contribution of internal 
exposure is not significant; these exposures are 
included only in Canada and are reported to be 
negligible. Doses to ~~ieasurably exposed workers have 
been reported for three of the countries and are 
significantly greatcr than those to nlonitored workers. 
The annual dose to measurably exposed workers in 
Canada, averagcd over five-year periods, increased 
progressively, froni about 2 to about 3.6 mSv (is .  
doses were about 50% greater Illan those to monitored 
workers). 

98. The worldwide annual collective effective dose, 
averaged over five-year periods, increased from about 
0.7 Inan Sv to about 1.9 man Sv. The worldwide aver- 
age normalized collective dose decreased from about 
1.1 to about 0.9 man Sv kt-' [0.2-0.16 man Sv 
(GW a)-'] between the first two periods but increased 
in the third pcriod to about 1.2 man Sv kt-' (0.22 
man Sv (GW a)-']. During those 15 years, the norma- 
lized dose in Canada decreased rogressivcly from P about 1.1 to about 0.7 man Sv kt' [0.2-0.13 man Sv 
(GW a).']. The worldwide normalized dose increased 
in the last five-year pcriod, because much higher than 
average normalized doses arose during fuel fabrication 
in India. Significant variation is apparent in the 
distribution ratios between countries but, in general, 
the values are small. The fraction of the worldwide 
workforce receivirig annual doses in excess of 15 mSv 
was about 0.003, averaged over all three periods, with 
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a significantly lower value in 1980-1984. The fraction 
of the worldwide collective dose arising from annual 
doses in excess of the samc level was about 0.005, 
averaged ovcr the same pcriod, again with a I I I U C ~  

lower valuc in 1980-1984. 

99. hfagnarjuel. Magnox fuel is fabricatcd mainly 
in the United Kingdom and is used there and in Japan 
and Italy in this reactor type. The fucl is natural 
uranium clad in a Magnox alloy. Metal fuel was also 
fabricated in France for use in gas-cooled, graphite- 
moderated reactors (GCR)s in that country. The 
normalized collcctivc effective doses in Table 6 have 
been estimated assuming that 330 t of Magnox fuel is 
ncedcd on average to generate 1 GW a of electrical 
energy. In the absence of reported data from France, 
the data for Magnox fuel fabricated in the United 
Kingdom are assumed to be representative of 
worldwide levels. 

100. The annual amount of fuel fabricated, averaged 
ovcr fivc-ycar periods, remained relativcly constant 
with time at about 850 t. The number of workers has 
increased from about 900 to about 1,100 over the 
same period. The annual normalized collective 
effective dose, averaged over successive five-year 
periods, increased from about 2 man Sv kt-' 
[0.7 man Sv (GW a)*'] in the first pcriod to about 
4.3 man Sv kt-' [1.4 man Sv (GW a)"] in the last. 
This increase is largely due to the inclusion, since 
1986, of internal exposures in the reported data. The 
average contribution of internal exposure to the total 
exposure in 1986-1990 was about 35%; the doses 
reported for years before 1986 are underestimates by 
at least a comparable amount and need to be adjusted 
accordingly. Because of this underestimation in earlier 
years, the increase with time in the normalized 
collective doses is more apparent than rcal. 

101. The average annual effective dose to the 
monitored workforce has varied considerably from 
year to year but with some indication of a declining 
trend. The annual dose from external exposure alone 
was about 2 mSv in the period 1985-1989; taking into 
account of internal exposure, the avcrage annual dose 
in the period can be estimated to have been about 
3 mSv. The fraction of the workforce receiving annual 
doses in excess of 15 mSv was low, about 0.002 over 
tbe first two five-year periods. Because no account 
was taken of internal exposure during this period, 
thcse values are doubtless underestimates. In 1986, 
when internal exposure was first included, the fraction 
increased significantly, to about 0.04 (about 0.018 
averaged over the five-year period) but thereafter 
declined to essentially zero. 

102. AGR fuel. AGR fuel is fabricatcd only in the 
United Kingdom and used in reactors there; the 

reported data can, therefore, be taken as the worldwide 
level for this type of fuel. The fuel is uranium oxide 
with an avcrage enrichment of about 2.7% and is clad 
in stairlless stccl. The data in Tablc 6 arc 
predomil~anlly for the fabrication of AGR fucl but 
include a small component (about 10%) of PWR fucl. 
The simplifying assumption is made hcre that the data 
are solely for AGR fuel, and the normalized collective 
cffectivc doses have been estimated on the basis that 
38 t of AGR fuel is needed, on average, to generate 
1 GW a of electrical energy. The data also include thc 
workforce involved in, and the collective dose arising 
from, fuel fabrication and conversion (and 
reconversion) of uranium to uranium hexafluoridc for 
enrichment Only about 5% of the collective dose is 
attributable to the conversion processes; data are not, 
however, available on the size of the rcspectivc 
workforces to enable the combined data to be 
presentcd separately for conversion and fabrication. 
The average individual doses to workers involved in 
conversion and fabrication are, however, similar. 

103. The annual amount of fuel produced, avcraged 
over five-year periods, remained relatively constant, at 
about 400 t. Over the whole period, the number of 
monitored workers, averaged about 1,800, with 
evidence of a small increase in the two later five-year 
periods. The normalized collective effective dose, 
averaged over five-year periods, changed little between 
the first two periods and was about 8 man Sv kt*' 
[0.3 man Sv (GW a)-']. In the third period it increased 
to about 1 2  man SV kt-' [0.45 man Sv (GW a)-']. 
Much of this increase may be more apparent than real 
for the reasons set out above in connection with 
Magnox fuel, in particular the inclusion of internal 
cxposurcs in the reported data from 1986 onwards. 
The contribution from internal exposure was about 
35% avcraged over the period 1986-1990; accordingly, 
the doses reported before 1986 are likely to be 
underestimates by a similar or greater factor and need 
to be adjusted accordingly. 

104. The average annual effective dose to monitored 
workers varied considerably from year to year, with a 
slight decline being noticeable. The average annual 
dose (external exposure only) in the rust five-year 
period declined from about2.3 to about 2 mSv in the 
second; to take account of the contribution of internal 
exposure, these doses should be increased by 30% or 
more. In the last five-year pcriod the average annual 
dose (external exposure only) remained about 2 mSv, 
with a total dose (internal and external exposures) of 
about 3 mSv. The fraction of Lbe workforce receiving 
annual doses in excess of 15 mSv was low, about 
0.001 over the first two five-year periods. Because no 
account was taken of internal exposure during this 
period, these values are doubtless underestimates. I11 

1986, when inlernal exposure was first included, the 



fraction iacxeascd significantly lo about 0.05 (about 
0.014 averaged over thc five-year period) but therc- 
after declined to essentially zero. 

105. FBK juel. Data on FBR fucl fabrication have 
bccr~ reported only from Japan and arc insufficient to 
make a reliable estimate of worldwide dosc fro111 this 
typc of fucl. It can be noted, howcvcr, that thc avcrage 
i~~dividual doses arc broadly cornparable with those 
arising in Japan during the fabrication of LWR fuel. 
The nomialized collective doscs per unit mass of fuel 
fabricatcd arc, I~owcvcr, very much greater; this 
diffcrencc would decrease if thc doses wcre normal- 
ized in tcmis of potential cncrgy generation, owing to 
thc much greater bum-up achicvcd by FBR fuels. One 
probable contribu~or to the larger normalized doscs is 
the small or pilot scale of fuel production. 

106. Summary. Worldwide exposures from fuel 
fabrication are summarized in Table 7. The annual 
amount of fuel fabricatcd worldwide, averaged over 
five-year pcriods, incrcascd threefold (in tcmis of 
potential energy that could be generated from it) over 
l l ~ e  period of interest, during which thc monitored 
workforce has incrcascd by about 40%. Notwithstand- 
ing this increase in production, the worldwide annual 
collective dosc has decreased, from 36 to 22 man Sv; 
an even more striking decrease occurred in the 
normalized collective dose, from about 0.6 man Sv 
(GW a)-' to about 0.1 man Sv (GW a).'. A decrease 
by a factor of more than 2 occurred in the average 
dose to monitored workers. The data on distribution 
ratios are somewhat less complete than those for other 
statistics of interest. Notwithstanding this, the available 
data overall indicate a generally downward trend with 
the ratio NRIS decreasing more than a factor of 5 
from about 0.01 in the first pcriod to 0.002 in the 
third; over the same period the ratio SRIS decreased 
by a factor of 20 from about 0.4 to about 0.02. 

107. Most of the fucl fabricated was for use in LWRs. 
About 80% of thc total collcctivc dose arose from the 
fabrication of LWR fuel in the first five-year pcriod; 
this contribution decreased to about 50% in the latest 
pcriod, with about 40% frorn GCR fucl and about 10% 
from HWR fuel. The normalized collective dose 
(expressed in terms of potential energy that could be 
generated by the fuel) is significanlly greater for 
Magnox than for other fuels; the much lower bum-up 
achieved by Magnox fucl is perhaps the main reason 
for this difference. Somewhat greater individual doses 
(approaching a factor of two when averaged over the 
whole pcriod) are associated with both types of GCR 
fuel compared with fuel for othcr reactor typcs. Some 
of these comparisons need qualification, however, 
because internal exposures were not, in general, 
included in the data reported for LWR fuels. As a 
consequence, some of the differences between GCR 
and LWR fuels that are identified hcrc may be more 

apparent tl~nn real. Bctlcr quantification is needed of 
the contribution of internal exposure in LWR fucl 
fabrication; pendil~g this, Ihc data reportcd hcrc for 
this f~lcl typc must be regarded as undcrcstimatcs. 

I). HISACTOR OI'ERATION 

108. Wit11i11 the ~~uc lca r  ft~cl cycle, reactors arc the 
most comrnon facility. About 430 reactors wcre in 
operation at the end of UIC 1980s. Consequently, there 
arc Inore occupatiol~al data for reactors Ihan for any 
othcr type of nuclear installation. Scveral reactor typcs 
have been developed to the commercial stage, 11 

particular PWRs, BWRs, GCRs (comprising, among 
others, Magnox and AGRs), HWRs and light-water- 
cooled, graphite-moderated reactors (LWGRs). 
Detailed consideration is given to each of these with 
more litllitcd considcratiol~ of liquid metal fast breeder 
reactors (FBRs) and high-teniperature gas-cooled, 
graphite-moderated reactors (HTGRs), which are still 
largely at a prototype stage of dcvcloprncnt 

109. Data on occupational exposures at reactors of 
each type are summarized in Table 8. Worldwide 
levels of exposurc have been estimated from reported 
data; the extrapolation is based on the total crlcrgy 
gcncrated by the reactor type relative to the energy 
gcncrated in countries reporting data. The degree of 
extrapolation necessary was small, as the reported data 
were substantially complete (about90% for PWRs and 
BWRs, 95% for HWRs, 80% for GCRs and 70% for 
FBRs). 

110. The annual data reported i n  response to the 
UNSCEAR Survey of Occupational Exposures have 
been averaged over five-year periods and only the 
avcrage values are given ill  Table 8. The variations in 
annual values are presented in Figures V and VI to 
illustrate temporal trcnds in more detail. Data, where 
available, are also presented on the main activities that 
give rise to occupational exposures in the different 
reactor types and on typical levels of dosc that occur 
when undertaking a number of common tasks. 

111. Since relatively few data are available on 
avcrage doses to measurably exposed workers 
compared with those to the nio~~itored workers, no 
attempt has been made to estimate a worldwide 
average dose. The data that are available indicatc that 
the avcrage dose to measurably cxposed workers is 
typically up to about twice that for the monitored 
workforce, although Ulerc is much variation between 
countries and with time (see Table 8). More data on 
avcrage doses to measurably cxposed workers would 
be useful; for the reasons previously identified, 
comparisons made in these terms would, in general, be 
Inore rcliablc than tl~ose made on the basis of the dose 
to lnonitorcd workers. 
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112. Several factors have i~~Ilucrlced the trends in 
reported exposures. These include the con~missioning 
of a large number of new PWRs in the early 1980s, 
the lower annual collcctive doses achicvcd in ncw 
reactors because of additional and iniproved design 
provisions, and the large reductions in dose achieved 
in reactors in the United States once the safety 
modifications required after the accident at Three Mile 
Island had been completed. Significant reductions in 
doses in existing reactors have also been achieved, in 
particular from the greatcr attention given to reducing 
circuit activity levels, the reduction of unscheduled 
maintenance and the greater emphasis on kccping 
doses "as low as reasonably achievable" (ALARA). 

113. Considerable improvements have taken place in 
the recording and documentation of occupational expo- 
sures in recent years, and the creation of national and 
international databases has greatly facilitated the 
reliable extraction of relevant statistics. The use of 
information from these databases will inevitably lead 
to some, albeit small, differences between the statistics 
presented in this Annex and those given in earlier 
UNSCEAR Reports for the same time periods, but an 
overriding aim is to treat all data included in a 
consistent manner. 

114. There remain some difficulties in interpreting 
and ensuring fair comparisons between the various 
statistics. These difficulties were discussed in general 
terms in Section I.A, where a number of cautionary 
remarks were made. Four more specific observations 
need to be made in the present context. First, differ- 
ences exist in the protocols adoptcd in various 
countries as to the fraction of the workforce that is 
included when evaluating average annual individual 
doses; in some cases, only measurably exposed indivi- 
duals are included, whereas generally, the whole of the 
monitored workforce is taken into account. To the 
extent practicable, a clear distinction is maintained 
throughout this Annex between the average individual 
doses evaluated in the different ways. The use of 
different protocols for determining who in the work- 
force should be monitored is, however, a further con- 
founding factor. Particular care must therefore be 
exercised when comparing average individual doses to 
ensure that the conlparisons are niade on equal 
grounds. These differences do not, howcver, materially 
affect the estimation or the comparison of collective 
doses, at least not within the inherent uncertainties 

reactor several tinics in one year (as opposed, ideally, 
to only once, with the summed dose being recorded); 
if appropriate corrections are not niade, the11 statistics 
so compiled will inevitably overestimate the size of 
the cxposcd workforce and underestimate the average 
individual dose and also the fractions of the workforce 
and the collective dose arising from individual doses 
greater than the prescribed levels. This will only be 
important in those cases where extensive use is made 
of transient workers. 

116. Thirdly, different approaches are apparent 
between countries in how they report the exposures of 
workers at nuclear installations. The majority present 
statistics for the whole workforce, i.e. employees of 
the utility and contract workers, often with separate 
data for each category; some report data for utility 
employees only, whereas others present the collective 
dose for the total workforce but individual doses for 
the utility workers only. Whcre necessary and practic- 
able, reported data have been modified to enable them 
to be fairly compared with other data; these changes 
are indicated in the respective Tables. Attention is also 
drawn to any unmodified data for which doubts may 
exist on whether or to what extent they can be 
compared fairly with the other data. 

117. Fourthly, no undue significance sbould be 
attached to normalized collective doses that have been 
derived on the basis of a small number of reactors 
operating for a short period. Because much of the 
exposure arises from maintenance carried out during 
periodic reactor shutdowns, the normalized doses (and 
particularly those normalized in terms of energy 
generated) are useful only when derived as an average 
of a large number of reactors or over a long operating 
period. 

1. Light-water reactors 

118. LWRs comprise by far the majority of the 
installed nuclear generating capacity. About 70% of 
them are PWRs and about 30% are BWRs. About 
40% the LWRs are installed in the United States and 
about 20% in France, with the remainder distributed 
anlong some 20 countries. With respect 10 

occupational exposures, experience has shown 
significant differences at PWRs and BWRs. Each typc 
is therefore considcrcd separately. 

associated with their evaluation. 
(a) Average annual doses 

115. Secondly, the procedures for the recording and 
inclusion of doses receivcd by transient or contracl 119. PW'h's. External gamma-radiation is the main 
workers may differ between utilities and between source of exposure in PWRs. Since there is, in gene- 
countries, and this may influence the respective ral, only a small contribution from internal exposure, 
statistics in different ways. In sonie cases, transient i t  is only rarely monitored. In general, the contribution 
workers may appear in the annual statistics for a giver1 of neutrons to the overall level of external exposure is 
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insignificant. Most occupational exposures occur 
during scheduled plant shut-downs, when planned 
niaintcnance and other bsks  are undertaken, and 
during unplanned niaintcnancc and safety modifi- 
cations. Activation products, and to a lesser extent 
fission products, within the priniary circuit and coolant 
arc the main source of external exposure. The 
materials used in the primary circuit, the primary 
coolant chemistry, the design and operational features 
of the reactor, the extent of unplanned maintenance 
ctc. all have an important influence on the magnitude 
of the exposure from this source; significant changes 
have occurred with time in many of these areas, which 
have affected the levels of exposure. 

120. The worldwide installed capacity of PWRs, 
averaged over fie-year periods, increased from about 
5 0  GW in 1975-1979 to about 180 GW in 1985-1989; 
the corresponding increase in the average annual 
energy generated worldwide was somewhat greater, 
from about 30 to 120 GW a. On average, 40% of this 
energy was generated by PWRs in the United States 
and about 20% in France. The number of monitored 
workers in PWRs worldwide has increased from about 
60,000 to about 230,000 over the period (Figure V). 
The average annual collective effective dose increased 
by a factor of about 2 (from about 220 to about 
450 man Sv) between the first two five-year periods; 
the increase in the third pcriod to about 500 man Sv 
was small when compared with the doubling of energy 
generated in the same period. The normalized 
collective dose changed little over the first two 
five-year periods, when it was about 8 man Sv 
(GW a)-'; in the third period it decreased substantially, 
to about 4 man Sv (GW a)-' (Figure VI). 

121. The annual effective dose to monitored workers, 
averaged over five-year periods, fell from about 
3.5 mSv in the first period to about 2.2 mSv in the 
third; most of this decrease occurred behvcen the 
second and third periods. The fraction of the 
monitored workforce receiving annual doses in excess 
of 15 mSv decreased progressively, falling from about 
0.09 to about 0.03 over the entire period; the 
corresponding decrease in the fraction of the collective 
effective dose arising from annual doses in excess of 
the same level was from about 0.6 to about 0.3. These 
fractions were estiniated from a smaller set of data 
than was used to estimate doses, as not all countries 
reported these quantities. 

122. There are considerable variations about the 
worldwide average values in both the trends and levels 
of dose in individual countries. Average values of 
individual and normalized collective dose are 
illustrated in Figure VII for geographical groupings. 
The regions are Asia, Eastern Europe (including the 
former USSR), Western Europe and the United States. 

The riorri~nlizcd collective doscs in Western European 
and Asia11 reactors are generally sigllificantly lower 
than tile worldwide averages, while those in the United 
States n r ~ t l  Eastern European rcactors are higher than 
Uic avcrage. The variations i n  the avcrage individual 
doses to 111011itorcd workers about h e  avcrage values 
arc less pronounced: only in Asian reactors are the 
doses consistcnlly less than the average. Considerable 
variation between countries remains, however, even 
within these narrower regional groupings (e.g. in 
Eastern Europe the normalized collective doses in 
Czxchoslovakia arid in Hungary were, on average, less 
by a Pactor of about 5 than those in the German 
Democratic Republic and the fonner USSR). 

123. The largest normalizcd collective effective doses 
occurred at PWRs in the Gennan Democratic 
Republic, Spain, the former USSR and United States; 
in Czechoslovakia, Finland, France, Hungary, South 
Africa and Sweden, the normalized doses were 
consistcndy and significantly less than the worldwide 
averages. These differences in normalized collective 
doses arc largely, but not entirely, reflected in 
differences between the average individual doses in 
the respective countries. Downward trends are 
apparent in the normalized doscs in most countries, in 
particular between the second and third five-year 
period; the decrease was niost pronounced for the 
Federal Republic of Germany, Japan, the Republic of 
Korea, Spain, Swcden, the fonner USSR and the 
United States. The data for France show an upward 
trend, having increased by about 20% over the period; 
the absolute level of the normalized collective dose is, 
however, still lower than Ihe average for PWRs 
overall. A few countries that only recently introduced 
reactors for generating electrical energy [e.g. South 
Africa and China (Taiwan)] exhibit conlparatively low, 
albeit increasing, normalized collective doses; this is 
typical of the trends experienced elsewhere. 

124. Variations in the doses bctwecn reactors within 
a country arc also of interest. Data for PWRs in the 
United Stales are illustrated in FigureVIII, in 
particular the median, the 25th and 75th percentiles 
and the minimum and maxiniuni values of the 
collective effective dose per reactor. A wide range of 
variation is evident and is to be expected, given that 
much of Ihe exposure arises during repair and 
maintenance activities and while making safety 
modifications, all of which are carried out periodically 
and at differcllt times and to different degrees on each 
reactor. Thc various statistics, however, show the same 
general trends indicated in Table 8 for the normalized 
collective effective doses averaged over all PWRs in 
the United States, in particular the higher doses in the 
first half of the 1980s, which resulted from safety 
modifications made in response to the accident at 
Three Mile Island. 



125. UiC'Rs. Extcnlal irradiation is also the major 
source of occupational exposure i n  BWRs, with most 
exposures arising during scheduled shutdowns, whcn 
planned maintenilncc is undertakes, and during 
unplanned niaintcnar~cc and safety ~nodifications. By 
far the largest number of BWRs arc located in the 
United States and Japitn. 

126. The worldwide installed capacity of BWRs, 
averaged ovcr five-year pcriods, increased froni about 
29 GW in 1975-1979 to about 67 GW in 1985-1989; 
the corrcspondir~g increase in the average annual 
energy generated worldwide was somewhat greater, 
from about 15 to 42 GW a. On average, 40% of this 
energy was generated by BWRs in the Unitcd States 
and 25% in Japan. The nuniber of monitored workers 
in BWRs worldwide increased from about 60,000 to 
about 140,000 ovcr the pcriod (Figure V). The average 
annual collective effective dosc increased from about 
280 to about 450 man Sv between the first two 
five-year pcriods; it subsequently decreased in the 
third period, to about 330 man Sv, notwithstanding an 
increase by more than 60% in the energy generated 
over the same pcriod. The nonllalized collective dose, 
averaged over five-year periods, changed little over the 
first two pcriods and was about 18 man Sv (GW a)"; 
in the third period it decreased substantially, to about 
8 man Sv (GW a)-' (Figure W). 

127. The annual cffective dose to monitored workers, 
averaged over five-year periods, fell from about 
4.7 mSv in the first pcriod to about 2.4 mSv in the 
third; most of this decrease occurred between the 
second and third periods. The fraction of the moni- 
tored workforce receiving annual doscs in excess of 15 
mSv increased from about 0.07 to about 0.08 between 
the first two five-year periods and decreased subse- 
quently to about 0.03 in the third period; the fraction 
of the collective cffective dose arising from annual 
doses in excess of 15 mSv was about 0.6 in each of 
the first two five-year periods, decreasing to about 0.4 
in the third period. These fractions were estimated 
from a smaller set of data than used to estimate doses, 
as not all countries reported these quantities. 

128. There are considerable variations about the 
worldwide average values in both the trends and levels 
of dose in individual countries. Some regional 
variations arc illustrated in Figure VII. The normalized 
collectivc doscs in Wcstcrn Europe are significantly 
less than those clscwhcre and are typically smaller by 
a factor of about 2 than the worldwide averages over 
tile whole pcriod. Those in tI~c Unitcd States are, apart 
from the first pcriod, s o ~ r ~ c  three to four tinies greater 
than those in Western Europe. For BWRs in Japan and 
China (Taiwan), the nonnalizcd dose, averaged over 
both countries, in the first pcriod was about twice the 
worldwide average, but in subsequent periods it was 

less than the average. The variations in the avcrage 
annual individual doses to monitored workers exhibit 
trends sin~ilar to tl~osc for UIC normnlizcd doses, but 
the magnitude of t l ~ c  variations about the avcrage are 
much snlallcr. 

129. Nornializcd collective effective doses that are 
consistently and significantly less than the worldwide 
averages were reported for BWRs in Finland and 
Sweden. The largest r~onnalizcd collective doses 
occurred in India and were about a factor of 10 greater 
than the worldwide averages for the corresponding 
periods. Relatively large normalized doses also 
occurred in the Netherlands, but these data should not 
be given undue significance, as they apply only to one 
small reactor. In most other countries there is 
considerable variation in the normalized doses about 
the avcrage values, with little evidence of consistent 
trends between respective time periods. These 
differences in norn~alized collective doscs are largely, 
but not completely, reflected in differences between 
the avcrage individual doses in the respective 
countries. Major downward trends with time are 
apparent in the normalized doscs in most countries, in 
particular between the second and third five-year 
period analyscd; the decrease was most pronounced 
for the Federal Republic of Germany, Japan, Spain 
and the United States. In  the Unitcd States there was 
a large increase in the normalized collective dosc in 
the secor~d period; the safcty modifications made in 
response to the accident at Three Mile Island were the 
main reason for this increase. The trend in collective 
dose per reactor to workcrs at BWRs in the United 
States is illuslrated in Figure VIII. The wide range of 
variation between reactors is, in general, greater than 
the variation for PWRs. 

(b) Dose distribution ratios for LWRs 

130. Co~~iprchcnsivc statistics have been compiled in 
the United Stales on the distributions of individual 
doses making up the collective effective doses [B2, 
B4]. Thcse enable reliable estimates to be made of the 
collective dose distribution ratio, SR, and also of the 
fraction of the workforce exposed above any prescri- 
bed level of individual dosc, NR. In Figurc IX the 
distribution ratios NRE and SRE are given for selected 
years as a function of the annual effective dose, E. 
These distributions are sunirnarizcd in Table 9. Large 
reductions with time are cvidcnt in the fraction of 
measurably exposed workcrs receiving an annual 
effective dosc in excess of 15 mSv. Between 1973 and 
1989, this fraction, NRI5, decreased from 0.24 to 0.03, 
with much of the reduction occurring in the 1980s. 
Over the same period there was a 60-fold decrease 
(from 0.06 to 0.001) in the fraction of workers expo- 
sed to annual doses in excess of 30 mSv, a threefold 
decrease (from 0.34 to 0.09) in those exposed in 



excess of 10 mSv, and a twofold decrease (from 0.43 
to 0.22) in those exposed in excess of 5 mSv. 

131. The reductions in t l~e  percentages of the 
collective effective dose arising fronl individual annual 
doscs in excess of partic,ular values are also 
substantial. The fraction of tlie collective dose arising 
from annual individual doses in excess of 15 mSv has 
decreased fourfold (frorn 0.71 to 0.1 9) over the period 
1973-1989. Over the same period there was a 30-fold 
decrease (from 0.30 to 0.009) from annual doses in 
excess of 30 mSv, a twofold decrease (froni 0.85 to 
0.43) from doses in excess of 10 mSv and a reduction 
by a factor of about 1.3 (from 0.93 to 0.70) from 
annual doses in excess of 5 nrSv. 

(c) Doses for specific tasks and occupational 
subgroups 

132. Detailed statistics are gathered by the United 
States Nuclear Regulatory Commission on the 
collective dose for several general categories of work, 
job functions and types of personnel (B2, B4, R2]. 
The distribution of the collective dose between various 
work functions is shown in Figure X for LWRs during 
1975-1989. By far the greater part of the collective 
dose arises in routine and special maintenance, with 
the contribution of other categories being small by 
comparison. Throughout the early 1980s, the 
contribution of special maintenance was greatest, a 
consequence of the safety-related modifications made 
after the accident at Three Mile Island. In the most 
recent period, the collective dose from routine 
maintenance exceeded that from special maintenance. 

133. The distributions of doses behveen contract 
workers and utility persorrnel for separate work 
functions at LWRs in the United States [B2] has also 
been analysed. Most of the collective dose is received 
by contract worker personnel, in particular during 
special maintenance. Overall, the collective dose to 
contract workers is greater by a factor of about 2 than 
that to utility workers. Data reported for some other 
countries using LWRs (in particular Finland, France, 
the German Democratic Republic, the Federal 
Republic of Germany, Spain and Switzerland) show 
that contract workcrs typically receive 60%-90% of 
Lhe total collcctive dose [L2]. 

134. The distribution of collective doses among five 
occupational groups, averaged over 1987-1989, is 
summarized in Table 10 for workers at LWRs in the 
United States. Most of the dose is received by main- 
tenance persorrnel (66%). The largest individual doses 
are also received by maintenance personr~el (about 
30% Beater than the average to workers in all other 
occupational groups), but those to health physicists are 
of a comparable magnitude. 

2. IIeavy-weter reactors 

135. I-IWRs are used in several countries but most 
cxtensivcly ill Canada, whcrc the CANDU reactor was 
devclopcd and since exported to a ~~un lbe r  of count- 
ries. Tlie main source of occupational exposure i r~  
tliesc reactors is, in gcncral, exten~al irradiation, 
mainly from activatioo products in the coolant and 
coolant circuits. As in LWRs, r~iost of the exposures 
arise during nraintenancc activities. internal exposure, 
however, can also be a significant component of 
exposure, principally from intakes of tritium produced 
by activation of the heavy-water moderator. 

136. The worldwide installed capacity of HWRs, 
averaged over five-year periods, increased from 5 GW 
in 1975-1979 to 14 GW in 1985-1989: the cones- 
ponding increase in the average annual energy 
generated worldwide was sorncwhat greater, from 
about 3 to 10 GW a. On average, 85% of this energy 
was generated by HWRs in Canada. The number of 
monitored workers in HWRs worldwide increased 
froni about 7,000 to about 18,000 over the period. The 
average annual collective effective dose increased 
from about 30 man Sv in the first five-year period to 
about 45 man Sv in the second period and 60 man Sv 
in the third. Internal exposure made a significant 
contribution to the overall dosc; the contribution varied 
from year to year and betwccn countries but on 
average was 30%, varying typically from 15% to 50%. 
The normalized collective dosc decreased from about 
20 to about 8 Inan Sv (GW a)-' between 1975 and 
1979 and increased again to about 16 man Sv 
(GW a).' in 1982 (Figure VI); subsequently the dose 
decreased to about 6 man Sv on average over the 
remainder of the 1980s. Averaged over five-year 
periods, the normalized collective dose was 
11 man Sv (GW a).' in the first period, decreasing to 
8 man Sv (GW a)-' in the second period and to about 
6 man Sv (GW a)-' in the third. 

137. The annual effective dose to monitored worken 
worldwide showed similar variations, but averaged 
over five-year periods, it has decreased from 4.8 mSv 
in the first period to an average of 3.3 mSv over the 
second and third periods. Data on the average annual 
effective dose to measurably exposed workers are less 
complete than other data. The avcragc dose to such 
workers exceeded that for monitored workers by 
factors ranging up to about 3, with considerable 
variation betwccn countries. The fraction of the world- 
wide monitored workforce rccciving annual doses in 
excess of 15 mSv dcncascd from 0.12 in I l~e first 
period to about 0.07 in each of the following periods; 
the corresponding decrease in the fraclion of the 
collective effective dose arising from annual doses in 
excess of that level was frorn about 0.7 to about 0.5. 
Both fractions show considerable variations from year 
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to year (Figure VI). They were estilnated from a 
smaller set of data than was used to estimate doses, as 
not all countries reported this data. 

138. There is wide variation in both the trends and 
levels of Uic doses in individual countries. In the first 
period tlie grater  part (about 75%) of tlie worldwide 
collcctive dose occurred in Canada; averaged over the 
last two periods about 42% of the collective dose 
occurred in India with about 34% in Canada. The 
normalized collcctive dose in Canada was considerably 
less than the worldwide average, declining 
progressively from about 10 to about 2 man Sv 
(GW a)-' over the three periods. In Argentina and 
India the normalized doses have exceeded the 
worldwide averages and in India substantially so  
[about 80 man Sv (GW a)", averaged over the period 
1980-19891. The decrease in the average annual 
individual dose to monitored workers in Canada was 
far greater than that of the worldwide average, 
decreasing from about 4.2 to 1.5 mSv over the period 
(over the same time the average dose to measurably 
exposed workers decreased from about 9 to about 
4 mSv). The annual doses to monitored workers, 
averaged over the whole periods for which data were 
reported, were about 11 mSv in Argentina and about 
6 mSv in India with considerable year to year 
variation about these average values. 

3. Gas-cooled reactors 

139. There are three main types of GCRs: Magnox 
reactors, including those with steel pressure vessels 
(SPVs) and those with prestressed concrete pressure 
vessels (CPVs); advanced gas-cooled reactors (AGRs); 
and high-temperature gas-cooled rcactors (HTGRs). 
Only the Magnox and AGRs have, as yet, reached 
commercial application; HTGRs exist only in proto- 
type forms. Most of the experience with GCRs has 
been obtained in the Unitcd Kingdom, where they 
have been installed and operated for many years. 
Initially, all GCRs were of the Magnox type: through- 
out the 1980s, the contribution of AGRs, both in terms 
of their installed capacity and energy generated, 
became more important. The relative importance of 
AGRs will increase as Magnox reactors are decom- 
missioned. 

140. Magnar and AGRs. In previous UNSCEAR 
Reports the data for Magnox reactors and AGRs have 
been combined, despite potentially large differences in 
both the individual and nonnalized collcctive effective 
dose for these reactor types (and also between Magnox 
reactors with different types of pressure vessel). These 
differences arise mainly from the use of concrete as 
opposed to steel pressure vessels in AGRs (and in the 
later Magnox reactors) and the increased shielding that 

they provide agaif~st external radiation, the donlinant 
source of occupational exposure from this reactor type. 
In this Annex separate estimates are made for each 
reactor type. 

141. The worldwide installed capacity of GCRs, 
averaged over five-year pcriods, increased from about 
9 GW in 1975-1979 to about 13 GW in 1985-1989; 
the corresponding increase in thc average annual 
energy generated worldwide was comparable, from 
about 5 to 7 GW a. On average, 75% of this energy 
was generated by GCRs in the Unitcd Kingdom. The 
number of monitored workers in GCRs increased 
worldwide from about 13,000 to 31,000 over the 
period. The average annual collective effective dose 
decrcased from 36 man Sv in the f i s t  five-year period 
to 24 man Sv in the third, with much of the decrease 
occurring bctwccn the last two periods. The nonna- 
lized collective dose, averaged over five-year pcriods, 
decreased fiom about 7 to about 3 man Sv (GW a)-' 
over the period, with most of the decrease again 
occurring between the last two periods. 

142. The annual effective dose to monitored workers 
worldwide, averaged over five-year periods, fell pro- 
gressively from 2.8 mSv in the first period to about 
0.8 mSv in the third. The fraction of the worldwide 
monitored workforce receiving annual doses in excess 
of 15 mSv is small: it decxeased from 0.02 to 0.0002 
over the period; the data are incomplete on the frac- 
tion of the collective effective dose arising from 
annual doses in excess of that level, but in the h i rd  
period the fraction was 0.008. The substantial 
decreases in the average individual and normalized 
collcctive doses largely resulted from the gradual 
introduction of AGRs in the United Kingdom; the 
doses in these reactors are significantly lower than 
those in Magnox reactors, at least those with steel 
pressure vessels. 

143. There are major differences in the occupational 
exposures at different types of GCRs. Data for differ- 
ent generations of Magnox reactors, in particular those 
with steel pressure vessels and those with concrete 
pressure vessels, and for AGRs are summarized in 
Table 11. A distinction is also drawn between expo- 
sures in the first-generation Magnox-SPV reactors 
constructed with the dual purpose of producing 
weapons-grade plutonium and electrical energy and 
those later built solely for the generation of electrical 
energy. The normalized collective effective doses, 
averaged over the whole period, varied considerably 
from about 30 nlan Sv (GW a)" for first-generation 
Magnox-SPV rcactors to about 1 man Sv (GW a)-' for 
both AGR and Magnox-CPV reactors; for second- 
generation Magnox-SPV reactors the dose was, on 
average, about 8 man Sv (GW a)-'. Similar trends are 
evident in Ole annual individual closes. The average 
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continuing relatively low cost of uraniu~rl and the 
economic risks of developing a complete fast reactor 
fuel cycle are the main factors delaying the 
commercial introduction of FBRs. 

150. The worldwide installed capacity of FBRs, 
averaged over five-year periods, has increased from 
about 1 GW in 1980-1984 to about 2 GW in 1985- 
1989; over the same period the average annual energy 
generated worldwide increased from about 0.5 to about 
0.7 GW a. The number of monitored workers in 
prototype FBRs worldwide is estiniated to have 
increased from about 1,400 to about 2,000 between 
these two periods. The average annual collective 
effective dose increased from about 0.6 man Sv to 
about 1 man Sv during the same time. The normalized 
collective effective dose, averaged ovcr five-year 
periods was broadly the same in both periods at about 
1.3 man Sv (GW a)-'. The annual effective dose to 
nlonitored workers worldwide, averaged over five-year 
periods, was about 0.5 mSv in both periods. 

151. While these data need to be qualified because 
they apply specifically to prototype facilities, they do 
indicate that the levels of occupational exposure in 
FBRs are likely to be much lower than those exper- 
ienced at reactors of most other types currently in 
commercial operation. 

152. Data on occupational exposures at reactors 
worldwide are summarized in Table 12. The world- 
wide installed capacity of all reactors, averaged over 
five-year periods, increased from about 100 GW in 
1975-1979 to 290 GW in 1985-1989; the increase over 
the corresponding period in the average annual energy 
generated was Gonl 55 to about 190 GW a. Averaged 
over the whole period, about 80% of the total energy 
was generated in LWRs (of this, about 70% was from 
PWRs and 30% from BWRs), with contributions of 
about 7% each from HWRs, GCRs and LWGRs. The 
number of monitored workers increased from about 
150 to 430 thousand over the same period. 

153. The annual collective effective dose, averaged 
over five-year periods, increased from about 600 
man Sv in the first five-year period to about 1,000 
man Sv in the second, with a furlher increase to about 
1,100 man Sv in the third. The trend in annual values 
is indicated in Figure V. About 80% of the collective 
dose occurred at LWRs, with broadly similar 
contributions from PWRs and BWRs. Averaged over 
the whole period the contribution of HWRs has been 
about 5%, that of GCRs about 3% and that of LWGRs 
about 10% (about 6% prior to the Chemobyl accident). 

154. The normalized collective effective dose, 
averaged over all reactors, varied little before 1984, 

when i t  was about 11 man SV (GW a)-'; thereafter it 
declined steadily to about 5 nian SV (GW a)-' in 1989 
(see Figure VI). A generally decreasing trend is 
apparent i ~ r  the normalized collective doses for most 
reactor types. The valucs for PWRs, LWGRs (before 
the Chemobyl accident) and GCRs overall (values for 
AGRs and Magnox-CPV reactors are much smaller) 
are broadly comparable; the valucs for HWRs and 
BWRs are somewhat larger, Lbe latter substantially so 
in the earlier years. 

155. The annual effective dose to monitored workers, 
averaged ovcr all reactors, fell steadily from more than 
4 mSv in 1975 to about 2 mSv in 1989. With the 
exception of LWGRs, a downward trend is evident in 
the average annual dose in each reactor type. There 
are, however, considerable differences between 
reactors, both in the absolute magnitudes of these 
doses and in their rate of decline. 

156. Data on the dose distribution ratios NRIS and 
SRI5 are less complete than data for other quantities 
(e.g. no data for LWGRs, FBRs, HTGRs and 
incomplete data for other reactor types). Values of 
these ratios, averaged over all reported data, are given 
in Table 12. Until more complete data are obtained, 
these averages can only be said to be indicative of 
worldwide values. Averaging over all reported data, 
the fraction of monitored workers receiving annual 
effective doses in cxccss of 15 mSv was about 0.09 in 
1975 decreasing to about 0.03 by 1989; over the same 
period the fraction of the collective dose, arising from 
annual doses in excess of the same level, decreased 
from about 0.6 to about 0.3. 

E. FUEL FUCPROCESSING 

1. Average annual doses 

157. Spent irradiated fuel from nuclear reactors used 
to generate electrical energy was reprocessed on a 
commercial scale, for much of the 1970s and all of the 
1980s, in only two countries, France and the United 
Kingdom. The facilities in those two countries have, 
bowever, also been used to reprocess irradiated fuel 
from otber countries. In the United Kingdom only 
uranium metal fuel from Magnox reactors bas to date 
been reprocessed on a commercial scale; a new plant 
for the reprocessing of oxide fuel is, however, sche- 
duled to begin operation in the early 1990s. In France, 
before 1976, only metallic fuel was reprocessed on a 
commercial scale; oxide fuel reprocessing began in 
1976 and is now by far the largest constituent of fuel 
reprocessed. 

158. In previous UNSCEAR Reports occupational 
exposures at the commercial reprocessing facilities in 



France and the United Kingdo~n were discussed. 111 

addilion, data were presented for a number of sn~all- 
scale and/or prototype reprocessing plants. In this 
Annex consideration is largcly directed towards the 
con~mcrcial-scale facilities, because it is these which 
dctcrniinc the overall levels of both past and current 
exposures from this stage of tlie fuel cycle: data on 
prototype facilities arc, however, provided for 
completeness. 

159. External irradiation is the main contributor to 
occupational exposure in file1 rcprocessing, althougli 
internal exposure may be significant in sonic 
opcrations, in particular those that involve actinides. 
Where internal exposures may be significant, personal 
monitoring is carried out, using methods appropriate 
to the circunistances of rhc exposure; these may 
include the wearing of personal air samplers, 
biological monitoring and whole body or lung 
counting. The contributions from internal exposure 
have in general, however, only recently been included 
in reported data on occupational exposure. 

160. In previous UNSCEAR Reports a single estimate 
was reported for the normalizcd collective effective 
dose for reproccssing. The estimate was derived from 
the normalizcd collective doscs estimated for cach 
reprocessing facility and the respective amounts of 
fucl (in terms of energy equivalence) processed by 
them. In this Annex separate estimates are made of the 
normalizcd collective dose for the reprocessing of 
uranium metal and oxide fucls. There are several 
reasons for this. First, the fuels theniselves have very 
different characteristics, as do the plants in which they 
are processcd. Secondly, the normalizcd collcctivc 
doscs (normalized in terms of energy generation) for 
reprocessing the two types of fucl have differed by 
more than an order of magnitude in recent years. Any 
average value of normalizcd collective dose is, 
therefore, very sensitive to the respective amounts of 
fucl reprocessed and would probably not be valid for 
other periods or for projecting doses in the future. 
Thirdly, separate values are necessary in this analysis 
to provide normalized collective doses for each of the 
fuel cycles using different rcactor, and consequently 
fucl, types. 

161. Data on occupational exposures in reproccssing 
plants are summarized in Table 13, and some of the 
main features are illustrated in Figure XI. Few of the 
reported data contain estimates of the amount of fuel 
reprocessed or the energy generated from the fuel 
during its irradiation. In making cstimates of world- 
wide levels of exposure from reprocessing arid of 
average normalized collective doscs, consideration has 
been limited to the commercial reprocessing of fuel at 
Cap de La Hague in France and Scllaficld in the 
United Kingdom. Both metal and oxide fucls have 
been reprocessed at Cap de La Hague as well as small 

amoll~its of  nixed oxide fi~cls; the relative amounts of 
each reprocessed in the three five-year periods are 
indicated in a footnote to Table 13. The doscs reported 
for the rcprocessing of Magnox fucls at Scllafield arc 
probably ovcrcstiniatcs. These doscs are, with the 
exception of rcactor operations, for the Sellafield site 
as a wliole and will, therefore, include exposurcs from 
opcmtio~~s uriconncctcd with Magnox reprocessing. 

162. Worldwide levels of exposure from rcprocessing 
metal fucls have been estimated by adding the data for 
Ihe U ~ ~ i t c d  Kingdom to that fraction of the total expo- 
sures occurring at Cap dc La Hague attributable to the 
reproccssing of metal fucls. The normalized collective 
dose for cach fuel type reprocessed at Cap de La 
Hague was estimated from the reported total collective 
dosc arising in each five-year period and the amounts 
of each type of fuel rcproccssed (the contribution of 
the s~iiall amount of mixed oxide fuel that was repro- 
cessed was neglected). The normalized collective dose 
for metal fuel was estimated to be about 18 man Sv 
(kt).' [6.7 man Sv (GW a).'] and for oxide fuel about 
14 man Sv (kt)-' [0.7 man Sv (GW a).']. The collect- 
ive dose attributed to each type of fuel reprocessing in 
each five-year period was then derived as the product 
of the rcspective normalized collective dose and the 
amount of fuel processed. The numbers of workers 
attributed to h e  reprocessing of each fuel type were 
estimated from the collective doses, assuming that the 
average individual dosc in cach group was equal to 
that for the workforce as a whole. 

163. The annual amount of metal fuel reprocessed 
worldwide, averaged ovcr five-year periods, remained 
relatively uniform within a range of about 1,000- 
1,200 1 (3-3.6 GW a). The number of monitored 
workers was typically 7,000-8,000. The average annual 
collective effective dosc has decreased from about 
50  man Sv in the first pcriod to about 30 man Sv in 
the third. The normalizcd collective dose has declined 
similarly from about 50  to about 33 man Sv (kt)-' 
[17-11 man SV (GW a)-'], with a comparable decrease 
in the average annual effective dose to monitored 
workers from about 7 to about 4 mSv. The average 
fraction of monitored workers receiving annual doses 
in excess of 15 niSv decreased from about 0.16 to 
about 0.009 ovcr the pcriod analysed. These data are 
illustrated in Figure XI. 

164. Over the period as a whole, about 80% of 
worldwide nietal fuel rcprocessing took place at 
Sellaficld, with about 90% of the total colleclive dose 
arising d~crc. T t ~ e  nonrialized collective doses for 
rcprocessing ~nelal fuel at Sellafield are typically 
greater tl~an those at Cap de La Hague by a factor of 
about 2, apart fiorn in the first five-year period, when 
the difference was greatcr. The respective average 
annual individual doscs differ by a similar amount, A 
large fraction of the exposures at Scllaficld has histori- 
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cally arisen during the decarinirig of fucl and in other 
opcrations conducted near the file1 storage ponds. This 
situation arose following significant contamiriation of 
the pond water from fucl corrosion in the early 1970s 
and is probably llle riiairi source of differences in 
exposures at Scllaficld and at Cap dc La Hague. 
Several factors have contributed to the reduction in 
exposures at Scllaficld since the early 1970s, in parti- 
cular the allocation of greater resources to ensure that 
doses were kept as low as reasonably achievable, 
measures taken to reduce the levels of contamination 
in pond cooling water and, more recently, the com- 
missioning of a new facility for the receipt, storage 
and decarlning of Magnox fuel. 

165. The annual amount of oxide h e l  reprocessed in 
France (and essentially worldwide), averaged over 
five-year periods, has increased from about 30 t in the 
first period to about 400 t in the last (about 0.5 to 
about 9 GW a). The number of monitored workers has 
increased over the same period from about 100 to 
about 4,000. The average annual collective effective 
dose has increased from about 0.4 man Sv in the first 
period to about 6 man Sv in the third. The normalized 
collective dose remained fairly uniform at about 14 
marl Sv (kt)-' [about 0.7 man Sv (GW a)-']. Another 
further reprocessing plant (UP3) was brought into 
operation at Cap dc La Hague in 1990, and following 
this there was a significant decrease in the normalized 
collective effective dose, to about 5 man Sv kt-' 10.19 
man Sv (GW a)-']; on this evidence, somewhat lower 
normalized doses than reported in Table 13 can be 
expected in the future. The average fraction of moni- 
tored workers receiving annual doses in excess of 
15 mSv decreased from about 0.06 to about 0.008 
over the period analysed; the corresponding decrease 
in the fraction of the collective dose arising from 
individual doses in excess of that level was from about 
0.3 to about 0.1. 

166. With two exceptions, the doses reported in 
Table 13 include only exposures from external irradia- 
tion. Internal exposures are included in all of the data 
for Japan and for the United Kingdom from 1986 
onwards. The reported doscs in all other cases may, 
therefore, be underestimates, and caution should be 
exercised when comparing data that have been com- 
piled in different ways. The contribution of internal 
exposure in the United Kingdom is estimated to be 
less than 10%. 

2. Doses for specific tasks 
and occup~~tional subgroups 

167. The distribution of doses within the workforce 
involved in the reprocessirlg of nuclear fuel is, as in 
other occupations, not uniform, and doses somewhat 
higher than the average for the workforce as a whole 

will be received by groups of workers undertaking 
certain tasks. Statistics have been compiled for several 
groups of workers employed in the rcprocessitig of 
spent nuclear fuel and associated activities at the 
Scllaficld reprocessing plant in the United Kirigdo~n 
[SS]. The doses to these workers are illustrated in 
Figures XI1 and XI11. Annual doscs from external 
irradiation arc given in these Figures for the following 
six groups of workers for the period 1968-1988: 

(a) fucl storage and decanning: proccss workers 
engaged in the storage under water of spent 
Magnox furl and the subsequent removal of the 
magtiesium alloy cladding before chemical 
dissolution of the fucl element; 

@) chemical separation: process workers engaged in 
the chemical dissolution of spent fuel to separate 
reusable uranium and plutonium from the fission 
product waste; 

(c) maintenance: skilled and semi-skilled tradesmen 
engaged in the routine and breakdown mainten- 
ance of mechanical plant items; 

(d) maintenance of new plant: skilled and 
semi-skilled tradesmen engaged in the 
installation of new mechanical plant items 
associated with operating facilities; 

(e) plutonium finishing: process workers engaged in 
the conversion of the separated plutonium in the 
nitrate for111 into the final metal or dioxide 
product; 

(f)  waste processing: process workers engaged in 
the evaporation (i.e. concentration) and storage 
of the fission product waste stream separated 
from the actinides by the chelnical reprocessing. 

168. A generally downward trend in the average 
annual effective doses for each of the six groups has 
been maintained since the early 1970s, and substantial 
reductions have been achieved. The doses declined 
from several tens of millisievert in the early 1970s to 
levels in the range 4-10 mSv (Figure XIT). For 
comparison, the annual effective dose, averaged over 
the whole workforce employed in reprocessing 
operations, fell from about 10 to about 3 mSv from 
1975 to 1988. Several factors contributed to these 
reductions: the introduction of annual as opposed to 
age-related dose limits was influential, but the most 
important factor was the increased emphasis given, 
from the late 1970s onwards, by the regulatory 
authorities and the operator on keeping doses as low 
as reasonably achievable. ALARA became a central 
consideri~tion in day-to-day plant operations and in the 
design of new facilities arid the modification of the old 
plant. The introduction of a design standard for new 
facilities contributed further to the downward trends in 
dose, in particular through the 1980s, when a large 
number of new facilities were commissioned; this 
standard sought to ensure an average annual dose to 
the workforce of less than 5 niSv. 



169. The reductions in collective effective dose 
(Figure XIII) are, in general, less pronounced. The 
trends in tlie collcctive dose are, however, generally 
downwards. Substantial reductions in the collective 
dose have been achieved in the two subgroups of 
reprocessing workers contributing most to exposures 
during reprocessing operations: workers associated 
with fuel storage and decanning and those associated 
with maintenance. In tlie former case h e  decrcase 
reversed an increasing trend throughout the 1970s, 
which had resulted from the corrosion of fuel cladding 
and tlie contamination of storage ponds. Improvements 
in the condition of the storage pond and, more 
significantly, the commissioning of new fuel storage 
and decanning facilities were responsible for the 
reversal and for the sharp decline in the exposure of 
this occupational group. With one exception, the 
collective doses in the other subgroups exhibited a 
snlall decrease. The exception is the collective dose 
arising from the installation of new plant items; the 
increase here was associated with the almost twofold 
increase in the numbcr of workers in this occupational 
category and doubtless also reflected an increased 
level of plant modifications and improvements. 

F. RESEARCH AND DEVELOI'MENT 

170. In the UNSCEAR 1977 Report [U4], Annex E, 
it was estimated that the largest single contribution to 
the collective dose per unit energy generated came 
from research and development. A value of 14 man Sv 
(GW a)-' was estimated. This was subsequently judged 
to have been an overestimate, and in the UNSCEAR 
1982 Report [U3], a value of 5 man Sv (GW a)" was 
suggested as a more reasonable global average. 

171. It is difficult to estimate the levels of 
occupational exposure that can unequivocally be 
attributed to research and development in the 
commercial nuclear fuel cycle. Few data are reported 
separately under this category, and even when they 
are, uncertainties remain over their proper interpreta- 
tion. The main difficulties of interpretation are as 
follows: 

(a) data are ofien compiled for research 
establishments whose main, but not sole, 
function is to undertake research and 
development associated with the commercial 
nuclear fuel cycle. The fraction devoted to this 
function is rarely given; 

@) some of the occupational exposures attributed in 
the preceding Sections to particular parts of the 
fuel cycle contain a contribution from research 
and development, but the magnitude of this 
fraction is difficult to estimate; 

(c) normalization of collective doses from research 
have been made in terms of the nuclear energy 

generated in the year in which the research was 
perfomled. While this convention has the benefit 
of simplicity, practicability and convenience, Uie 
validity of equating the current levels of 
collective dose arid energy generation is open to 
criticislu. The benel'ib of research inherently 
accrue over a period quite different from that in 
which the research was performed. Actually, the 
normalization should take account of the total 
energy generated in the period in which the 
benefits are deemed to accrue. In a rapidly 
developing industry, it is evident that normal- 
ization based on current energy generation is 
likely to lead to a large overestimate in the early 
years, followed by an underestimate later as the 
industry matures and the amount of research 
declines. Such considerations were at least 
partially responsible for the large downward 
revision in the normalized collective dose 
referred to in the preceding paragraph. 

172. Occupational exposures arising in nuclear 
research, averaged over five-year periods, are 
summarized in Table 14. There is considerable 
variation in the levels of collective dose associated 
with research activities in each country, reflecting, 
among other matters, the relative role of nuclear 
energy in lhe national energy supply and the extent to 
which nuclear technology was developed doniestically 
or imported from elsewhere. The reported annual 
collective effective doses range from a very small 
fraction of a man sievert (e.g. in Finland) to about 
40 mari Sv in the United Kingdom. Country-to-counby 
differences are to be expected in the occupational 
exposures associated wilh this category; however, 
these differences niay have been exaggerated 
significantly by different reporting approaches. The 
collective doses attributed to research in the United 
States and the United Kingdom are by far the largest 
of those reported (typically, annual doses range 
between 20 and 30 mari Sv in the United States and 
20 and 40 riian Sv in the United Kingdom). The only 
other countries reporting annual doses of a 
few man sievcrt or greater are Canada, France, 
Germany and Japan, each of wliich has a significant 
nuclear research and development programme. 

173. The data given for the United States need to be 
qualified because of the way in which they have been 
estimated. They have been extracted from data 
reported for all employccs and contract workers of the 
Department of Energy [M3]; however, only a fraction 
of these exposures is associated with research related 
to the commercial nuclear fuel cycle (much is defence- 
related). In the absence of definitive data on the 
magnitude of this fraction, it has been approximately 
estimated from the total data of the Department of 
Energy by excluding those categories that are clearly 
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unrelated to commercial fuel cycle research. The data 
con~prise the sum of exposures reported to arise in 
fusion, waste management and processing, plus one 
half of the exposures arising in the following 
categories: reactors, general research, offices, 
maintenance and support and other. The somewhat 
arbitrary inclusion of one half of the exposures 
attributed to these latter categories (which could not be 
excluded unequivocally), was intended to minimize the 
likelihood of underestimating the collective dose that 
should properly be attributed to commercial nuclear 
fuel cycle research. The doses given in Table 14 for 
the United States comprise about one third of the total 
doses reported by the Department of Energy but arc 
still considered to be overestimates. In previous 
UNSCEAR evaluations, the total exposures reported 
by the Department of Energy were attributed to 
research associated with the nuclear fuel cycle; as a 
consequence, earlier worldwide predictions of 
exposures from this source may have been 
significantly overestimated. 

174. Worldwide levels of occupational exposure 
associated with research are also given in Table 14. 
They were estimated from the reported data with 
extrapolation based on gross national product. This 
method was adopted in preference to the extrapolation 
used for other parts of the nuclear fuel cycle, which 
were based on fuel fabricated, energy generated etc.: 
the difficulties, identified previously, of using energy 
generation as Ibe basis for normalizing research were 
responsible for the change to gross national product. 
The regional groupings of countries were as specified 
in Section I.C, except that the former USSR was 
treated separately from the rest of Eastern Europe and, 
for the purposes of the extrapolation, grouped with 
those other regions for which no data had bee11 
reported or no data were available. The net effect of 
this change is that the doses for the former USSR 
were extrapolated on the basis of the normalized 
collective dose averaged over all reporting countries 
rather than over just those countries reporting data in 
Eastern Europe. The former was judged to be a more 
appropriate basis of extrapolation for a country with a 
large nuclear industry and research and development 
programme. The sum of gross national products for 
those countries reporting data was about 60% of thc 
worldwide total. On average, therefore, the reported 
data have been scaled upwards by a factor of about 2: 
there is, however, considerable variation about this 
average for particular regions. 

175. The annual number of monitored workers in 
research worldwide, averaged over five-year periods, 
remained fairly uniform, about 130,000. The average 
annual worldwide collective effective dose has 
decreased from 170 to 100 man Sv between the first 
and third five-year periods. The annual effective dose 

to monitored workers worldwide, averaged over 
five-year periods, fell from 1.4 mSv in the first period 
to about 0.8 mSv in the third. For those countries 
reporting data on this quantity, the fraction of the 
monitored workforce receiving annual doses in excess 
of 15 mSv decreased, falling from about 0.04 to about 
0.01 over the period; the corresponding decrease in the 
fraction of the collective effective dose arising from 
annual doses in excess of that level was from about 
0.4 to 0.3. These fractions were estimated from a set 
of data that was smaller than the set used to estimate 
doses, as not all countries reported data on these 
quantities; moreover, in some countries data on only 
one of the fractions were reported. Fewer data are 
available on the average doses to measurably exposed 
workers than on those to monitored workers: 
consequently no attempt has been made to estimate a 
worldwide average dose for this quantity. Those data 
that are available exhibit wide variations, with the 
average dose to measurably exposed workers varying 
from marginally in excess of that for the monitored 
workforce to many times greater. 

176. It is of interest to, compare the normalized 
collective doses (normalized in ternls of gross national 
product, the unit for which is lo1* US dollars) for the 
different geographic or economic regions. For 1985- 
1989, the normalized collective dose averaged over all 
countries reporting data was about 5.8 man Sv per 
GNP unit (1989 prices). In comparison, the value for 
the OECD was about 5.7 man Sv per GNP unit; the 
values for Latin America, Eastern Europe (excluding 
the former USSR) and east and south-east Asia (non- 
centrally planned economies) were all within the range 
0.8-1.4 man Sv per GNF' unit. The value for India was 
considerably higher, about 20 man Sv per GNP unit. 
Considerable variation is, however, evident between 
countries within these broader regional groupings. For 
example, within the OECD, values were in the range 
0.8-40 man Sv per GNP unit, the larger values being 
associated with those countries having large nuclear 
development programmes. The largest of these values 
was for the United Kingdom, where about half the 
total collective dose attributed to research arose from 
the operation and maintenance of a prototype steam- 
generating heavy water reactor (SGHWR); much of 
the remainder arose during the operation of reactors 
for material testing and radioisotope production and 
the operation of a prototype fast reactor and associated 
reprocessing and waste management facilities. Whether 
these exposures should be attributed to research is 
debatable, in particular those arising liom operation of 
the SGHWR, where. one of the considerations 
influencing its continued operation was the 
commercial revenue obtained from sales of electrical 
energy. This is another example of the difficulties 
encountered in trying to ensure comparability in the 
data reported for different countries. 
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177. Estin~ales have been made of the worldwide 
normalized collective dose expressed in terms of the 
nuclear energy generated during the same period as 
the research was undertaken. The deficiencies of this 
quantily were noted in paragraph 171, and it has been 
estimated mainly to provide a basis for comparison 
with estimates made on this basis in previous 
UNSCEAR Reports. The present analysis indicates 
that the global average of 5 man Sv (GW a)-' [U3], 
which was a major downward revision of the previous 
estimate, may still be a significant overestimate. It 
yields global average normalized collective doses of 
about 3, 15 and 0.6 man Sv (GW a)-' for the three 
live-year periods; even these values are considered to 
be overestimates. The sixfold decline in the 
normalized collective dose over the period analysed is 
largely an artefact of the normalization procedure, i.e. 
most of the reduction is a consequence of an increase 
in the rate of energy generation rather than of a 
decrease in the exposures associated with rescarch. 

178. An alternative, but perhaps more meaningful 
estimate of the normalized collective dose from 
research, albeit subject to several important simpli- 
fying assumptions, may be made by associating the 
total collective dose from research carried out in 1955- 
1989 with the energy generated during the same 
period plus that likely to be generated, largely with 
existing reactors, over the next 30 years, i.e. from 
1990 to 2019. The total collective dose can be estima- 
ted from the worldwide data in Table 14, assuming 
that the worldwide average annual collective dose in 
five-year periods before 1975-1979 increased by 
35 man Sv per period (i.e. the approximate increase 
per period between 1975-1979 and 1985-1989). The 
total energy generated may be estimated as the sum of 
the total nuclear energy generated up to 1989 plus that 
assumed to be generated over the next 30 years; the 
latter estimate assumed that the average rate of energy 
generation over this time would remain the same as 
that in 1985-1989. On this basis the normalized collec- 
tive effective dose from research is estimated, in round 
terms, to be about 1 man Sv (GW a)-' and is 
considered to be applicable to research carried out in 
support of the commercial nuclear fuel cycle up to 
1989. This value is judged to be a conservative esti- 
mate for a number of reasons, not least the probable 
overestimation of doses that should be associated with 
research in the period 1975-1989, the probable ovcr- 
estimation of doses attributable to research prior to 
1975 and the probable underestimate of the energy 
generation that should be associated with the research 
already conducted. For the purpose of assessing over- 
all values of normalized collective doses for the whole 
fuel cycle, this value of 1 man Sv (GW a)-' is 
assumed to be generally applicable for research, 
irrespective of when it was undertaken in the past, and 
to be independent of the fuel cycle considered. 

G. CIJMULATIVE 1)OSES 

179. The estimation of cumulative occupational doses 
and their distributio~~s in different workforces is a 
topic of sonle inlportance to those concerned with 
radiological protection. Tlie cumulative dose received 
by a worker and its rate of accumulation provide a 
measure of the additional risk U~at may result from 
occupational radiation exposures. The absolute value 
of this risk and its distribution with time can be 
compared with r i s k  in other occupations as an input 
to establishing occupational dose limits. There are, 
however, few published data on cumulative or lifetime 
doses, and it is therefore possible to provide only very 
indicative estimates of cumulative or lifetime doses for 
a limited numbcr of occupations in particular 
countries. The increasing use of computerized 
databases for recording occupational exposures should 
result in more and better statistics on cumulative dose. 

180. The most extensive analysis of cumulative or 
lifetime doses so  far undertaken by the Committee was 
that for the UNSCEAR 1977 Report [U4]. Those dose 
estimates need to be revised to take account of 
subsequent developments in radiological protection 
standards and practice and of the simplifications that 
were used in the analysis. The more significant 
estimates of cumulative doses for nuclear fuel cycle 
facilities are summarized in this Section. Inevitably, 
differences exist in how the data on cumulative doses 
have been compiled and reported, and these limit the 
extent to which they can be directly compared. 

181. Surnmary of cumurcltive dmes reported in 
previous UNSCEAK Reports. Estimates of mean life- 
time doses have been made in the United States for 
various groups of workers (employees of licensees of 
the Nuclear Regulatory Commission, the Department 
of Energy and the Navy) [El]. Since these initial 
estimates were based on historical data on cumulative 
doses to workers whose employment had been t e n i -  
nated, no assumptio~is had to be made about the length 
oftheir working lifetimes. For most groups of workers 
analysed, the mean cumulative effective dose was 
estimated to be about 10 mSv. The estimates were not 
very sensitive to the year in which employment was 
lernlinatcd and showed only a small increase in the 
mean cumulative dose with increasing mean duration 
of employment (for mean periods in the range 1-10 
years). The mean cumulative doses derived from such 
data may, howevcr, be underestimates, because the 
data contain records for both permanently and 
temporarily terminated workers, and probably not all 
doses from previous periods of enlployment or with 
different employers will have been included. Estimates 
were also made of the maximum cumulative doses 
among the groups of workers analysed. Based on an 
analysis of trends in the data for workers in the 





187. The average career length for those terminating 
employment in 1977 was about 1 year, increasing to 
about 5 years in 1989. A less than proportional 
increase occurred in the average career dose over the 
same period; the increase was Goni about 10 mSv in 
1977 to about 17 mSv in 1988 with evidence of a 
more substantial increase to about 26 rnSv for those 
terminating eniployment in 1989. Data for subsequent 
years will be of interest to determine whether the latter 
is a statistical fluctuation or a reflection of an 
underlying trend. The average age at which 
employment was terminated changed slightly over this 
period, from 36 to 38 years. 

188. Before the above-mentioned statistics were 
available from the Nuclear Regulatory Commission, 
Goldsmith et al. [GI] reported results from a more 
limited analysis of the cumulative doses for about 
9,000 workers who at one time or another were 
employed at the Calvert Cliffs nuclear power plant in 
the United States. Two PWRs with a generating 
capacity of 825 MW each at Calvert Cliffs began 
operating commercially in 1975 and 1977, 
respectively. Workers were followed Gom their time 
of employment at the plant (including the period of 
construction) to the end of 1986. The mean follow-up 
period was 5.4 years, the mean duration of 
employment at the plant was 1.9 years and overall in 
the nuclear industry, 3.1 years. 

189. For measurably exposed workers (about 80% of 
those monitored) the average career dose was 21 mSv; 
the average cumulative dose to contract workers, who 
comprised about one half of those measurably 
exposed, was 31 mSv and that to utility workers, 
13 mSv. The cumulative collective effective dose to 
those workers was about 150 man Sv, of which only 
about one third (about 54  man Sv [B2]) was actually 
received at the Calvert Clifk plant; the remainder was 
received at other licensed facilities. This mean 
cumulative effective dose of 21 mSv is somewhat 
greater than the overall average of about 14 mSv 
reported by the Nuclear Regulatory Commission for 
all reactor workers who terminated employmerit 
between 1977 and 1989. The cumulative dose for 
workers at the Calvert Cliffs nuclear power plant 
would be expected to continue to increase for those 
who had not yet terminated employment. 

190. The data on cumulative doses were analysed in 
t e r n  of the duration of employment at Calvert Cliffs, 
the duration of employment within the nuclear 
industry, the age at which eniployment began in the 
industry, the number of utilities at which an employee 
has worked, job category etc. [GI]. Selected 
characteristics of the distributions of cumulative dose 
for various employment durations are summarized in 
Table 17. The mean and median cuniulative doses 
increase with increasing duration of eniployment in a 

broadly linear fasl~ion. For contract workers, the 
average nnnual increment in dosc was about 7 rnSv 
and U~at for utility elnployees, about 3.5 mSv. The rate 
of accus~ulation of dosc by utility workers was similar 
to tl~at reported by t l ~ e  Nuclear Regulatory 
Comlnission for workers with career duratioris from 5 
to 20 years; the ratc of dose accumulation by contract 
workers was two times higher. 

191. About 18% of contract workers and 6% of utility 
workers had received cumulative effective doses in 
excess of 50 1nSv: the corresponding percentages for 
cumulative doses in excess of 100 mSv were 8.3% 
and 1.6%. The maximum cuniulative dose reported 
was 470 mSv. The percentages of workers exceeding 
particular levels of cumulative dose after specified 
lengths of en~ployment do not support any simple 
basis for extrapolation, but they nevertheless provide 
at least a rough indication of the levels of cuniulative 
dosc that may be experienced in the future, (or were 
already experienced in the past), by workers who were 
employed for longer periods in the industry. 

192. The data also show a relationship between the 
cumulative dose atid the number of utilities for which 
an employee has worked; this, perhaps, is not so 
surprising, since to at least some extent there must be 
a correlation between duration of employment and the 
number of utilities at which an employee has worked. 
The mean cumulative dose increases from about 
8 mSv for contract workers who have been employed 
by only one utility to >I00 mSv for those employed 
by 15 or more utilities. Cumulative doses were also 
estimated for selected job categories, and average 
values are sumniarized in Table 18. The higher doses 
received by contract workers compared with utility 
workers are apparent. By far the highest mean 
cumulative doses (in excess of twice the mean 
cumulative dose for the workforce as a whole) are 
received by workers in health physics. 

193. In general, the cumulative doses and other 
related statistics reported for workers who, at one time 
or another, had been employed at the Calvert Cliffs 
reactor exceed those reported by the Nuclear 
Regulatory Commission for workers whose 
employment at reactors terminated in 1977-1989. 
These differences call into question the 
representativeness of career doses derived from 
termination records; one interpretation of the 
differences observed could be that career doses for 
workers terminating employment may be 
underestinlates of those for workers having the same 
career duration but remaining in employment. Data in 
future years will help to elucidate this issue. The 
Calvert Cliffs data also highlight the significant 
differences in cuniulative doses between utility and 
contract workers atid between occupational categories. 
Further dab  on such differences would be useful. 
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194. Workers at a Deparlrnent of Energy facility in 
the United Shtes. An analysis is being undertaken of 
lifctinic doscs received at a large facility operated by 
the Department of Energy; research and dcvclopn~cnt 
in support of boo1 the conlrncrcial and defence nuclear 
fuel cycles arc undertaken at such facilities. The 
analysis is still under way, but preliminary results have 
been presented in [M3]. The study includes more than 
300,000 dose histories from more than 30,000 
individuals who were employed at the particular 
facility at some time from 1944 to 1984. Only doses 
received at that facility arc included in the analysis 
(i-e. doses received before or after to enlployment at 
the facility are not included). Data wcrc collected on 
external and internal exposure, but the preliminary 
results are concerned solely with cxternal exposure. 
These data show, for cxaniple, that no worker 
employed 20 years at the facility accumulated a dose 
greater than 500 mSv, and 10% of them accumulated 
a dose equal to or greater than 150 mSv. These data, 
while preliminary, show the magnitude of cumulative 
exposures over a 40-year pcriod. When the analysis is 
complete, in particular when both internal and external 
exposures are included, it should provide further 
insight into the rate of accumulation of dose during 
working lifetimes. 

195. Workers at the Sellafield reprocessing planl in 
the United Kingdorrr. An analysis [B9] has been 
made of the cumulative external radiation exposure, up 
to 1988, of male workers employed at the BNFL site 
at Sellaficld, where various nuclear activities are 
undertaken in addition to the main one of fuel 
reprocessing. The trends in the cumulative dose as a 
function of follow-up time and as a function of the 
year in which the monitoring of a worker first took 
place arc illustrated in Figure XIV; a subset of the 
data is given in Table 19. The data clearly indicate 
that the average cun~ulative dose in a group of 
workers followed for a given period decreases horn 
earlier years to more recent years in which the group 
was first monitored; the effect becomes more 
pronounced for longer follow-up periods. For a 
20-year follow-up pcriod, the average cumulative dose 
for those who were first monitored in 1950 is about 
400 mSv; this is grcater by a factor of almost 2 than 
the average cumulative dose received by those first 
monitored in the mid- to late 1960s. For a 38-year 
follow-up pcriod (the maximum), the average 
cumulative dosc for those first monitored in 1950 is 
about 750 mSv; the cumulative doscs for the same 
follow-up pcriod for thosc f i s t  monitored in 1960 can, 
at this stage, only be speculative, but by extrapolating 
existing data and taking into account the effect of a 
reduction in dosc limits, the average cumulative dose 
for this group of workcrs appears unlikely to exceed 
350 mSv. The decreasing rate of increase in the 
average cumulative dose with length of follow-up 

pcriod (for a give11 year of first monitoring) illustrates 
the co~~siderable potential for overestimating 
cunlulativc doscs, if derived on the basis of linear 
extrapolation of past cxpcricncc. 

1%. Furlher useful insights could bc obtained Cron~ 
thcsc data if they could be reported in various 
disaggrcgatcd fonns, for example, the distribution of 
cumulative doscs (in addition to the mean) for 
particular choiccs of the year of first monitoring and 
follow-up period, age at first monitoring and main 
type of work undertaken ctc. 

197. Workers at nuclear establishrrtenls in the United 
Kingdom. As part of an analysis of the National 
Registry for Radiation Workers in the United 
Kingdom [U], data were reported on the cumulative 
doses from external irradiation of workers. These 
external doses are summarized in Table 20 in three 
different formats: for each of the major employers of 
radiation workers included in the study, for year of 
birth of the workers and for the year in which 
radiation work began. Since the data include 
cumulative doses for both current and past employees 
in each of the organizations up to about 1988, they 
comprise individual doses accumulated ovcr a wide 
range of different working periods and at different 
times. 

198. While the data are of general interest, they arc 
particular to the con~position of the past and current 
workforce and their employment characteristics; they 
cannot (at least in the fornl in which they have been 
reported) be used to estirnate cumulative doses for 
differcnt durations of employment for either the past 
or current workforce. To enable such estimates to be 
made, the data would need to be disaggregated, at 
least into the form in which the data for workers at 
BNFL Sellaficld are presented in Table 19. Equally, it 
would be inappropriate, indeed potentially misleading: 
to attempt, in the absence of additional information, to 
draw any firm conclusions about the levels of 
cumulative dosc in different industries based on direct 
comparisons between the data in Table 20. The 
respective data may comprise workforces having very 
differcnt sizes, age structures and employment 
durations, and these characteristics may, moreover, 
have varied cor~sidcrably ovcr time. For example, a 
major change in the size of a workforce in the recent 
past could considerably distort the estimated 
cumulative dose relative to that for an industry having 
a relatively uniform or even declining workforce. 

199. Notwithstanding thcsc qualifications, the data 
exhibit a number of intcrcsti~lg features. The average 
cumulative dose at sites of BNFL was greater by a 
factor of more than 2 than that at research 
establishments of the Atonlic Energy Authority and at 



reactors operated by Nuclear Electric. This is to be 
expected given the somewhat higher doses experienced 
during reprocessing and at the older reactors operated 
by BNFL. Snlaller average curnulative doses occurred 
at Ministry of Defencc establishments, in particular at 
h e  Atonlic Weapons Establishment; this reflects the 
much smaller levels of external dose experienced in 
the processing of materials for nuclear weapons. The 
cunlulative doscs to (hose monitored by the Defencc 
Radiation Protection Service (activities largely 
connected with the nuclear submarine programme) arc 
for both civilian and naval personnel; one contributory 
factor to the lower levels in Illis group is the relatively 
short periods, compared with a working lifetime, that 
naval personnel spend in this role. 

200. Cumulative dosc as a function of the year of 
birth of the worker generally decreased, as would be 
cxpected, with time; this trcnd reversed for thc earlicst 
years analysed because these workers, on average, had 
spent a smaller part of their working lives in radiation- 
related work. Disaggregation of the data according to 
duration of employment in radiation work would yield 
statistics of somewhat greater interest and value. The 
cumulative dose as a function of the year radiation 
work started shows, apart from the early years, an 
expected decrease with time. Two factors contribute to 
this decrease: first, the greater period of time, on 
average, spent on radiation-related work and, secondly, 
the generally downward trcnd in annual doses. The 
rate of decrease in the avcrage cumulative dose 
between the periods for which the data are reported is 
not uniform, indicating that there are factors operating 
that cannot be discerned from the data in its 
aggregated form. Again, disaggregation of thcse data 
in terms of year and age at which work with radiation 
began, follow-up period, type of work undertaken etc. 
is needed for the full potential of these data to be 
realized. 

201. Summary. In the past few years significantly 
more data have been reported on cumulative doses 
during working lifetimes. This was to have been 
expected from the increasing development and use of 
computerized databases for occupational exposures. 
While such data are sparse in comparison with data on 
annual doses, the imbalance is likely to be reduced in 
Lhe future. To facilitate the comparison and/or 
aggregation of cumulative doses for different 
occupational categories and countries, much more 
attention should be given to the development and use 
of common approaches for the compilation and 
reporting of these data. If data could be presented in 
sufficient detail to allow their analysis as a function of 
the year and age of starting radiation-related work. 
employment duration and type of work undertaken. 
much greater uniformity in reported cumulative doses 
and their comparison could be achieved. 

H. SUMMARY 

202. Worldwide occupational exposures Gonl each 
stage of UIC commercial nuclear fucl cycle arc 
sum~~iarizcd in Table 21 and illustrated in Figure XV. 
The dala arc al~nual values averaged over five-year 
periods. The number of workers in the commercial 
nuclear fucl cycle rose from an avcrage of about 
560,000 in the first five-year period to about 880,000 
in the third. About a quarter of a million of thcse 
workers wcre involved in uranium mining and about 
130,000 in research and development; the remainder 
wcre largely enlployed in reactor operations (about 
150,000 on avcrage in the first five-year period 
increasing to about 430,000 in the third period). The 
annual collcctivc effective dose, averaged over five- 
year periods, increased from about 2,300 man Sv in 
Lhe first pcriod to about 3,000 man Sv in the second 
but decreasing in the third period to about 
2,500 marl Sv. By far the largest contributors to the 
total collective dose were uranium mining and reactor 
operation (about 50% and 35%, respectively, averaged 
over the pcriod 1975-1989). 

203. The average annual effective dose to monitored 
workers in the whole fuel cycle decreased pro- 
gressively, from an average of 4.1 mSv in the period 
1975-1979 to an average of 2.9 mSv in the period 
1985-1989. There is, however, considcrable variation 
about these avcrage values for different stages of the 
fuel cycle (see Figure XV). Downward trends in dose 
with time are evident for all stages of the fuel cycle; 
the magnitude of the decrease varies, however, with 
the stage of the fuel cycle, and there wcre also 
considerable year to year variations that are not 
apparent in the five-year averages. The dosc 
distribution ratios are illustrated in Figure XVI. The 
fraction, averaged over five-year periods, of monitored 
workers receiving annual doscs in excess of 15 mSv 
has decreased from about 0.20 to about 0.10 between 
the first and third periods; the conesponding decrease 
in the fraction of the collective effective dose has been 
from about 0.63 to about 0.42. Workers in mining and 
reactor operation are the main contributors to these 
Iwo fractions. 

204. The normalized collective effective doses for 
each stage of the fuel cycle are shown in Figure XVI. 
The collective dose from mining, milling, fuel 
fabrication and fucl reprocessing have been normalized 
to the energy equivalent of uranium mined or milled 
or the fucl fabricated or reprocessed in the respective 
periods. The estimate of 1 man Sv (GW a)-' for 
research associated with the fuel cycle has been 
assumed in each period. The overall normalized 
collective effective dose (i.e. averaging over all stages 
in all fuel cycles, taking account of their relative 
magnitudes) is estimated to be 18. 17 and 12 man Sv 
(GW a)-' in 1975-1979, 1980-1984 and 1985-1989, 
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respectively. These normalized doses exclude fuel 
reprocessing, which would add about 0.7 man Sv 
(GW a)-' for oxide reprocessing, and 10-15 man Sv 
(GW a)-' for Magnox fuel reprocessing, with the 
larger value appropriate for earlier times. 

205. The components of nom~alized collective 
effective doses for the separate fuel cycles based on 
the various reactor types are summarized in Table 22; 
the results are illustrated in Figure XVII. For ease of 
comparison and completeness, a co~~tribution fro111 
reprocessing is indicated in each case, whether or not 
reprocessing of that fuel type has occurred or indeed 
is even foreseen. With the exception of the fuel cycles 
based on GCRs, reactor operation makes the largest 
contribution to the normalized collective effective 
dose, with the only other large contribution coming 
from mining. For fuel cycles based on other than 
GCRs, the normalized collective dose varied within a 
range of 17-27 man Sv (GW a)-' in the first five-year 
period and 10-14 man Sv (GW a)" in the third period; 
the decrease was mainly due to decreases in the doses 
arising during reactor operation. 

206. The normalized collective doses for the fuel 
cycle based on AGRs remained relatively uniforn~ 
over the whole period, about 9 man Sv (GW a).'. This 
is significantly less than for fuel cycles of other 
reactor types because of the lower collective doses for 
the reactors. Uranium mining is the largest contributor 
to the normalized collective dose for this fuel cycle 
accounting for 60% or more. For the fuel cycle based 
on the Magnox reactor, the normalized collective 
effective dose declined from 36 man Sv (GW a)-' in 

the first period to 27 man Sv (GW a)-' in the third. 
The reproccssirig of Magnox fuel rnakes by far the 
greatest contribution to the total normalized dose 
(40%-50%). Reactor operation and mining are the only 
other significant contributors, with similar contri- 
butions. Two factors have been largely responsible for 
the greater normalized doses associated w i h  the fuel 
cycle based on Magnox reactors. First, because of its 
much lower irradiation, the generation of unit electri- 
cal energy with Magnox fuel requires larger amounts 
of uranium to be mined, fuel to be fabricated and fuel 
to be reprocessed than with fuel cycles based on other 
reactor types; secondly, the doses from Magnox repro- 
cessing have been greater than anticipated because of 
major contaniination of pond cooling water from fuel 
corrosion that occurred in the first half of the 1970s at 
the Sellafield plant in the United Kingdom. 

207. Insufficient data are available on cumulative or 
lifetime doses to enable reliable estimates of 
worldwide levels or of trends in their values; this 
situation, however, is changing through the increasing 
use of computerized databases for occupational 
exposures and the compilation of data for 
epidemiological studies on workers. Much improved 
estimates of cumulative doses can, tberefore, be 
expected over the next few years. To  facilitate the 
comparison and/or aggregation of cumulative doses for 
different occupational groups and/or countries, it 
would be useful if data could be reported in a manner 
which enabled them to be evaluated in tenns of the 
following quantities: the year and age of starting 
radiation-related work, employment duration and type 
of work undertaken. 

111. DEFENCE ACTIVITIES 

208. Radiation exposures to workers in defence 
activities can be grouped into three broad categories: 
those arising from the production and testing of 
nuclear weapons and associated activities; those 
arising from the use of nuclear energy as a source of 
propulsion for naval vessels; and those arising from 
the use of ionizing radiation for the same wide range 
of purposes for which it is used in civilian spheres 
(e.g. research, transport and non-destructive testing). 
The levels of exposure in the first two of these 
categories are assessed separately and then the overall 
levels of exposure from defence activities are assessed. 
It must be recognized that there will be some lack of 
rigour and/or uniformity in the attribution of exposures 
to particular defence activities and in the separation of 
exposures betwcen defence activities and the commer- 

cial nuclear fuel cycle. This is inevitable, given 
differences in how data have been categorized and 
reported in different countries. In this Annex, for 
example, all exposures occurring in the mining, 
milling and enrichment of uranium have been attri- 
buted to the conimercial nuclear fuel cycle; at least a 
fraction of these exposures should, however, have 
been attributed to defence activities. Similarly, some 
of the exposures attributed to reprocessing and to 
research and development in the commercial nuclear 
fuel cycle should also be attributed to defence activi- 
ties. For these reasons, the doses reported in the 
remainder of this section are likely to be underesti- 
mates of those that should properly be associated with 
defence activities. The data are not complete for 
radiation-related defence activities in all countries. 



209. Nuclear weapons have been developed, tested 
and deployed in the military scrviccs of five countries: 
China, France, the forn~er USSR, the United Kingdom 
and the United Stales. The niain potential sources of 
occupational exposure in the developn~ent and 
production of nuclear weapons are the two radioactive 
fusile materials, plutonium and uranium, and tritium. 
Exposures may arise by two main routes; the intake of 
these materials into the body by inhalation or ingestion 
(or absorption through the skin in the case of tritium) 
and external irradiation from gamma rays and, to a 
lesser extent, neulrons. Intake of these elements into 
the body is minimized by avoiding direct contact and 
providing containment for the materials during their 
fabrication into weapons. Some small intakes will, 
however, inevitably occur, and monitoring is generally 
undertaken to determine their magnitude. The nature 
and extent of monitoring depend on the potential for 
exposure. Where material is being processed, the 
monitoring may include the use of personal air 
samplers, whole-body monitoring and bioassay; where 
the potential for intake is much less, area monitoring 
of airborne levels may suffice. Because of the steps 
taken to provide confinement for these materials. 
external irradiation tends to be the dominant source of 
exposure for those involved in the production, testing 
and subsequent handling of nuclear weapons. As the 
energy of the gamma-radiation typically emitted by the 
more common isotopes of these elements is relatively 
low, this is one area where the direct recording of the 
dosimeter measurement as the rcccived whole-body or 
effective dose, as is common practice, could lead to 
significar~t overcstiniates. Neutron as well as gamma 
dosimeters may bc used where exposures from the 
former may be significant 

1. Annual doses 

210. Data on occupational exposures Gom the nuclear 
weapons programmes in the United Kingdom and the 
United States are summarized in Table 23 and are 
illustrated in Figure XVIII. The reported doses are for 
extenial irradiation only and include exposures arising 
in the development and production of weapons as well 
as in their subsequent handling, although the latter 
makes only a modest contribution to the overall levels 
of exposure. Tbe total number of monitored workers 
(i.e. summed over both countries), averaged over 
five-year periods, remained relatively uniform over the 
period analysed, at about 21,000. The total annual 
collective effective dose, averaged over fwe-year 
periods, also varied little and was typically about 
14 man Sv. This average value, however, disguises 
somewhat greater year-to-year variations within the 
range 10-20 man Sv, although there were no 

signific;lnl trends in the values. About 80% ofboth the 
total numbcr of monitored workers and the collective 
dose were in the Uliited States. 

21 1. The annual effcctive dose to monitored workers, 
averaged over all workers and over five-year pcriods, 
was about 0.7 mSv in all three periods. Avcrage 
individual doses in the United States were broadly 
comparable with those for the total workforce; 
somewhat higher average annual doses, about 1 mSv, 
were experienced in Lhe United Kingdom up to the 
middle or the 1980s, but these later decreased by a 
factor of rilore than 2. The annual doses lo measurably 
exposed workers (United States data only) were 
typically greater than those to monitored workers by 
a factor of about 2. All the individual and collective 
doses rcferred to here need, however, to be qualified. 
They are the doses recorded by the dosinieter. The 
actual effcctive doses would be smaller by a factor of 
at least 2. This discrepancy is due to the relatively low 
energy of the gamma-radiation emitted by weapons 
materials. Data (available only for the United 
Kingdom) on the fraction of workers receiving annual 
doses in cxcess of 15  nlSv indicate that, in general, 
this fraction is zero or very small. 

212. Fewer data are available on internal exposures. 
In the United Kingdom, records of internal exposures 
frorn thc intakc of actinides into the body (and, to a 
lesser extent, tritium) have been kept since 1986. 
Doses frorn intakes of actinides have been measured 
using personal air sanlplers worn by individual 
workers, and those from intakes of tritium have been 
measured by urine monitoring. Each year, about 1,000 
workers were monitored for uranium and plutonium. 
The average committed effective dose from intakes in 
1986 was about 0.15 mSv from uranium and 
plutoniuru, and by 1989, these doses had decreased to 
about 0.05 mSv. In each year also about 500 workers 
were monitored for tritiuni intake, and the average 
annual dose declined from about 0.17 mSv to 0.1 mSv 
between 1986 and 1989. The resulting collective dose 
from internal exposure is, therefore, small in 
comparison with that from external irradiation. Indeed, 
any underestimate as a result of its omission from Lhe 
doses reported in Table 23 (at least for the United 
Kingdom data) is negligible in comparison with the 
overestimate of external dose as a result of including 
the dosimeter measurement directly into dose records. 

213. Comparable data are not available for other 
countries that have developed nuclear weapons. More 
limited data [BIO, N2j have, however, recently 
become available on exposures in reactors and 
cheniical reprocessing plants used in the production of 
weapons-grade materials in thc former USSR. Only 
individual doses are reported, and in the absence of 
information on the size of the workforce, no estimate 
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could be made of collective doses. Moreover, data on 
exposures arising at other stages of weapons produc- 
tion and testing would be needed before these data 
could be properly compared with the data presented in 
Table 23. Nonetheless the data provide some perspec- 
tive on the levels of dose encountered in the weapons 
programme in the former USSR. 

214. The variation in averagc individual dose (exter- 
nal irradiation only) to workers in rcactors and chemi- 
cal reprocessing plants is illustrated in Figure XIX. In 
the late 1940s these averagc doses were substantial 
(about 1 Sv) in both the reactors and chemical plants. 
They had declined to about 100 mSv by the late 1950s 
and to about 10 mSv by the late 1960s. Thereafter the 
rate of decrease in dose was more modest. The distri- 
butions of dose among the respective workforces are 
also illustrated in Figure XIX. In the late 1940s and 
early 1950s, annual doses in excess of 1 Sv were 
received by a few tens of per cent of workers in both 
the reactors and chemical plants, with 1%-2% receiv- 
ing annual doses in excess of 4 Sv. In the chemical 
plants, essentially the whole workforce was exposed to 
annual doses in excess of 25 mSv before the early 
1960s; the percentage of workers exceeding this level 
of exposure declined rapidly through the 1960s to 
essentially zero by the end of that decade. In the 
reactors, the percentage of workers receiving annual 
doses in excess of 25 mSv decreased during the 
1950s, from essentially 100% to a few tens of 
per cenq this share subsequently varied from a few to 
a few tens of per cent through the 1960s before 
decreasing to a low level in the 1970s. 

2. Cumulative doses 

215. The distribution of cumulative doses among 
workers employed in the nuclear weapons programme 
in the United Kingdom at the end of 1989 [Dl] is 
summarized in Table 24. Less than 1% of the work- 
force in 1989 received cumulative effective doses in 
excess of 100 mSv and none received in excess of 
500 mSv. In practice all the percentages are over- 
estimates because the effective dose and the dosinleter 
measurement arc assumed to be equivalent. 

B. NUCLEAR-POWERED SHIPS 
Ah?) THEIR SUPPORT FACILITIES 

1. Annunl doses 

216. Nuclear-powered ships (submarines and surfaec 
! 
1 vessels) are operated by several navies, in particular 

i China, France, India, the former USSR, the United 
i Kingdom and the United States. Pressurized water- 
I 

cooled reactors arc used as the power source in almost 
all cases; in the former USSR several reactors are 
cooled by liquid metal. Radiation exposures arise 011 

board ship and also at shore-based support facilities, 
where maintenance, refuelling ctc. arc carried out and 
personnel are trained. Data are not available from all 
countries, but compilations have been made of the 
exposures arising in the United Kingdom [Dl ,  M l l ]  
and the United States [MI, M9, M10, N1, S2]. 

217. Data on occupational exposures from nuclear- 
powered ships in the United Kingdom and the United 
States arc summarized in Table 23. The total number 
of ships in the two navies increased from an average 
of 135 in 1975-1979 to an average of 167 in 1985- 
1989. Averaged over the whole period, about 90% of 
these belonged to the United States navy. The total 
numbcr of monitored workers increased from about 
42,000 in 1975-1979 to about 63,000 in 1985-1989. 
Most of this increase occurred in the United States, as 
the number of workers in the United Kingdom 
remained relatively constant, at about 6,000, 
throughout the period. 

218. The total annual collective dose decreased from 
about 92 man Sv in the first five-year period to about 
57 man Sv in the third. Averaged over the whole 
period, the contribution of the United States to the 
total collective dose was about 73%: the magnitude of 
the contribution differed, however, between five-year 
periods. The annual dose averaged over all monitored 
workers decreased from about 2.2 mSv in the first 
five-year period to about 0.9 mSv in the third: the 
corresponding decreases in the two countries were 
from about 4.1 to about 1.9 mSv in the United King- 
dom and from about 1.9 to about 0.8 mSv in the 
United States. Over this same period the fraction of all 
monitored workers receiving annual effective doses in 
excess of 15 mSv decreased from about 0.5 to about 
0.1; in the United Kingdom the values of this quantity 
were, in general, about 50% larger than the average 
values. 

219. Estimates have been made of the normalized 
collective effective dose, with the normalization 
performed in terms of the numbcr of ships. Averaged 
over both countries. the annual normalized collective 
dose has decreased by a factor of about 2, from about 
0.7 man Sv per ship in 1975-1979 to about 0.34 
man Sv per ship in 1985-1989. The corresponding 
decrease in the annual normalized dose was from 
about 1.8 to about 0.6 man Sv per ship in the United 
Kingdom and from about 0.6 to about 0.3 man Sv per 
ship in the United States. These and previously 
identified decreases in exposures were achieved 
despite a significant increase in the number of ships in 
sentice and undergoing refit and maintenance during 
the period. 
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220. In general, higher exposures were received by 
shore-based workers, in particular those who were 
involved in inspection, maintenance (including refitting 
and refuelling operations) and repair inside the reactor 
compartment or on components that form the primary 
cooling circuit. By cornparis011 the exposures of 
on-board personnel were generally niuch lower, owing 
to the shielding provided around the reactor and its 
associated systems. These differences are illustrated in 
Figure XVIII. 

221. Averaged over the whole period and both 
countries, about 45% of the total workforce comprised 
shore-based workers, although there were significant 
variations about this average value both with time and 
between countrics; for exaniple, in the United 
Kingdom about 80% of all workers were shore-based. 
About 70% of the total collective dose over the whole 
period was received by shore-based workers, again 
with variation about this average value between 
countries and with time (e.g. about 85% of the 
exposure in the United Kingdom was received by 
shore-based workers). 

222. The most noticeable difference between the two 
groups of workers is in their average annual doses. 
Averaged over both countries and over f ~ e - y e a r  
periods, the average annual dose to shore-based 
workers has decreased from about 3.2 mSv to about 
1.5 mSv between the first and third periods; the 
average doses to on-board workers were typically two 
to three times lower, decreasing from about 1.3 to 
about 0 5  mSv over the same period. The data for the 
two countries exhibit the same trends, but the absolute 
and relative magnitudes of the doses differ, sometimes 
significantly. Somewhat higher than average doses 
may be received by particular subgroups within the 
broader occupational groupings. For example, at civi- 
lian dockyards in the United Kingdom, where much of 
the maintenance and refitting of ships is undertaken, 
average annual doses were as high as 10 mSv in some 
years, although they decreased, in general, over the 
years. Differences are also apparent between the two 
groups in terms of the fraction of workers receiving 
annual doses in excess of particular levels (15 mSv for 
the United Kingdom data and 10 mSv for the United 
States data), wilh the fraction being considerably 
greater for shore-based workers. Ln the UK the 
distribution ratio, NR15, for shore-based workers 
decreased from about 0.09 to about 0.02 between the 
first and third five-year periods; the corresponding 
fractions of on-board workers exceeding that dose 
decreased from about 0.03 to about 0.01 over ~ h c  same 
period. In the United States the distribution ratio, 
NRlo, for shore-based workers decreased from about 
0.1 to about 0.03 between the first and third five-year 
periods, while the ratio for on-board workers 
decreased from about 0.02 lo about 0.001. 

2. Curl~tlli~tive doses 

223. The distributions of cun~ulative doses among 
workers employed in the naval nuclear propulsion 
progmmlne in the United Kingdoni at the end of 1989 
and i n  l11e U~iited Sti~tcs at the end of 1991 are 
sunimarized in Table 24. Data are given separately for 
on-board and shore-based personnel and for the total 
workforce in the case of the United Kingdom. 
Somewhat higher cumulative dases are evident for 
shore-based personnel than for those on board, 
because the latter are ~ ~ a v a l  personnel, whose mean 
time of service in this capacity is much shorter than 
that of the mainly civilian workforce in the 
shore-based facilities, where much of the occupational 
exposure occurs. In general, the percentages of 
workers exceeding particular levels of dose in the 
United Kingdom surpass those in the U ~ ~ i t e d  States, 
althougll not by a great amount. 

224. In the United Kingdom, the highest cumulative 
dose recorded among shore-based personnel was about 
800 niSv accrued over a 30-year period. The distribu- 
tion of cumulative doses varies considerably from one 
shore-based facility to another, with much higher 
doses at civilian dockyards, where much of the 
maintenance etc. is undertaken. Cumulative doses at 
operational naval bases arc lower, both because of 
differences in the nature of the work carried out and 
the generally greater n~obility of naval personnel. For 
example, about 20% of the civilian dockyard work- 
force received a cumulative dose in excess of 
100 mSv compared with about 8% for all shore-based 
personnel. 

C. ALL DEFENCE ACIIVITIES 

1. Annual doses 

225. Data on occupational exposures from all defence 
activities are summarized in Table 23 for the United 
Kingdom and the United States and for the sum of 
both sets of data; the data are illustrated in 
Figure XVIlI. The data include exposures from 
weapons production and testing, fronl nuclear ships 
and from a wide range of other uses of radiation that 
can be attributed to defence-related activities. These 
uses include all those encountered in civilian 
occupations, for exaniple non-destructive testing, 
transport, research, education and medicine. The 
contribution from these other sources to the overall 
levels of exposure fro111 defence-related activities in 
the United Kingdom varied from about 20% in the late 
1970s to only a few per cent in the later 1980s. In the 
United States this contribution, averaged over the 
whole period, was about IS%, decreasing over time. 
By fiir the greater part of both the total delence 
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workforce and the total collcctive dose arc associated 
with nuclear ships; this is not surprising, given the 
large number oC nuclear ships operated by these two 
countries. 

226. The total number of monitored workers, averaged 
over five-year periods, has increased from about 
100,000 to about 130,000 bctween the fiist and third 
periods. This increase largely occurred in the United 
States; the nurrlber of monitored workers in the United 
Kingdom remained relatively constant, about 12,000, 
over the period analysed. The total annual collective 
dose, averaged over five-year periods, decreased from 
about 140 to about 84 man Sv between the first and 
third periods; averaged over the whole period, about 
75% of the total collective dose was received by 
workers in the United States. The annual dose to 
monitored workers, averaged over both countries and 
over five-year periods, has decreased from about 
1.3 mSv to about 0.7 mSv between the first and third 
periods. Given the much larger contribution made by 
the Unitcd States to the overall data, these average 
individual doses mainly reflect experience in that 
country; over the same period, the average annual 
doses to workers in the Unikd Kingdom were 
somewhat larger, decreasing from about 3 mSv to 
about 1.2 mSv. 

227. The above data need qualifying with regard to 
their completeness, in particular whether they include 
all significant occupational exposures associated with 
defence activities. For example, they do not include 
occupational exposures incurred in the mining of 
uranium used in either the nuclear weapons or the 
nuclear naval programmes; nor is it clear to what 
extent the reported data include exposures arising 
during the enrichment of uranium for both the 
weapons and naval progxanlmes or exposures arising 
in the chemical separation arid subsequent treatment of 
plutonium. Such omissions, should they exist, are 
significant only in the context of the proper 
assignment of exposures to different practices; any 
omission here is likely to be compensated for by an 
overestimate of exposures in other practices (e.g. 
exposures in mining, enrichment and fuel reprocessing 
attributed to the commercial nuclear fuel cycle). 

2. Worldwide annual doses 

228. The data presented above for all defence 
activities i~lclude occupatiorlal exposures for only two 
countries, the United Kingdom and the United States. 
Occupational exposures from defence-related activities 
in China, France and the former Soviet Union (i.e. the 
other countries which have developed nuclear weapons 
and/or that operate nuclear navies) are not available. 
Any estimate of worldwide occupational exposures 

fronl dcfer~cc activities can, therefore, bc made only 
by extrapolating the available data to these other 
countries. Inevitably, this can only be done very 
approximately. and neither of the methods of 
extrapolation presented in Section 1.C is appropriate. 

229. It would be most useful if the cxtrapolatio~~ 
could be based on ~~onnalized collective dose, with the 
nornialization performed in terms of unit explosive 
yield for weapons and per ship or installed nuclear 
capacity for the naval propulsion programmes. Data 
sufficient for making these extrapolations could 
probably be co~npiled on weapons stockpiles 
worldwide and their potential yields and on the 
worldwide capacity of nuclear navies. The validity of 
such extrapolations would depend, however, on the 
representativeness of normalized collective doses 
derived from experience in the Unitcd Kingdom and 
the United States. The limited data for the nuclear 
weapons programme in the former USSR (see Figure 
XIX) do not augur well in this respect; in particular, 
the reported doses in earlier years in that country were 
far in excess of those experienced elsewhere. These 
much higher doses largely preclude the use of 
normalized collective doses derived in one or two 
countries for estimating worldwide exposures from 
defence activities. 

230. Pending the acquisition of further data, a very 
simple approach has been adopted for estimating 
worldwide exposures from this source, namely, that 
the worldwide collective dose from defence activities 
is greater by a factor of 3 than thc sum of that 
experienced in the United Kingdom and the United 
States. Four assumptions underlie the choice of this 
factor: first, the level of defence activities in the 
former Soviet Union and the United States were 
broadly comparable: secondly, the levels of exposure 
in the former Soviet Union were greater than in the 
Unitcd States by an indeterminate amount that did not 
exceed a factor of 2 in 1975-1989; thirdly, the levels 
of exposure in France have been comparable with 
those in the United Kingdom: and, fourthly, the 
exposures in China were not large in comparison with 
either those in the former Soviet Union or in the 
United States. Based on these assumptions the 
estimated worldwide average annual collective 
effective dose from defence activities would have been 
about 400 man Sv in 1975-1979, falling to about 
250 man Sv in 1985-1989. Given the coarseness of the 
underlying assumptions, it would not be possible to 
give a precise estimate of the collective dose; perhaps 
all that can be concluded is that the worldwide 
average annual collective dose during the period 
analysed was about 300-400 man Sv. This estimate is 
inevitably associated with much uncertainty, which can 
only be reduced by relevant data from China, France 
and the fonner Soviet Union. 
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3. C ~ ~ r n ~ l l k ~ t i v e  doses 

231. The cumulative doses to personnel employed in 
defence activities in 1989 in the United Kingdom are 
summarized in Table 24, where data are given sepa- 
rately for service and civilialr personnel. Estimates of 
cumulative doses to defence workers in the United 
Kingdom [ D l ]  have also been made by the NRPB 
from data held within the Central Index of Dose Infor- 
mation and the National Registry of Radiation 
Workers, and these are summarized in Table 25. 
Direct comparisons should not, however, be made 
between these two sets of data, as the composition of 
the respective workforces and the time over which 
data were compiled differ; these differences are 
summarized in footnotes to Table 25. Data identified 
under the heading "weapons programme" in Table 25 
arc specifically for workers at the Atomic Weapons 
Establishment but can, to a good approximation, be 
assunled to be representative of exposures associated 
with the weapons programme as a whole. The data 
under the heading "other defence activities" are for all 
defence workers apart from those at the Atomic Wea- 
pons Establishment; most of these exposures will, 
however, be associated with the naval nuclear propul- 
sion programme. 

232. The mean cumulative dose to classified radiation 
workers in all defence activities in the United King- 

don1 is 29 mSv; for l l~e  weapolls progranlme tile mean 
dose is 21 mSv, and for the naval nuclear propulsion 
programme it  is 37 mSv. These averages, however, 
disguise significant differences between employees of 
the Millistry of Defe~rce and colrtract workers. In the 
naval nuclear progrilnlme the cu~nulative dose to 
contract workers is greater by a factor of niore than 3 
than that to employees (58 mSv compared with 
18 mSv), whereas in the weapons programme the dose 
to contract workers is less than half that to en~ployees 
(9.4 n ~ S v  compared with 21.8 mSv). About 7% of all 
workers received c~~mulative doses in excess of 
100 mSv and about 0.2% received in excess of 
400 mSv; for contract workers in the naval nuclear 
programme, the corresponding values were about 19% 
and 0.7%. 

233. The mean cumulative doses to workers in the 
National Registry of Radiation Workers are lower 
(typically by a factor of about 2) than those in the 
Central Index of Dose Information, because contractor 
employees are not included but both classified and 
non-classified employees are. These results are of 
interest mainly because they provide an opportunity to 
deterniine what fraction of the cunlulative dose arises 
over particular periods or age intervals. Data are given 
for doses accumulated to age 30 years, and the mean 
cumulative dose over this period is about one third of 
the mean cumulative dose overall. 

IV. INDUSTRIAL USES OF RADIATION 

234. Radiation is used for many purposes in industry. 
Most of these uses involve sealed radioactive sources 
or equipment that is electronically energized to pro- 
duce radiation, for example x-ray machines, electron 
microscopes and particle accelerators. Some of the 
main industrial uses include industrial radiography, 
well logging, luminizing, non-destructive testing, 
thickness gauging, tracer techniques and the use of 
x rays for a variety of purposes, like crystallographic 
and fluoroscopic analyses of materials. The levels and 
trends in occupational exposure from industrial uses of 
radiation are reviewed in Ulis Chapter together with 
those arising during the production of radioisotopes for 
medical and industrial purposes. In addition, exposures 
from the use of radiation in research (excluding 
research undertaken in support of the nuclear power 
industry) are estimated to the extent that they can be 
separately identified. 

235. The compilation of reliable statistics on occu- 
pational exposure in industry is complicated by the 
diversity of uses to which radiation is put and differ- 

ences in the way data are reported by different 
countries, in particular the number and nature of the 
occupations for which data are reported separately. By 
far the greater number of occupational exposures in 
general industry are small, and this has doubtless 
influenced the relative lack of detail, or disaggrega- 
tion, in their reporting. In general, data have been 
reported separately only for those few occupations 
with the potential for higher doses. Since the avail- 
ability of reported data clearly determines the level of 
detail that can be included in this review, considera- 
tion is limited to Lhe levels of exposure in industry 
overall and in those few groups where higher doses 
could arise and/or for which a number of countries 
have reported data separately. These separate groups 
comprise industrial radiographers, luminizers, 
radioisotope producers and well loggers. 

236. Differences may exist in the procedures used in 
various countries to group workers occupationally, and 
[his places limil;~tions oa t l~e validity of direct 
comparisons between data compiled in different 
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countries. Where these limitations nlay be important, 
they are identified. The extent to which valid com- 
parisons can be made between countries is also influ- 
e~lced by differences in the respective approaches used 
to measure and report occupational exposures, e.g. the 
type of dosimeter used, its minimum detectable level 
(MDL), the dose entered into records when the measu- 
red dose is less than the MDL and doses assigned for 
lost dosimeters. These differences and their implica- 
tions for validity of comparisons between data were 
discussed in Chapter I. The approaches used in 
measuring and reporting occupational exposures in 
each of the countries for which data were reported are 
summarized in Table 2. Where important differences 
in approach are apparent, caution should be exercised 
in making direct comparisons between data. 

237. National data on occupational exposures arising 
from the industrial use of radiation are given in 
Table 26 for workers in each of the following areas: 
industrial radiography, luminizing, production and 
distribution of isotopes, well logging, tertiary 
education and research institutes, accelerators and all 
industrial uses of radiation grouped together. World- 
wide levels of exposure have been estimated from the 
reported national data for each industrial use, with 
extrapolation within particular regions based on gross 
national product. In general, the collective dose was 
well correlated with gross national product, but there 
were exceptions to this for some countries. The degree 
of extrapolation needed varied with the industrial use 
considered but typically was about a factor of 2 on 
average; there was, however, considerable variation 
about this average value for particular regions or 
periods. For some industrial uses insufficient data 
were available to allow reliable extrapolation. 

A. INDUSTRIAL RADIOGRAPHY 

238. Industrial radiography is carried out in two quite 
different sets of conditions. First, it may be undertaken 
at a single location, usually in a permanent facility that 
has been designed and shielded for this purpose; in 
this case items to be radiographed are brought to the 
facility. Secondly, it may be undertaken at multiple 
locations in the field, in which case the radiographic 
equipment is transported to the place of interest. The 
ease and efficacy of exercising control, supervision 
and protection in the two cases may be different, and 
this may have implications for the resulting occupa- 
tional exposures. Few of the reported data, however, 
distinguish between exposures from the two types of 
radiographic practice. 

239. Worldwide levels of dose have been estiniated 
from national data by extrapolation within regions 
based on gross national product. The sum of the gross 

national products for those countries reporting data 
was about 35% of the worldwide total in the first five- 
year period, increasing to about 65% in the third. On 
average, therefore, the reported data have been scaled 
upwards by a factor of about 2 with co~~siderable 
variation, however, about this average for particular 
periods and regions. Estimates of the numbers of 
workers and doses in industrial radiography worldwide 
are illustrated in Figure XX. The annual number of 
monitored workers in industrial radiography, averaged 
over five-year periods, is estiniated to have increased 
from about 70,000 in the first period to about 110,000 
in each of the last two periods. The average annual 
collective effective dose is estimated to have increased 
from about 190 man Sv in the first period to about 
230 man Sv in the second, then to have decreased 
significantly to about 160 man Sv in the third. 
Roughly half of these collective doses are estiniated to 
have occurred in countries comprising the OECD and 
about one quarter to one third in the countries of 
Eastern Europe. 

240. The annual effective dose to monitored workers, 
averaged over five-year periods, fell progressively 
from about 2.6 mSv in the first period to about 
1.4 mSv in the third. This same downward trend is 
evident in the data for most countries and regional 
groupings, but there is considerable variation between 
countries in both the level of the dose and extent of 
the decrease. For example, average doses to monitored 
workers were as low as 0.2 mSv in some countries 
(e.g. France and the German Democratic Republic) to 
as high as 13 mSv in others (the fornier USSR). From 
data reported, the fraction of the monitored workforce 
receiving annual doses in excess of 15 mSv is 
estimated to have decreased from about 0.04 in the 
first period to about 0.03 in both the following 
periods; the fraction of the collective effective dose 
arising from annual doses in excess of the same level 
is estimated to have changed little over the period, 
remaining at about 0.4. These fractions were estimated 
from a smaller set of data than used to estimate 
collective and individual doses and, as a consequence, 
are less reliable indicators of worldwide levels. 

241. Relatively few data are available on average 
doses to measurably exposed workers as opposed to 
monitored workers, and no attempt has been made to 
estimate a worldwide average dose for the former 
quantity. There is considerable variation between 
countries in both the absolute levels of these doses and 
in the ratio of these to the average dose to monitored 
workers. This ratio varies from about 1 to more than 
10. While differences in operational practice and 
standards of protection will account for sorne of this 
variation, the more likely causes are differences in 
how doses are measured and formally recorded, in 
who in the workforce is to be monitored and the 
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completeness of the occupations or uses included in 
the data reported. 

242. Data on occupational exposures arising froni 
r i c d  and mobile radiography are included in Table 26 
under "industrial radiography" for those few countries 
where cxposures in the respective practices could be 
separated. Data are given for the Netherlands, the 
United Kingdom and the United States; the totals (or 
averages) of the rcported data arc dominated by expo- 
sures in the United States, because the number of 
workers and tile collective dosc arc generally much 
larger than in other countries for which data are 
available. 

243. The annual doses, averaged over five-year 
periods and ovcr all reported data, for workers under- 
taking mobile radiography, (where control and super- 
vision are potentially more difficult), exceed those 
arising in fixed radiography. The average annual dose 
from mobile radiography remained relatively un- 
changed over the pcriod, about 3 mSv, whereas that 
from f i e d  radiography decliried almost fourfold, from 
about 1.4 to about 0.4 mSv. The values of the ratios 
SRIS and NRIS are, likewise, larger for those involved 
with mobile than with fixed radiography, with the dif- 
ference being more pronounced in the case of SRIS. 
Exposures in the Netherlands are much lower than 
average, but they do exhibit the same general trends 
with respect to the differences between mobile and 
f i e d  radiography. In the data for the United Kingdom, 
however, only small differences are evident in the 
occupational exposures for the two types of 
radiography. 

244. A further statistic of interest in the present 
context is the number of workers receiving accidental 
overexposures. There were indications in the past that 
radiography workers, because of the nature of their 
work (particularly in the case of mobile radiography), 
might be more liable to receive overexposures than 
workers in most other occupations. Data on the per- 
centage of radiographers receiving doses in excess of 
an annual effective dose of 50 mSv, together with the 
percentage of the collective dosc arising from indivi- 
dual doses above the same level, are summarized in 
Table 27. The data are not complete enough to enable 
any time trends to be determined. Averaged over the 
whole period and over all countries, the data indicate 
that about 0.1% of industrial radiographers receive 
cxposures in exccss of 50 mSv each year; about 6% of 
the average annual collective dosc from radiography is 
estimated to result from such exposures. Significant 
variation is apparent about the weighted average 
values for particular countries. 

245. If these percentilges are assumed to be represen- 
tative globally, about 100 radiographers worldwide 

receive doses in exccss of 50 niSv every year. While 
in absolute terms this number is not large, the 
occurrence of overcxposures (normalized to the size of 
the workforce) in ir~dustrial radiography exceeds that 
in most other occupations. By comparison, in 250,000 
nionitored workers of tile United Statcs Nuclear 
Regulatory Commission licensees not involved in 
industrial radiography, here  were no reported cases of 
overexposure in 1986. 

B. LIJMINIZING 

246. Radioactive materials have been used in 
luminizing for decadcs. The practice is still 
widespread, although the numbers of workers involved 
is modest. There has, with time, been a move away 
from the use of radium to tritium and, to a lesser 
extent, 1 4 7 ~ m .  Tritium is used both mixed with a 
phosphor in paint and as a gas enclosed in phosphor- 
lined, glass-walled tubes. The data reported in Table 
26 arc, in general, for luniir~izing with tritium gas, and 
the doses arise via internal exposure; the exceptions to 
this arc the data for India, which include exposures to 
tritium arid 147~n1, and the United Kingdom, for which 
the two conlponents are presented separately. 

247. The rcported data shown in Table 26 are not 
comprehensive enough to enable a reliable estimate of 
the worldwide levels of dose from the luminizing 
industry, but sums (or averages) of available data are 
given. At least for those countries reporting data, the 
overall number of monitored workers in the luminizing 
industry is small and of the order of a few hundred. 
The total average annual collective effective dose 
decreased from about 4 man Sv in the first five-year 
period to about 1.4 in each of the following periods. 
Over the same period the overall average anrmal dose 
to nionitored workers decreased Gom about 7.4 mSv 
to about 2.7 mSv. Large reductions also occurred in 
both of the distribution ratios over this period, with the 
value of NRl j  decreasing from about 0.2 to about 0.03 
and that of SR15 decreasing from about 0.6 to about 
0.3. 

248. Considerable variation about these overall 
average values and trends with time is evident in the 
data for individual countrics. With the exception of 
India, there has been a substantial decrease in the 
annual collective effective dose in each country; the 
factor by which dose decreased dilfercd between 
countries will~iri a range of about 2-4. The average 
annual doses varied greatly between countries and 
ovcr time, from about 1 1nSv to more than 11 mSv. 
The anuual effective doses, averaged ovcr five-year 
periods, in both Switzerland and the United Kingdom 
fell by a factor of about 3 over the pcriod analysed; 
the dosc in India remailled relatively constant, while 



ANNM D: OCCUPATIONAL RADIATION I.XPOSURI3 42 1 

that in Francc incrcascd by about 30%. Thcse five- 
year avcragcs disguise an cveri greater dccreasc in the 
annual doscs in the Unitcd Kingdom, which fcll from 
about 15 nlSv in 1975 to 2 rnSv in the late 1980s. 

249. Thc avcragc individual doscs in the lumirlizing 
industries havc, historically, becn much larger than 
thosc in othcr industries; this situation still prevails, 
notwiUistarldi~lg thc major reductions in dose that have 
becn achicvcd in several countries. The number of 
workers in tllc luminizing industries in thosc countries 
reporting data was, howcvcr, small (about 500); 
worldwide, the number may be significantly greater, 
and this aspect warrants further analysis. 

C. RADIOISOTOI'E PRODUCTION 
AND DISTRIBUTION 

250. Radioisotopes are produced for a great variety of 
industrial and medical purposes. The main source of 
occupational exposure in radioisotope production and 
distribution is external irradiation; internal exposure 
may be significant in some cases, and arrangements 
are then made for pcrsonal monitoring. In general, 
however, internal cxposurcs have not been included in 
reported statistics for occupatiolial exposure, except in 
more recent years, and even then the practice is far 
from universal. Rcporting conventions for workers 
involvcd in radioisotope production may also vary 
from country to country (e.g. whether the reported 
doscs include only those arising during the initial 
production and distribution of radioisotopes or whether 
they also include those arising in the subsequent 
processing, encapsulation, packaging and distribution 
of radionuclides that may have becn purchased in bulk 
from elsewhere), and this may affect the validity of 
comparisons between reported doses. 

251. Worldwide levels of exposure have been 
estimated from reported national data, with 
extrapolation within regions based on gross national 
product. The coverage and scaling of the data were 
similar to that for industrial radiography. The annual 
number of monitored workers from worldwide 
radioisotope production and distribution, averaged over 
fivc-year pcriods, increased from about 60,000 in the 
first period to about 90,000 in the third period (scc 
Figure XX). This reflects the increasing use of 
radioisotopes in both industry and medicine. 
Notwithstanding the increase, the worldwide average 
annual collcctivc effective dose is estimated to have 
dccrcascd from about 130 man Sv in Ule first period 
to about 100 rnan Sv in both the second and third 
periods. About 70% of these collective doses arc 
estimatcd to havc occurred in countries comprising the 
OECD, with about 20%, at least in the latter two 
five-year pcriods, occurring in Eastern Europe. 

252. Thc annual efrcctivc dosc to monitored workers 
worldwidc, averaged ovcr fivc-ycar periods, fell from 
about 2.3 nlSv in the first lxriod to about 1.1 mSv in 
the third, with most of UIC dccrcasc occurring bctwccn 
the first ;~nd sccond pcriods. This siinlc downward 
trend is cvidcnt in the data for most countrics and 
rcgional groupings, but thcrc is considerable variation 
between countrics in both the level of the dose and the 
extent of the decrcase. Thc average dosc to monitored 
workers in different countrics and for different pcriods 
has varicd within a rangc of 1-9 mSv. Thc dccreasc in 
the average dosc ovcr time was less by as much as a 
factor of 3 in some countries, in others there was 
essentially no change (in exceptional cases there was 
even an increase over the period, particularly between 
the f i s t  and second periods). 

253. The fraction of the monitored workforce 
receiving annual doses in excess of 15 mSv is 
estimated to have decreased from about 0.1 in the first 
period to about 0.03 in the third; the fraction of the 
collective effective dosc arising from annual doses in 
excess of the same levcl is cstimated to have changed 
little over the period, remaining at about 0.2. These 
fractions were estimated from a stnallcr set of data 
than used to estimate collective and individual doscs 
and, as a consequcncc, arc less rcliable indicators of 
worldwide levels. 

254. Fewer data are available on avcragc doses to 
measurably exposed workers than on those to 
monitored workers, and again no attcmpt has been 
made to estimate a worldwide average dose to 
measurably exposcd workers. The reported doses lie, 
in general, within a range of 2-8 mSv and typically 
exceed the corresponding doses to monitored workers 
by a few tens of per cent (and, exceptionally, by 
factors of 2-3). 

255. In the manufacture and processing of 
radionuclides, thcre is potential for both internal and 
external exposure. It is not always apparent, however, 
from the reported data whether the internal component 
was significant and whether it was included in the 
dose estimates. The data for the United Kingdom from 
1985 and for Finland from 1987 include doses from 
intakes of radionuclides; in general, the contribution to 
the total dose was rcportcd to be a few per cent. All 
other data on radioisotope production and distribution 
in Table 26 need clarification in this respect. 

256. Well logging has becn identified in some 
countries as an occupation that can lead 10 higher 
levels of dose than olhcr industrial occupations 
involving the use of radiation. Botb gamma and 
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neutron sources are used in well logging, but the 
contributio~i from each to the reported doses is not 
generally indicated. Consequently, it has not been 
possible to transform the reported effective dose 
equivalents to effective doses. The assumption has 
been made Uiat the effective dose is equal to the 
reported effective dose equivalent, while recognizing 
that this is likely to underestimate the effective dose in 
so far as the contribution from neutrons is concerned. 

257. Tile data on well logging in Table 26 are not 
complete enough to enable a reliable estimate of the 
worldwide levels of dose. Averaged values ofthe dose 
to monitored workers and the two distribution ratios 
arc presented in the Table, but summed data are not 
included because the results could give a misleading 
picture. The annual dose to monitored workers, from 
reported data averaged over five-year periods, 
decreased from about 1.3 mSv to about 1.1 mSv over 
the period. Somewhat greater proportional reductions 
are apparent in the distribution ratios over this period, 
with the value of NR15 decreasing from about 0.007 
to about 0.002 and that for SR15 decreasing from 
about 0.3 to about 0.04. 

258. Variation about these overall average values and 
trends with time is evident in the data for individual 
countries. The extent of this variation is, however, less 
than that observed for other occupations involving the 
industrial use of radiation. With a few exceptions, the 
average individual dose to monitored workers in most 
countries falls within a range of 1-2 mSv. For those 
countries reporting data on measurably exposed 
workers, the average annual effective doses typically 
exceeded those to monitored workers by factors of 2- 
3; a range of 2-5 mSv encompasses most of the 
variation in the reported average annual doses to 
measurably exposed workers. 

E. EDUCATION AND RESEARCH 

259. Radiation is a research tool in a wide range of 
disciplines and occupations. It is diflicult to make 
reliable estimates of the levels of exposure in this 
area, because there is no consistent reporting and few 
data are identified separately for this category. Data 
that should rightly be attributed to this category are 
often aggregated in broad practices of radiation use 
(e.g. radioisotope manufacture). In many nuclear 
research establishments, radiation is used for many 
industrial activities other than support of tbe 
commercial nuclear fuel cycle; however, the fraction 
of exposures arising in the separate activities cannot 
be readily established. 

260. In these circumstances the data in this Section 
are intended to include only exposures arising in 

tertiary cd~ca t io~ i i~ l  establisl~mcrits (universities, 
polytechnics arid research institutes with an important 
educational role) but not those associated with the use 
of accelcrators: data for the latter were in tllc past 
ofien included witti those for tertiary education. 
NotwiUistanding this intent, it is urilikcly that all of the 
data in this Sectio~l will have bccn compiled and 
reported on a truly comparable basis. The data should, 
therefore, be interpreted with care when comparing 
them for different countries without further evidence 
as to their comparebility. 

261. The data reported by countries are given in the 
relevant part of Table 26. Worldwide levels of 
exposurcs have been estimated from national data by 
extrapolation within regions based on gross national 
product. The coverage and scaling of data (by a factor 
of about 2) were similar to that for industrial 
radiography. The collective effective dose is less well 
correlated with gross national product than that for the 
other occupatiorial categories analysed; the greater 
potential for non-uniform reporting of data in this 
category has doubtless contributed to this situation. 

262. The annual number of monitored workers 
involved worldwide in the use of radiation in tertiary 
education, averaged over five-year periods, is 
estimated to have varied within the range 140,000- 
180,000 over the whole period (Figure XX). The 
worldwide average annual collective effective dose is 
estimated to have decreased from about 70 man Sv in 
the first five-year period to about 20 man Sv in the 
third. About 75% of these collective doses are 
estimated to have occurred in the countries comprising 
the OECD. 

263. The annual effective dose to monitored workers 
worldwide, averaged over five-year periods, fell from 
about 0.55 mSv in tlie first period to about 0.14 mSv 
in the third, with most of the decrease occurring 
between the first arid second periods. This downward 
trend is evident in the data for most, but by no means 
all, of the countries reporting data, but there is 
considerable variation between countries in both the 
level of the dose and the extent of the decrease. The 
average doses were generally a small fraction of 
a mSv, sometimes a very small fraction, and exceeded 
1 mSv only exceptionally. An important reason for 
this variability is doubtless the adoption of different 
protocols for who is to be monitored in the respective 
workforces. The dccrease in average dose over time 
varied by a factor of as much as 3 in some countries; 
more exceptionally, there were increases in other 
countries. 

264. The fraction of the monitored workforce 
receiving annual doses in excess of 15 mSv was small 
and is estimated to have decreased tenfold, Gom about 



0.004 in the first pcriod to about 0.0004 in tllc third; 
the fraction of the collcctivc effective dosc arising 
from annual doses in excess of the samc lcvcl is esti- 
mated to have decreased from about 0.2 to about 0.07 
over the same pcriod. These fractions wcrc cstimatrd 
from a smaller set of data than uscd to estimate 
collcctivc and individual doscs and, as a conscqucnce, 
are less reliable indicators of worldwide levels. 

265. Fewer data are available on average doscs to 
measurably exposed workcrs than on those to moni- 
tored workcrs, and again no attempt has bccn niade to 
estimate a worldwide avcragc dose to this group. The 
average annual doses to measurably exposed workers 
exhibited much less variability between countries than 
those to monitored workcrs and, in general, fell in a 
range of 0.5-3 mSv. 

F. ACCELEKATORS 

266. Consideration is liniited here to occupational 
exposures arising from accclcrators used for nuclear 
physics research at uriiversities and national arid inter- 
national laboratories. Accelerators (generally of 
somewhat smaller size) are increasingly being used for 
medical purpose; however, the exposures arising from 
them arc more appropriately associated with exposures 
arising from the medical uses of radiation. Most cxpo- 
sures from accelerators result from induced radio- 
activity and occur mainly during the repair, main- 
tenance and modification of equipment These expo- 
sures come mainly from gamma-radiation from tbe 
activation of solid surrounding materials by pcnc- 
trating radiation. The pote~itial for internal exposure in 
the normal operation of accelerators is slight, arld 
doses via this route are negligible in coniparison wilh 
those from external irradiation. Insufficient informa- 
tion was available to enable doses, reported in terms 
of effective dose equivalent, to be transformed to 
effective dose; the si~nplifying assumption was, 
therefore, made that they were numerically equal. 

267. Early high-energy accelerators uscd internal 
targets to produce either radioisotopes or secondary 
beams of normally unstable particles. Very high levels 
of activation products were produced in the region of 
the targets, and typical annual collective doses per 
accelerator were 1-2 man Sv before 1960; this is still 
true for many of the early cyclotrons that are still in 
operation. In 1960-1980. improved bean1 extraction 
techniques wcrc developed, which led to reduced 
levels of activation products; these reductions were, 
however, largely offset by the continuing increases in 
beam power. 

268. In the 1980s two devclopnients had an important 
influence on occupational exposures at accclcrators. 

The first was the i~~crcasing importance of colliding 
bean1 techniques for the production of events of 
interest to the particle physics community. Average 
bcani intcnsitics, as nicasured by the riuniber of 
particles accclcratcd per day, are scvcral orders of 
magnitude lower than thosc uscd in fixed-targct 
physics cxpcrinicnLs. Consequently, llle production of 
activation products has bccn greatly reduced, and this 
is reflected in the exposures of niaintcnancc personnel. 
The sccond developnient was a move towards heavy- 
ion operation, where again the accelerated bcam 
intensities are sevcral orders of magnitude lower than 
thosc with proton acceleration. This has also led to a 
decrease in activation products and, consequently, in 
exposures during maintenance. 

269. Following from these technical dcvelopmc~its and 
the greater emphasis given generally to ALARA pro- 
grammes at accclcrators, there were large reductions 
in the annual collcctivc effective doses at major 
accelerator laboratories between the mid-1970s and 
mid-1980s [P4]. Decreases in annual collective dose, 
from about 0.1 to 0.02 man SV, wcrc cxpcrienccd at 
Deutsches Elcktronen Synchrotron; from about 0.2 to 
about 0.02 man Sv at Darcsbury Nuclear Physics 
Laboratory; from about 5 to 1.5 marl Sv at European 
Organization for Nuclear Research and from about 0.5 
to about 0.2 man- Sv at Lawrence Berkeley Laboratory. 

270. The relevant data shown in Table 26 are not 
coniplete enough to enable a reliable estimate of the 
worldwide levels of dosc from accelerators, but the 
sums (or averages) of the available data are shown. It 
should be noted that these summed or average data 
largely reflect experience in the United States, whicl~ 
is by far the largest contributor to them. The total 
average annual collective effective dose has decreased 
from about 7 man Sv in tbe first five-year period to 
about 3.5 man Sv in the third period. Over the samc 
pcriod the overall average annual dose to monitored 
workers decreased from about 1.6 to about 0.6 mSv. 
The data on distribution ratios, averaged over thosc 
countries reporting data. do not include data for thc 
Unitcd States, where most of the collective dose arose, 
so i t  would be inappropriate to associate these ratios 
with either the total numbers of workers or tlie total 
collective doses, as they were determined largely by 
the doses from the United States. 

271. Considerable variation about these overall 
average values and trends with time is evident in tlic 
data for individual countries. With the exception of 
one country, the avcragc annual effective doses to 
monitored workcrs all fell within the range 0.3- 
2.7 mSv. In the United Stales this dose decreased 
fourfold, from about 2 to about 0.5 mSv over the 
period analysed; increases arc apparent in some of the 
ohe r  countries. 



272. The average annual effective doses lo 
measurably exposed workers exhibit trends similar to 
those to the monitored workforce. With the exception 
of one country, these doses fell within the range 
1-7 mSv and were typically sonic two to three tinies 
greater than those to the monitored workforce. 

G. OTIIER INDUSTRIAL USES 

273. Thcre are many other uses of radiation in 
industry, e.g. soil moisture gauges, thickness gauges 
and x-ray diffraction, but occupational exposure data 
for these are not, in general, separately identified or 
reported. The number of workers potentially exposed 
in these other uses may substantially exceed those in 
the few occupations for which data have been 
separately prcse~~ted in this Chapter. The average 
levels of exposure of workers involved in other uscs 
of radiation are, in general, small. However, because 
of the way in which they are aggregated, they may 
disguise somewhat higher average doses in particular 
occupations. The only way to ascertain the existence 
of occupations, or subgroups within occupations, 
receiving doses significantly in excess of the average 
is for those responsible for compiling data to inspect 
the data periodically. Such inspection is to be 
encouraged. An indication of occupational exposures 
from other uses of radiation can be inferred from the 
difference between the data for all industrial uses 
worldwide and those for individual occupations for 
which it was possible to make worldwide estimates. 

H. ALL INDUSTRIAL USES OF FWDIATION 

274. The last section of Table 26 shows the national 
data on occupational exposures from all industrial uses 
of radiation grouped together, excluding the nuclear 
fuel cycle and defence. The data are more complete 
than for the separate categories of industrial uses of 
radiation. Worldwide levels have been obtained by 
regional extrapolation based on gross national product. 
The sum of gross national products for the countries 
reporting data was about 50% of the worldwide total 
in the first fwe-year period, increasing to about 80% 
in the third (the countries accounted for about 15% 
and 30%, respectively, of the world population). On 
average, therefore, the reported data have been scaled 
upwards by a factor of about 1.5; there is, however, 
considerable variation about this average in the scaling 
for particular regions. 

275. The collective effective doses from all industrial 
uses of radiation in each country reporting data in 
1985-1989 are shown in relation to gross national 
product in Figure XXI. The broad correlation between 
the two quantities is evident, with the degree of 

correlation generally inncasing when consideration is 
lirnitcd to partici~lar regional or economic groupings of 
countrics. Data on the regional variations of exposures 
in industrial uscs of radiation are summarized in 
Table 28. The data for the main regions contributing 
to the collective dose are illustrated in Figure XXlI. 
Direct compariso~rs should riot be made between the 
normalized doses for the respective periods as they 
have been derived on different price bascs (1977, 1983 
and 1989, respectively); appropriate corrections would 
need to be made to enable direct comparison. Within 
a given period, a factor of 2-3 encompasses the range 
of variation in the nornlalized collective doses between 
most regions; values for tlie United States were 
typically greater by a factor of 2 than those for the 
rest of the OECD countries. 

276. For some countries within a geographical or 
econonlic region, the noniialized collective dose 
(nornialized in tcrnis of gross national product) 
differed greatly from the average for that region. In 
most of ttiese cases the values were much smaller than 
the average, suggesting that the reported data may 
have been incomplete, that much less use was being 
made of radiation in industry or that much higher 
standards of protection had been adopted in those 
countries. Notwithstanding tliese reservations on the 
completeness of some of the reported data, no attempt 
has been made to correct for this, and the reported 
data wcre all included in the estimation of worldwide 
levels of exposure. Any errors due to incompleteness 
of the reported data are unlikely to be significant in 
comparison with the uncertainty introduced by the 
extrapolation process itself. 

277. The annual number of monitored workers, 
averaged over five-year periods, involved with the 
industrial uses of radiation worldwide is estimated to 
have varied within the range 500,000-700,000 over the 
period; the great majority of these workers are 
employed either in the United States (40%-50%) or in 
the other countries comprising OECD (30%40%). The 
number of workers appears to have increased between 
h e  first two periods and then declined in the third 
(Figure XXII). The average annual collective effective 
dose was about 900 man Sv in each of the two first 
periods but decreased significantly in the third to 
about 500 man Sv; in general, the data for later 
periods are more reliable because of the smaller 
degree of extrapolation needed. Roughly equal 
contributions to diis collective dose wcre made by the 
United States, tlie rest of the OECD countries, Eastern 
Europe and the remainder of the world, although the 
contribution from Eastern Europe was, in general, 
smaller than that from the other groupings. 

278. The annual effective dose to monitored workers, 
averaged over five-year periods, fell from about 
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1.6 mSv in the first period to about 0.9 mSv in the 
third. This same downward trend is evident in the data 
for most countries and regional groupings, but there is 
considerable variation between countries in both thc 
levcl of the dose and extent of the decrease. For 
example, avcragc doses to monitored workers vary 
from as low as 0.1 nlSv in some countries (e.g. 
Finland and Ireland) to as high as 16 rnSv in others 
(the formcr USSR). Not all countries have provided 
data on the distribution ratios NRIS and SRIS. The 
fraction of monitored workers worldwide receiving 
annual doses in cxcess of 15 mSv is estimated from 
these data to have been about 0.01 in the first five- 
year period and marginally less in the following two 
periods. The traction of the collective dose arising 
from individual doses in excess of the same level is 
also estimated to have been fairly constant over the 
period, about 0.3. 

279. Far fewer data are available on average doses to 
measurably exposed workers than to monitored 
workers. Most fall in the range 1-5 mSv, but values 
for several countries fall well outside of this range. 
Based on these data, the worldwide average annual 
dose to nleasurably exposed workers is estimated to 
have decreased from about 3 mSv in the first two 
periods to about 2 nlSv in the third. Large variations 
bctwcen countries are evident in the ratio of the 
avenge dose to meas~lrably exposed and monitored 
workers. This ratio rangcs from about 1 to more than 
10; differences in monitoring and reporting practice 
between countries are probably mainly responsible for 
this variation. The number of measurably exposed 
workers is estimated, on a worldwide basis, to be 
lower by a factor of 2-3 than that of monitored 
workers. More data on average doses to measurably 
exposed workers would be useful, as comparisons 
based on these data are, in general, more reliable than 
those based on the doses to monitored workers. 

280. Some of the variations between countries in the 
reported statistics undoubtedly arise from differences 
in how doses are measured and formally recorded, in 
who in the workforce is to be monitored and in the 
completeness of the occupations or uses included in 
the data reported; these aspects warrant closer analysis 
in future in order to validate comparisons between the 
data and improve the estimate of worldwide levels of 
exposure. 

I. CUMULATIVE DOSES 

281. Few data have been published on cumulative 
exposures to workers involved with the industrial uses 
of radiation. Data reported in response to the 
UNSCEAR questionnaire by Hungary for industrial 
radiographers are summarized in Table 29 [Sg]. The 

data exhibit, in general, the expected increase in 
cumulative dose with duration of employment. The 
average annual increment in dose increases, however, 
with increasing duration of employment. For tllose 
cmploycd or exposed over a pcriod of less than 10 
years, tlie avcragc annual dose was about 4 mSv; for 
thosc employed for 15 years tllc avcragc annual dose 
was about 7 n~Sv.  Various factors may have contri- 
buted to this diffcrcnce, for cxamplc, improvements in 
practice and radiological standards over time and 
variations in the type and volume of work undertaken 
as experience is gained, which will at least be partially 
correlated with employment duration. About 4% of 
those employed for more than 10 ycars had received 
cumulative doses in excess of 200 mSv; just over 40% 
of those employed for 14 or 15 years had received 
cumulative doses greater than 100 mSv. 

282. Thcse cuniulative doses are broadly comparable 
with those estimated for contract workers at LWRs in 
the United States who had at some time in their career 
been employed at the Calvert Cliffs nuclear power 
station and are larger than those estimated by the 
United States Nuclear Regulatory Commission (on the 
basis of termination records) for all workers at LWlb 
in the United States. Somewhat larger cumulative 
doses were experienced at the reprocessing plant at 
Sellafield in the United Kingdom, at lcast for those 
who started working there before the 1970s; for those 
who started working after that time, the cumulative 
doses are comparable with those reported here for 
radiographers. 

J. SUMMARY 

283. Worldwide exposures from industrial uses of 
radiation are summarized in Table 30. Estimates have 
been made for industrial uses as a whole and 
separately for industrial radiography, for radioisotope 
production and distribution and for tertiary education 
and research institutes. By subtracting the data for 
these separate categories from those for "all industrial 
activities" given in Table 26, estimates have been 
made of worldwide doses for "other" industrial uses; 
these other industrial uses also include doses from 
those occupational categories that were analysed 
separately in this Chapter but for which it was not 
possible to make worldwide estimates (i.e. the 
luminizing industry, well logging and accelerators). 
The number of workers and average annual individual 
and collective doses for thew categories are illustrated 
in Figure XX. 

284. Of the average annual number of monitored 
workers involved worldwide with the industrial uses of 
radiation (ranging from about 550,000 to 700,000 over 
the period analysed), about 1646, 13% and 27% are 



estimated to have been employed in industrial radio- 
graphy, isotope production and distribution and tertiary 
education, respectively. Typically, about 40% or more 
were assigned to the category of "other". 

285. The average annual collective effective dose 
worldwide from all industrial uses has decreased from 
about 900 to about 500 man Sv over the period ana- 
lysed. On average about 25% of the total collective 
dose arose in industrial radiography, about 14% in 
isotope production and about 6% in tertiary education. 
On average more than 50% of the total collective dose 
occurred in other industrial uses of radiation. 

286. The average annual doses to monitored workers 
in industrial radiography exceeded the average doses 

from n l l  industrial uses by about 50%. Those in 
isotope production also exceeded the averages for all 
industrial uscs but to a lesser extent and not in all 
periods; doses horn tertiary education were, in 
general, smaller than the overall average doses by 
factors of 3-6, dependi~~g on the period. There is much 
variation between the values of the distribution ratios 
NRIS and SRI5 for ell industrial uscs and the 
particular occupational categories; those for industrial 
radiography arc invariably greater and those for 
tertiary education smaller than those for all industrial 
uses. In general, for each occupational category, the 
ratio, NRIS, was observed to decrease with time; the 
ratios, SRIS, however, with the exception of that for 
tertiary education, varied little over the period 
analysed. 

V. MEDICAL USES OF RADIATION 

287. Radiation is used in medicine for both diagnostic 
and therapeutic purposes. Its wide range of applica- 
tions and the types of procedures or techniques 
employed in the context of patient exposure are 
rcviewed in Annex C, "Medical radiation exposures", 
where changes in practice and possible future trends 
are also discussed. Consideration is limited here to the 
occupational exposures that arise from the application 
of these procedures. Data on occupational exposures 
are presented for workers in each of the following 
areas: diagnostic radiography, dental practice, nuclear 
medicine (diagnostic and therapeutic), radiotherapy 
and all medical uses of radiation (for human purposes) 
grouped together. In addition, separate consideration is 
given to exposures in veterinary medicine. 

288. Previous Chapters of this Annex contained 
cautionary remarks about the accuracy or validity of 
reported statistics on occupational exposures and the 
extent 10 which they can be fairly compared, either 
between countries for the same occupational group, or 
between different occupational groups in the same or 
different countries. It is in the area of medical uses of 
radiation where these cautionary remarks are most 

.important, and great care must be exercised in 
interpreting and evaluating the various statistics. There 
is considerable potential for drawing erroneous 
conclusions as a result of the direct and unqualified 
comparison of data in this area. The reasons for this 
were already pointed out. Thcy include differences in 
monitoring and recording practice, in defining the 
workforce to be monitored, in nlinimum detectable 
levels and in the recording of doses less than the 
minimum detectable level. More important in the 
medical field, however, are differences in where 

dosinieters are located (in particular, whether they are 
above or below lead aprons when these are worn). 
Furher complicating factors are the non-uniformity 
and low energy of the radiation that contributes most 
to the overall occupational exposures from the medical 
uses of radiation in such circunistances; the approach 
used to derive effective doses from dosimeter 
measurements can havc major implications for the 
comparability of occupational exposures. 

289. To assist in the interpretation and/or qualification 
of the statistics reported in this Chapter, the main 
features of the dose nionitoring and reporting 
procedures adopted in each of the countries that have 
responded to the UNSCEAR Survey of Occupational 
Exposures in Medicine are sunimarized in Table 31. 
Significant differences arc evident, in particular in the 
location of the dosinicter (above or below the lead 
apron) and whether the direct dosimeter reading or 
some corrected value was entered into the formal dose 
record. Other important differences that may influence 
the comparability and/or accuracy of repofled statistics 
are the minimuni detectable levels of the various 
dosimeters and the manner in which doses less than 
this level or levels are recorded. These diKerences 
must be recognized when comparing the data 
presented in the following Sections. 

290. Notwill~standing these qualifications and reserva- 
tions, i t  proved impracticable in this analysis to revise 
or normalize the reported exposures to ensure that fair 
coniparisons could be made between them. According- 
ly, when worldwide levels of exposure wcrc estimated 
fro111 Uie available data, no distinction was made 
between doses measured, recorded or reported in 
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different ways; all reported doses were assunled to be 
adequate surrogates for effective dose. More attention 
needs to be given to this matter to afford better com- 
parability between doses arising in different circum- 
stances and to enable more reliable estimates of world- 
wide levels of occupational exposure. 

291. National data on medical uses of radiation, 
categorized as diagnostic radiopaphy, dental practice. 
nuclear medicine, radiotherapy, veterinary medicine 
and all (human) nledical uses of radiation grouped 
together and averaged, where possible, over five-year 
periods, are given in Table 32. Worldwide levels of 
exposure have becn estimated from these national data 
by extrapolation within particular regions based on 
gross national product as described in Section I.C. In 
general, the collective dose for each practice was well 
correlated with gross national product, but there were 
exceptions for some countries. The degree of extra- 
polation needed varied with the medical use con- 
sidered but was typically within a range of about 2 to 
7 overall; there was, however, considerable variation 
about these average values for particular regions or 
periods. 

292. The data on exposures from medical uses of 
radiation for the United States have becn considered 
seprately from the remainder of the OECD region 
because of the major contribution to worldwide 
exposures from this country and the much larger 
collective dose per unit gross national product. Data 
for the United States have been reported separately for 
all medical uscs of radiation and for dental radio- 
graphy; the levels of exposure from diagnostic 
radiography, nuclear medicine and radiotherapy, taken 
together, can thus be estimated by siniple subtraction 
of exposures from dental radiography from those for 
all medical uses. Assumptions must be made, how- 
ever, on the attribution of this residual dose between 
the respective uses. In the absence of other indications, 
the distribution between the three uses was assumed to 
be the same as that on average for OECD countries 
(or, more strictly, those reporting data). 

A. DIAGNOSTIC RADIOGRAI'HY 

293. The estimation of occupational exposures from 
diagnostic radiography is complicated by the fact that 
the radiation comes largely from point sources fairly 
close to the workers and is in general of very low 
energy. Exposure is very non-uniform because of the 
inverse square law and attenuation in the body. 
Matters are further complicated by the fact that 
dosimeters are not always worn at the same location, 
although they are commonly worn at the waist or 
neck. Consequently, the effective dose is difficult to 

infer from a single personal dosimeter reading, cspe- 
cially if the dosimeter is not in the primary radiation 
field striking the body. For a reliable estimate to be 
made, detailed information on the circumstances of the 
exposure and the nature of the radiation are needed. 
Because of these difficulties, the direct dosinietcr 
reading is comn~only used in formal dose records as 
a surrogate for the effective dose. The compilation of 
reliable statistics in this area is further hampered by 
the fact that many of the exposures are close to the 
minimum detectable level of the dosimeter. Differ- 
ences in MDLs for various dosimeters and in the pro- 
tocols for recording doses below these may therefore 
adversely affect the reliability of the data and 
compromise the validity of direct comparisons 
between statistics compiled in different ways. 

294. It was judged in the UNSCEAR 1988 Report 
[Ul] that for radiation qualities used in diagnostic 
x-ray procedures, the dosimeter usually gives a 
reading that is 2 to 4 times higher than the effective 
dose if no protective apron is worn and if the exposure 
is relatively uniform. If a protective apron is worn and 
the personal dosimeter is placed on the outside, then 
the dosimeter reading could be as much as 10-20 
times higher than the effective dose. It can be seen 
from Table 31 that in most cases, at least where the 
infornlation is available, the direct dosimeter reading 
is entered into formal dose records. The data given 
may thus be considerable overestimates, particularly 
for those countries where lead aprons are worn and 
dosinletcrs placed above them. Significant differences 
are also evident in Table 31 in the minimum detect- 
able levels of the dosimeters used and in the assign- 
ment of doses when dosinleters are lost; these 
differe~~ces must be recognized when comparing data 
for the respective countries. 

295. Countries reporting data on occupational 
exposures from diagnostic radiology comprised about 
13% of the total gross national product worldwide in 
the first five-year period increasing to about 18% in 
the third. On average, therefore, the reported data have 
been scaled upwards by a factor of about 7; there was, 
however, considerable variation about this average in 
the scaling for particular re&' '1011s. 

2%. The annual number of monitored workers, 
averaged over five-year periods, involved worldwide 
in diagnostic radiography approximately doubled, from 
about 0.63 to 1.4 million over the period analysed (see 
Figure XXIII); the great majority of tliese workers 
(about 70%) were employed in those countries 
comprising the OECD. The annual worldwide 
collective effective dose, averaged over five-year 
periods, was about 600 man Sv in the first period 
increasing to about 760 man Sv in the third period. 
About 75% of the worldwide collective dose occurred 
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in countries of the OECD in the first period; this 
proportion dropped to about 60% in the third pcriod. 

297. Thc annunl cffcclivc dosc to nlonitorcd workcrs 
worldwide, avcraged over fivc-year periods, fell from 
about 0.9 mSv in the first pcriod to about 0.6 mSv in 
the third. This same downward trend is evident in the 
data for most countrics and rcgional groupings, but 
thcrc is considcrablc variation between countries in 
both the level of thc dosc and the extent of the 
decrease. Most avcragc annual doscs fall in the range 
0.1-1 mSv, but somewhat higher values are rcported 
for China, Indonesia and, in particular, Peru. In 
practice, all of the above doscs, both individual and 
collective, may bc considerable overestimates, as it 
was generally assumed that the dosimeter reading 
could be equatcd with effective dosc. 

298. Thc fraction of the monitored workforce world- 
wide recciving annual doses in excess of 15 mSv was 
small and estimated to have been about 0.003 ovcr the 
first two periods, with an apparent i~lcreasc to about 
0.005 in the third period; the fraction of the worldwide 
collective effective dose fro111 annual doscs in excess 
of the same level was about 0.1 in the first period, 
decreasing to about 0.05 in the second pcriod with an 
apparent increase to about 0.2 in the third pcriod. 
Undue significance should not, however, be assigned 
to these apparent increases in the third pcriod. These 
increases are due to data for China only being reported 
for the third pcriod and the somewhat higher values of 
the distribution ratios reported for this country. For 
those countrics reporting data for the whole pcriod 
analysed there is evidence, ovcrall, of a small down- 
ward trcnd with time in the values of both ratios. 

299. Fewer data are available on average annual doses 
to measurably exposed workers than to monitored 
workers, so no attempt has been made to estimate a 
representative worldwide level. Most doses fall in the 
range 1-5 mSv, but a few fall well outside of this 
range (c.g. 11 mSv for China in 1985-1989). The pcr- 
centage of monitored workers who are measurably 
cxposed varies considerably betwccn countrics, from 
about 5 %  to alnlost 90%. Large variations between 
countries are evident in the ratio of the average dose 
to measurably exposed and nlonitorcd workers. This 
ratio ranges from about 1 to more than 10; differences 
in monitoring i~nd reporting practice are probably 
mainly responsible for the variation. 

B. DENTAL PRACTICE 

300. Worldwide levels of dose and numbers of 
workers in dental practice have bcen estimated from 
national data by extrapolation within particular regions 

bascd on gross national product. Thc sum of the gross 
national products for those countrics reporting data 
was about 50% of the worldwide total in the first five- 
year period, increasing to about 60% in thc third. On 
average, tl~creforc, the rcported data have bcen scaled 
upwards by a factor of about 2 but wilh considerablc 
variation about this average value for particular 
rcgions. 

301. The annual nun~bcr of monitored workers, 
averaged over five-year periods, in dental practice 
worldwide is estimated to havc increased from about 
400,000 to about 500,000 ovcr the pcriod analyscd 
(see Table 3 2  and Figure XXIII); more than half these 
workcrs wcrc en~ploycd in the United States. The 
average annual collective effcctive dose was about 
120 man Sv in the first period, decreasing to about 
25 man Sv in the third, with most of the decrease 
occurring between the second and third periods. The 
overall trend largely reflects U~at in the Unitcd States, 
where the annual collective dose is reported to have 
decreased over the same period, from about 80 to 
12 man Sv. In other countries the downward trend was 
less pronounced, not cvident at all or, occasionally, 
revcrsed. 

302. The annual effective dosc to monitored workers 
worldwide, averaged over five-year periods, fell 
progressively fro111 about 0.3 mSv in the first pcriod to 
about 0.05 mSv in the third, again largely reflecting 
expcrience in the Unitcd States, which makes a 
dominant contribution to the total reported. While this 
same downward trcnd is evident in most, but not all, 
countries and regions, thcre is considcrablc variation 
in both the level of the dose and the extent of the 
decrease for particular countries or rcgions. 

303. The fraction of the monitored workforce (sum- 
med over the reported data) receiving annual doses in 
excess of 15 mSv was vcry small and is estimated to 
have varicd within the range 0.0003-0.0008 over the 
three pcriods; the fraction of the collective effective 
dosc (summed ovcr UIC reported data) estimated to 
arise Gom annual doses in excess of that level varicd 
over a range of about 0.08-0.12. Because the data are 
incomplete (i.e. no data reported for some countrics 
and for limited pcriods in other cases), these ratios are 
not reliable indicators of worldwide levels of these 
quantities nor of trends in their values. The most that 
can be concluded from them is that, in general, the 
fraction of dental workers recciving an annual dose in 
excess of 15 mSv is very small, i.e. significantly less 
than one in a thousand workers. 

304. Fewer data are available on average annual doses 
to measurably exposed workers than to monitored 
workers. Most fell within the range 0.2-3 mSv, but 
there were exceptions. The proportion of monitored 
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workers who were measurably exposed varied between 
countries from a few per cent to essentially 100%; this 
is indicative of differences in practice with regard to 
who is monitored and in thc reporting and recording 
of doses, which may partially explain some of the 
wide variation in reported average individual doscs to 
both monitored and measurably exposed workers. 

C. NUCLEAR MEDICINE 

305. Over the past decade there has been a rapid 
expansion in the use of nuclear medicine. Many 
radionuclides are used to label the harmaceuticals, 
but the two most important are smTc and l3'1. 
Preparation and administration of pharmaceuticals are 
significant contributors to overall lcvels of exposure, 
Moreover, as they are administered by injection, 
relatively high doscs to the hands of the workers are 
also possible. Generally, lead shielded syringes are 
recommended, but they are not always used. 
Following injection, the patient is another source of 
exposure for the medical staff. Internal exposures of 
workers may also occur, but few data have been 
reported on their relative contribution. Radiopharma- 
ceuticals are also used in therapy, and the main 
sources of occupational exposure are the same as in 
diagnostic use. Since the data on occupational expo- 
sures arising in nuclear medicine rarely distinguish 
between diagnostic and therapeutic applications, this 
analysis is directed to overall levels of exposure in the 
field. Consideration is limited here to effective doses 
to which extremity doses do not contribute. Because 
of the potential for significant extremity doses in 
nuclear medicine, these would merit attention in any 
future analysis. 

306. Worldwide levels of dose and numbers of 
workers involved in nuclear medicine have been 
estimated from national data using the same 
extrapolation procedures as described previously. The 
sum of the gross national products for those countries 
reporting data was about 12% of the worldwide total 
in the first five-year period increasing to about 18% in 
the third. On average, therefore, the reported data have 
been scaled upwards by a factor of about 7 but with 
considerable variation about this average value for 
particular regions. 

307. The annual number of monitored workers, 
averaged over five-year periods, in nuclear medicine 
worldwide is estimated to have increased from about 
60,000 to about 90,000 over the period analysed (see 
Table 32 and Figure XXIII); more than half of these 
workers were employed in countries of the OECD. 
The average annual worldwide collective effective 
dose was about 60 man Sv in the first five-year 

period, increasing to about 90 man Sv in each of the 
following two periods. The annual effective dose to 
monitored workers worldwide, averaged over five-year 
periods, was about 1 mSv and varied linle over the 
whole period analysed. A downward trend is evident 
for some countries and regions, but there is con- 
siderable variation between countries in both the levels 
of dose and the trends. Most average annual doses fell 
in the range 0.2-2 mSv, but there are exceptions to 
this generalization, in particular for Mexico and Peru, 
where somewhat higher doses were experienced in 
some periods. 

308. The fraction of the monitored workforce 
worldwide receiving annual doses in excess of 15 mSv 
was small and is estimated to have been about 0.002 
for the first two five-year periods wilh an apparent 
increase to about 0.004 in the third period; the fraction 
of the worldwide collective effective dose from annual 
doses in excess of the same level was about 0.09 in 
the first period, decreasing to about 0.03 in the second 
period with an apparent increase to about 0.1 in the 
third pcriod. Undue significance should not, however, 
be assigned to these apparent increases in the third 
period. These increases are due to data for China only 
being reported for the third period and the somewhat 
higher values of the distribution ratios reported for this 
country. For those countries reporting data for the 
whole period analysed there is evidence, overall, of a 
small downward trend with time in the values of both 
ratios. 

309. Fewer data are available on average annual doses 
to n~easurably exposed workers than to monitored 
workers, so no attempt has been made to estimatc 
worldwide levels for this quantity. Most doses were 
between 1 and 4 mSv, but some were considerably 
greater (e.g. 1 3  mSv in China in one period). The 
proportion of monitored workers who were measurably 
exposed vaned from a few per cent to essentially 
100%; this is indicative of differcnces in practice with 
regard to who is n~onitored and in the reporting and 
recording of doses, which may partially explain some 
of the wide variation in reported average individual 
doses to both monitored and measurably exposed 
workers. 

D. RADIOTHERAPY 

310. Occupational exposures during the practice of 
radiotherapy come from several sources. In general, 
the rooms in which external beam radiotherapy is 
practised are very well shielded, and tlle staff receive 
little exposure. An exception to this occurs with either 
rleutron beams or electron accelerators operating above 
10 MeV. The neutrons activale nearby materials, 



which then constitute a source of radiation and expo- 
sure to the workcrs even after the primary beam has 
been turned off. In such cases, about 75% of the 
exposure is due to photoactivation products in the 
treatment head [Ul], and the remainder is due to other 
activation products in the room; induced activity in the 
patient is not a significant source. 

311. An iliiportant source of occupational exposure 
from radiotherapy is brachytherapy, which often 
involves the insertion or surgical implantation of 
radio-active wires, needles or seeds. Preloadcd surgical 
applicators arc also sometimes used. There has, how- 
ever, been a trend in countries with a high level of 
health care towards the use of after-loading devices, 
whenever possible, to reduce occupational exposures. 
This involves the prepositioning of an applicator or 
holder on or in the patient and the insertion of the 
radioactive material at a later time. The occupational 
dose from brachytherapy is very dependent on whether 
the source insertion is manual or automated in some 
manner. Once the sources have been inserted, the 
patient becomes a source of exposure to the medical 
staff. Because brachytherapy contributes significantly 
to medical occupational exposures, it should be 
analysed separately. Since, however, few data have 
been separately reported on brachytherapy , the analysis 
of exposures has been carried out for radiotherapy as 
a whole. 

312. Worldwide levels of dose and numbers of 
workers involved in radiotherapy have been estiniated 
from national data using the same extrapolation pro- 
cedures as described previously. The coverage and 
scaling of data were similar to that for nuclear 
medicine. 

313. The annual number of monitored workers, aver- 
aged over five-year periods, in radiotherapy world- 
wide is estimated to have increased from about 80,000 
to about 110,000 over the period analysed (see Table 
32 and Figure XXIII); more than half of these workers 
were employed in countries of the OECD. The 
average annual worldwide collective effective dose is 
estimated to have been reduccd by almost half from 
about 190 man Sv in the first period to about 
100 man Sv in the third period, with the decrease 
occurring mainly between the second and third 
periods. The annual effective dose to monitored 
workers worldwide, averaged over five-year periods, 
fell from about 2.2 mSv in the first period to about 
0.9 mSv in the third. This downward trend is cvident 
in many but by no means all countries and regions, 
arid there is considerable variation in both the level of 
the dose and the extent of the decrease for particular 
countries or regions. Most average annual doses fell 
between 0.5 and 2 mSv, but there were exceptions to 
this generalization, in particular in Finland, where the 

doses were n~ucli lower, and in Mexico and especially 
Pcru, whcrc llley were sig~~ificantly higbcr. 

314. Thc fraction of monitored workers, averaged 
over the reported data, receiving annual effective doses 
in cxccss of 15 mSv was srnall and is estirnatcd to 
have dccrcased Croni about 0.012 in the first period to 
about 0.008 in each of the subsequent periods. The 
corresponding fractions of the collective effective dose 
arising horn annual doses in excess of that level were 
about 0.3 in Lhc first period, decreasing to about 0.2 in 
the subsequent periods. Silicc the data for most 
countries generally exhibit the same trends, these 
average values can be used to provide a rough 
estiniate of worldwide levels for these quantities. 

315. Fewer data are available on average annual doses 
to measurably cxposcd workers than to monitored 
workers. Most fell between 1 and 5 mSv, but there 
were some exceptions, for example in China, where 
the reported dose for one period was 10 mSv. The 
proportion of monitored workcrs who were measurably 
exposed varied from less than 10% to essentially 
100%; the variation reflects differences in practice 
with regard to who is monitored and in the reporting 
and recording of doses, which may partially explain 
some of the wide variation in reported average 
individual doses to ~i~onitored and ~neasurably exposed 
workers. 

E. ALL hCI)ICAL USES OF RADIATION 

316. National data on occupational exposures from all 
medical uscs of radiation, averaged over five-year 
periods, are given in the last section of Table 32. 
Worldwide levels of exposure have been estimated 
from the rcported data by extrapolation based on gross 
national product. In Figure XXI, the collective 
effective doses from all medical uses of radiation in 
each country reporting data in 1985-1989 are shown in 
relation to the gross national product. The broad 
correlation between the two quantities is cvident, with 
h e  degree of correlation generally increasing when 
consideration is limited to particular regional or 
economic groupings of countries. 

317. For some countries in a geographical or 
economic region, the normalized collective dose 
jnornlalizcd in tcrrns of the gross national product) 
differed greatly Go~n  the average for that region. In 
most of these cases the values were much snlaller than 
the average, suggesting h a t  the reported data may 
have been incomplete, that much less use was being 
made of radiation in medicine or that much higher 
standards of protection had been adopted in those 
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countries. Similar observations have been made for the 
separate practices involving industrial uses of 
radiation. Notwithstanding these reservations on the 
completcness of some of the reported data, no attempt 
has been made to correct for this, and the reported 
data were all included in the estimation of worldwide 
levels of exposure. Any errors due to iricon~pleteness 
of the reported data are unlikely to be significant in 
comparison with the uncertainty introduced by the 
extrapolation process itself and by the assun~ption that 
all of the reported data are good surrogates for 
effective dose. 

318. The data on occupational exposures from all 
medical uses of radiation are presented for various 
geographic regions and econon~ic groupings in 
Table 33. Because of its much larger normalized 
collective dose, the United States has been listed 
separately from the other OECD countries. Since the 
normalized collective doses for the respective periods 
were derived on different price bases (1977, 1983 and 
1989, respectively), direct comparisons cannot be 
made without appropriate corrections. Within a given 
period, the normalized collective doses vary by a 
factor of about 2 between most regions. The main 
exceptions to this generalization are the United States, 
where the normalized collective dose is some two to 
three times that for the remainder of the OECD, and 
Latin America and Asia where the normalized 
collective doses are substantially less. 

319. The exposure data for the major regional 
groupings of countries are illustrated in Figure XXIV. 
The worldwide annual number of monitored workers, 
averaged over five-year periods, is estimated to have 
increased fiom about 1.3 to about 2.2 million over the 
period; the majority of these workers are employed in 
the United States or in countries comprising the rest of 
the OECD. The average annual collective effective 
dose was about 1,000 man Sv in the first and third 
periods with evidence of an increase of about 10% in 
the intermediate period; in general, the data for later 
periods are more reliable because of the smaller 
degree of extrapolation needed. Notwithstanding this 
relatively unchanged level of worldwide exposure over 
the period analysed, somewhat greater changes 
occurred in particular regions. The significant decrease 
in the average annual collective dose in the United 
States and the increase in that from the rest of the 
world, excluding Eastern Europe and the OECD, are 
apparent Half or more of the worldwide collective 
dose occurs in countries of the OECD, although this 
contribution has decreased with time. 

320. The annual effective dose to mo~~itored workers 
worldwide, averaged over five-year periods, fell from 
about 0.8 mSv in the first period to about 0.5 n ~ S v  in 
the third. This same downward trend is evident in the 

data for most countries and regional groupings, but 
there is considerable variation between countries in 
both tlic level of the dose and extent of the decrease. 
The average annual doses, and their rate of decline, 
were broadly coniparable in Eastern Europe and in the 
OECD (excluding the United States); somewhat higher 
levels of average individual dose have been reported 
for the United States. No undue significance should be 
attached to the variation in individual doses illustrated 
for those countries depicted as the "remainder" in 
Figure XXIV; any trends in these data will have been 
distorted because different countries were included in 
this category in the different time periods. The average 
annual doses reported by individual countries vary 
over a considerable range, for example from as low as 
0.1 mSv in some countries for some periods (e.g. 
Germany, Ireland and Switzerland) to as high as a 
few millisievert in others (e.g. China, Mexico and 
Peru). 

321. The fraction of the monitored workforce 
worldwide receiving annual doses in excess of 15 mSv 
was small and is estimated to have decreased from 
about 0.003 in the first period to about 0.002 in the 
second with an apparent increase to about 0.009 in the 
third period; the fraction of the worldwide collective 
effective dose from annual doses in excess of the same 
level was about 0.14 in the first period, decreasing to 
about 0.10 in the second period with an apparent 
increase to about 0.24 in the third period. The 
apparent increases in the third period are due to the 
inclusion of the data for China, which had been 
reported only for this period. For those countries 
reporting data for the whole period analysed there is 
evidence, overall, of a small downward trend with 
time in the values of both ratios. 

322. Few data are available on average doses to 
measurably exposed workers than to monitored 
workers. Most fell in the range 1-5 mSv, but values 
for several countries are well outside of this range 
(10 mSv for China in 1985-1989). Based on these 
reported data, a worldwide average annual effective 
dose of about 1.6 mSv has been estimated as generally 
applicable over the entire period. Large variations 
between countries are evident in the ratio of the 
average dose to measurably exposed and monitored 
workers. This ratio ranges fiom about 1 to more than 
10; differences in monitoring and reporting practices 
between countries are probably mainly responsible for 
this variation. More data on average doses to 
measurably exposed workers would be useful, as 
comparisons made on this basis are, in general, more 
reliable than those made on the basis of the dose to 
monitored workers. 

323. Some of the variation between countries in the 
reported statistics undoubtedly arises from differences 





categories of medical use of radiation all decreased 
with time, even if by differing anlounts. This is 
apparent in Figure XXIII, where the trends in separate 
practices arc indicated. Radiotherapy has, in general, 
rcsultcd in the largest average annual doses (about 
2.2 ~ n S v  decreasing to about 0.9 mSv bctwccrl the first 
and third pcriods), typically excccdir~g the average for 
all mcdical uses by a factor of about 2-3. The average 
annual doscs fiom nuclear medicine (remaining at 
about 1 niSv over the whole pcriod) also cxccedcd the 
overall averages but to a lesser degree. The average 
annual doscs from diagnostic radiography (about 
0.9 mSv decreasing to about 0.6 mSv) were broadly 
comparable with the averages for all medical uses, 
whereas those for dental radiography (about 0.3 mSv 
decreasing to about 0.05 mSv) wcre much lower. The 
doscs from both diagnostic and dental radiography 
may, however, be significant overcsti~~iates because 
the dosimeter reading is generally uscd directly as a 
measure of effective dose. 

331. The fraction of monitored workcrs worldwidc 
exposed to annual effective doses in excess of 15 mSv 
is small for each medical practice and for medicine 
overall. Typically, a small fraction of 1% of workcrs 
receive annual doses in excess of this level. The 
values of this quantity (NRI5) are somewhat greater 
for radiotherapy, and those for dental radiography 
somewhat lower, than the averagc for all medical 
practices. The fraction of the collective dose arising 
from individual doses in excess of that level has 
varied significantly between practices within an overall 
range of about 0.03 to about 0.3; the larger values are 
generally associated with radiotherapy. For all medical 
uses of radiation the value of NRIS decreased from 
about 0.003 in the first period to about 0.002 in the 
second, increasing again in the third to about 0.009. 
The value of SRIS followed the same trend, decreasing 
from about 0.18 to about 0.12 between the first and 
second periods and then increasing to about 0.24. 
These increases in the third period, however, arc more 
apparent than real. They arc mainly due to the 
somewhat higher values for China having been 
rcported only for the third period. For those countries 
reporting data for the wholc period analysed there is 
evidence, overall, of small downward trends with time 
in both distribution ratios. 

332. The variation in occupational exposures from all 
medical uses of radiation between diffcrcnt geographic 
or economic regions is surnmarizcd in Table 33 and 
illustrated for selected rcgions in Figure XXIV. 
Averaged over the wholc period, 33% of monitored 
workcrs worldwide are estimated to have becn in the 
United Statcs, with a similar percentage in the rest of 
Ihe OECD. In Eastern Europc (including the former 
USSR) the estimated proportion is 20%; based on less 
complete data, about 4% are estimated to be in Latin 

America and 4% in countries with centrally planned 
economics in Asia. About 1% of the total workforce 
is cstiniatcd to be on the Indian subcontincnt and a 
similar proportion in south and south-east Asia (non- 
ccntrally planaed economies). 

333. The co~ltribution of the United Statcs to the 
worldwide annual collective effective dose almost 
halved over the period analysed, decreasing from 
about 46% to 27%. Averaged over the same period, 
the contribution of the rest of the OECD was about 
20% and that of Eastern Europe about 12%. Based on 
less comprehcnsivc data, Latin America and countries 
with ce~~tra l ly  planned economies in Asia each 
contributed about 20%, at least in the more recent 
five-year periods. The Indian subcontincnt and south 
and soulll-cast Asia (non-centrally planned economics) 
each contributed about 1%, and there is evidence of a 
significant increase in the contribution of the latter to 
about 3 %  in the most recent five-year period. 

334. The data on average individual doscs to 
monitored workers indicate that, in general, the doscs 
in the OECD (excluding the United States) and 
Eastern Europe were less than the worldwide averages 
for the respective periods. Those for Asia and Latin 
America were, in general, significantly in excess of 
the average, while those in the United Statcs and on 
the Indian subcontinent wcre, broadly, of the same 
magnitude. 

335. Nornlalized collective doses (normalized in terms 
of both gross national product and population) for 
individual regions, averaged worldwide, are summa- 
rized in Table 33. Significant variation is evident 
between the various values, with the range of variation 
being far smaller when the normalization is carried out 
in terms of gross national product as opposed to 
population size. In terms of population, the normalized 
collective doses for particular rcgions vary over more 
than two orders of magnitude, from about 0.01 to 
about 2 man Sv per million people, with a worldwidc 
averagc of about 0.2 man Sv per million people 
(compared with a representative value of 1 man Sv per 
million people assumed in the UNSCEAR 1988 Re- 
port [UI ]). When expressed in terms of gross national 
product, the collective doses vary over less than an 
order of magnitude, and with a few exceptions, the 
variation is much less than this. A number of trends 
are apparent in these normalized doses: thosc for the 
United States are generally greater than thosc for the 
rest of the OECD by a factor of 2-3; those for the rest 
of the OECD, Eastern Europe and the Indian subcon- 
tinent arc broadly of the same magnitudc; and those 
for Latin America and the centrally planned economies 
in Asia are substantially in excess of the worldwide 
averages of this quantity. 
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VI. NATURAL SOURCES OF RADIATION 

336. All workers are inevitably exposed to natural 
sources of radiation in the course of their work. With 
the cxceplion of a few occupations, their exposures to 
natural radiation do uot differ significantly from the 
general background. In the UNSCEAR 1988 Report 
[Ul],  a relatively comprehensive assessment was made 
of available data on exposures in tl~ose occupations or 
industrial practices where enhanced levels of exposure 
to natural sources of radiation might be experienced. 
Estimates were made of doses to aircrew, workers at 
coal-fired power stations, underground miners and 
workers involved with the industrial and agricultural 
uses of phosphates (but not with their mining). Under- 
ground mining was estimated to make by far the great- 
est contribution to the overall collective dose from 
occupational exposure to natural sources of radiation. 
These estimates are updated here, with emphasis given 
to those occupations or practices contributing most to 
the collective dose and to areas where significant new 
data have since become available. Exposures to natural 
sources of radiation from the mining and subsequent 
processing and use of uranium have already been 
evaluated in the context of the nuclear fuel cycle and 
are not considered further here. 

A. EXTRACTIVE INDUSTRIES 

337. The extraction and processing of earth materials 
increase the exposure of workers to natural sources of 
radiation. The general public may be somewhat expo- 
sed from the subsequent utilization of the products or 
by the disposal of wastes. The extractive industries 
include all forms of mining; attention is focused here 
on underground operations, where radon exposures are 
greatest. 

1. Underground mining 

338. Mining is an extensive industry. As can be seen 
in Table 35, there are about 4.7 million underground 
miners worldwide, with 84% engaged in coal mining 
and 16% in the mining of other minerals [C2]. Among 
the latter group are about 90,000 engaged in the 
mining of uranium ores (see Table 3). China is the 
largest employer of workers in coal mines and South 
Africa in other mines (mainly gold mines). The num- 
bers of workers listed in Table 35 are estimates for 
1991. In addition to the inherent uncertainties in the 
data, such estimates can fluctuate widely from year to 
year owing to continually changing regional and global 
economic conditions. 

339. Exposures in underground mining may arise 
from external and internal sources; the main contri- 

butors to i111ernal exposure are the inhalation of radorr 
and thoron progeny and the inhalation of dust 
containing long-lived alpha emitters of the uranium 
and thoriur~i series. The relative contribution of each 
will depend on the t y ~ e  of mine, the geology and the 
working conditions, particularly the degree of 
ventilation. Exposures to natural sources of radiation 
arising from mining have received much less attention 
than those arising from the industrial and medical uses 
of man-made sources of radiation. Relatively few data 
are available for the period of interest and, in general, 
their quality or reliability is much less than that of the 
data reported elsewhere in this Annex for other 
occupations. This is a consequence of the paucity of 
the data as well as the fact that many were derived 
from environn~ental, as opposed to personal, 
dosimetry; considerable errors in dose estimates can 
occur when they are based on grab samples of air 
instead of personal air sanlplers. This situation is, 
however, changing, and more comprehensive and 
reliable data call be expcctcd in the future. 

340. Data on exposures to radon and its decay 
products in about 1,200 ur~derground mines are sum- 
marized in Table 36; the data are presented separately 
for coal and other (excluding uranium) mines. Consi- 
derable variation is evident in the average levels of 
exposure reported between countries. There is also 
considerable variation between doses at mines within 
a given country. This is indicated in Table 37, where 
average individual doscs are given for mines in the 
United States and h e  former USSR; it should be noted 
that the tabulated doses differ from those reported in 
the respective references, in particular a conversion 
factor of 5.6 mSv WLM-l has been assumed in con- 
trast to a value of 10 mSv WLM-' in the data report- 
ed. Data have also been reported for coal and other 
mines in China [P5, XI]; for non-coal mines, the 
reported average annual doses are typically more than 
an order of rnagnitude greater than the average values 
reported for other countries. These data for non-coal 
mines F 5 ,  X I ]  are not, however, thought to be repre- 
sentative of China as a whole for two reasons: first, 
the reported values are based on a limited number of 
grab samples which nlay not be representative of the 
conditions expcricnced by the whole workforce and, 
seco~~dly ,  t l~e  data are for mines in  only one province 
of China [P6]. 

341. The data in Table 36 refer to various time 
periods, which limits the exteut to which they can be 
evaluated in a coherent manner. Neither the quality 
nor the extent of the data are considered adequate 
enough to allow their use to establish trends in 
worldwide exposures from underground mining. They 
have, however, been used to estimate worldwide doscs 
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from the inhalation of radon progeny, which are 
surrlmarized in Table 38; these doses can be consi- 
dered broadly representative for the latter half of the 
1980s. The doses were estimated as Ule sum, over all 
countries, of the products of the number of miners and 
the reported exposure to radon progeny. The average 
exposure, for those cou~~trics reporting data, has been 
assumed applicable worldwide. A conversion factor of 
5.6 mSv WLM-I has bccn assumed in estimating 
effective doses from the exposures reported in 
Table 36. 

342. The worldwide annual collective effective dose 
fiom the inhalation of radon progeny in underground 
mines (excluding uranium mining) is estimated to be 
about 5,300 man Sv, with about 1,500 man Sv (about 
30%) arising in coal mines and about 3,800 man SV 
(about 70%) in other mines. About 30% of the 
worldwide collective dose from coal mining arose in 
Poland and about 10% in the former USSR. In other 
mines, excluding uranium mines, about 50% of the 
worldwide collective dose occurred in South Africa. 
The worldwide average annual effective dose was 
estimated to be about 0.4 mSv in coal mines and about 
5 mSv in other mines. 

343. Exposures may also occur from external 
irradiation and from the inhalation of thoron progeny 
and of dust containing long-lived alpha emitters of the 
uranium and thorium series; consequently, the dose 
estimates in Table 38 from the inhalation of radon 
progeny alone are underestimates of the total dose. 
Few data are available on these other pathways of 
exposure, and their relative magnitudes will vary from 
mine to mine depending on the geology and working 
conditions. Estimates made for a number of mines in 
the former USSR [PI] suggest that the contribution 
from other pathways is about 1 mSv per annum 
which, except in coal mines, is a small fraction of the 
dose from radon progeny. In the absence of better 
data, the annual doses given in Table 38 for radon 
progeny have been increased by 1 mSv to take 
account of other exposure pathways. When such an 
allowance is made, the annual collective effective dose 
from all exposure pathways for coal mining worldwide 
becomes about 5,400 man Sv and that fiom other 
mining (excluding uranium) about 4,500 man Sv. The 
corresponding average annual effective doses from all 
pathways are about 1.4 mSv and 6.4 mSv for coal and 
other mines, respectively. 

344. The doses estimated in the above manner 
represent exposures received while at work in 
underground mines. They require further correction, 
however, if they are to be compared directly with 
exposures arising in other industries, where exposures 
from natural sources of radiation are not included in 
the reported doses. Similar correction is needed if the 

quantity of interest is the additional, rather than the 
total, dose received while at work. To  enable fair 
comparisons with exposures in other industries and to 
allow the derivation of a quantity that represents the 
additional exposure from the work, Lhc above annual 
dose estinlates need to be reduced by about 0.5 mSv; 
this is UIC annui~l dose that the worker would 
otherwise have received if not at work. This estimate 
is based on 2,000 hours work per year and a 
worldwide average dose fro111 external irradiation and 
inhalation of radon progeny of2.4 mSv (see Annex A,  
"Exposures from natural sources of radiation"). 

345. After correcting for other cxposure pathways and 
for exposures that would have been received 
irrespective of work, the worldwide annual collective 
effective dose from underground (non-uranium) 
mining, during the latter half of the 1980s, is 
estimated to have been about 7,500 man Sv; about one 
half of this total collective dose arose in coal mining 
with the other half arising in other mines (excluding 
uranium). For comparison, the annual collective dose 
from uranium mining (see Table 3), averaged over the 
period 1975-1989, was about 1,300 man Sv. Of those 
countries identified separately in Table 38, South 
Africa (about 27%) makes the largest contribution to 
the total collective dose with significant contributions 
also from the fonner USSR (about 11%) and Poland 
(about 7%). The additional worldwide average annual 
effective dose received by underground miners from 
their work is estimated to have been about 0.9 mSv in 
coal mines and about 6 mSv in other mines (excluding 
uranium), although there was considerable variation 
about these averages between countries and between 
mines in a given country. Somewhat greater individual 
and collective doses are likely to have been received 
before the latter half of the 1980s, because less 
attention was paid to the control and reduction of 
exposures from this source. Insufficient data are 
available, however, to make a reliable estimate of how 
much greater thcy might have been; the few data in 
Table 36 suggest that thcy niay have been 
substantially greater. 

346. Very approximate and tentative estimates were 
made in the UNSCEAR 1988 Report [Ul ]  of 
collective doses from natural sources of radiation. For 
coal mining, an upper estimate of 2,000 man Sv was 
made for the worldwide annual collective effective 
dose; this was based solely on exposures in mines in 
the United Kingdom and on the worldwide production 
of coal. Given the very approxirnatc nature of this 
earlier estimate and the change adopted here in the 
conversion factor for exposure to radon progeny, it 
compares favourably with the current estimate of 
about 3,400 man Sv. A very rough estirnate of 
20,000 man Sv was also made in [Ul]  for Ihe annual 
collective effective dose from underground mining 



apart from coal and uranium; this earlier estinlate was 
based on a very tentative assumption that the 
arilhnletic nlean annual i~~dividual dose was 10 mSv 
(from a range of reported values betwccn 0.1 and 
200 mSv) and that there were, on average, 500 
u~~derground rniners (excluding coal and uranium) per 
n~illion population. This earlier tentative estimate 
exceeds the present estimate, of about 4,100 man Sv, 
by a factor of about 5. Differences in tile ~ iu~nber  of 
miners (about a factor of 3 lower than before) and in 
the average individual dose (about a factor of 2 lower 
than before) are responsible for the decrease in the 
collcctivc dose estimated previously. For all 
underground mining p u t  excluding uranium) the 
collective dose estimated here (about 7,500 man Sv) 
is about a factor of 3 less than that estimated in the 
UNSCEAR 1988 Report [Ul]. 

2. Surface mining 

347. Mineral sands are mined and processed in 
several countries. Monazite, an important constituent 
of the sands, has concentrations of thorium of about 
2.5 ld Bq kg-' and concentrations of uranium an 
order of magnitude less. Surface mining is followed 
by a wet and then a dry processing stage. The 
important pathways of exposure are external 
irradiation from amma-ray emitting radionuclides of 
the U2T'b and u ~ U  decay series and inhalation of ore 
dust, the latter being quite pronounced at the dry 
stage. Exposure and employment information are 
scarce. Data for Western Australia, a major producer 
of monazite, show that dry-process workers received 
appreciable doses from the inhalation of dust v 6 ] .  
Annual effective doses for 376 dry-process workers 
averaged 20 mSv for 1983-1988, with 50% of workers 
above 15 mSv. About 90% of the dose is from 
internal exposure. For all categories of workers (1,318 
in number), the average annual effective doses 
averaged 7 mSv, with 15% above 15 mSv [H6]. This 
information is supported by information from other 
parts of Australia [Jl]  and from Malaysia [Ol], India 
[M4] and Brazil [C3], but more data are required from 
such producer countries for a full global assessment. 

348. Similar difficulties affect h e  assessment of 
occupational exposures from the mining and pro- 
cessing of phosphate ores. Sedimentary phosphate may 
contain about 1,500 Bq kg-' of uranium. Surface 
mining is followed by milling and other physical 
treatment to upgrade the ore, most of which is later 
digested with acid to produce fertilizers. The main 
mechanisms of exposure in the early stages are 
gamma-irradiation and the inhalation of radon 
progeny, with some inhalation of ore dust. Data for 
the initial stages in two mines in the Syrian Arab 
Republic [05]  indicate that exposures overall are 
unremarkable and that even the maximum values are 

not vcry high. The annual effcctive doses from garnma 
rays averaged 0.3 niSv in two mines and 0.1 mSv in 
two processing planls. The doses from radon progerly 
ranged fro111 0.1 WLM to a maximum of 0.7 WLM 
(i.e. about 0.6 rnSv to about 4 ~ n S v  using a conversion 
factor of 5.6 rnSv WLM-I). The inhalation of dust 
could have added 0.5-1 niSv to tl~cse doses. Limited, 
but consistent data are available from India [W], 
Isracl [TI], United States [M9], Tunisia [MI31 and 
Yugoslavia [K7]; more arc needed for a better 
estin~ate of cxposurcs worldwide. 

349. Based on the lirnited data available for Ule 
mining and processing of mineral sands and phosphate 
ores, it is evident that the collective doses from these 
opcrations arc small in comparison with those from 
underground mining. It is unlikely that the collective 
effcctive dose from such opcrations would exceed 
about 100 nlan Sv, although further data are needed to 
confirm such an estimate. 

3. Transport, storage and use of phosphates 

350. In the UNSCEAR 1988 Report [Ul]  very appro- 
ximate estimates were made of the collective doses 
worldwide arising in the processing and transport of 
phosphate rocks and in the transport, storage and use 
of phosphates as fertilizers. Based on the extrapolation 
of limited cxpcricnce in Germany, in which account 
was taken only of exposure by external irradiation, a 
worldwide annual dose of about 70 man Sv was attri- 
buted to these opcrations. No further data have been 
obtaiecd that would allow updating this estimate, 
which remains very approximate. 

B. AVIATION 

1. Air travel 

351. Flight altitude and duration are the principal 
determinants of cosmic-ray doses to airline crews and 
passengers. Modem commercial aircraft have optimum 
operating altitudes near 13 krn, but flight paths arc 
assigned according to use and safety requirements. 
There do not seem to be enough data available to 
detenliine nveragc flight patterns [W2]. In the 
UNSCEAR 1988 Report [Ul],  a representative 
operating altitude of 8 km was assumed, because of 
the prcdomin;~~~ce of short-distance flights, with an 
average spccd of 600 km h". Other studies assume 
other altitudes and speeds: for example, an altitude of 
9 kni and a specd of 650 krn h-' were used for an 
assessment in the United Kingdom [HI],  and an 
altitude of 7 km was used for flights by United States 
carriers lasting less than an hour and 11 kni for longer 
flights 1041. At 8 km the effcctive dose equivalent 
has been estimated to be 2 pSv hsl, this being the sum 
of the absorbed dose in tissue of the directly and 
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indirectly ionizing radiations [H4, N51. A worldwide 
measurement programme on Lufthansa airplanes indi- 
cated that most flight altitudes were in the range of 10 
to 11.9 knl with effective dose equivalent rates of less 
than 5 pSv h-' and 8 pSv h-l, respectively, at these 
altitudes [R7. R8j. 

352. Coniputational codes have been developed to cal- 
culate the radiation levels throughout Ule ahllosphcre 
(c.g. [04]), and additional measurenient experience is 
being acquired (e.g. [R8]). Preliminary assessments of 
cosmic-ray dose accounting for changes in quality fac- 
tors [I71 are indicating that effective doses are likely 
to be a few tens of per cent greater than the effective 
dose equivalents reported above. Pending these revised 
estimates and given the othcr uncertainties inherent in 
the estimation of doses to aircrew, the simplifying 
assumption is made here that the effective doses are 
numerically equal to the reported effective dose equi- 
valents. In addition to variations with altitude, the 
cosmic-ray dose changes with latitude and solar cycle 
modulation. 

353. A limited number of supersonic airplanes operate 
commercially and cruise at about 15 km. Doses on 
board are routinely determined with monitoring equip- 
ment. Effective dose equivalent rates are generally 
around 10 ,uSv h-I, with a maximum around 40 ,uSv 
b-' [Ul]. In two years from July 1987, the overall 
average on six French airplanes was 1 2  pSv h-' with 
monthly values up to 18 pSv h-' [P2]; in 1990, the 
average was 11 pSv h-' and the annual dose to aircrew 
about 3 mSv [M5]. During 1990, the average dose rate 
for about 2,000 flights by British airplanes was 
10pSv hml, with a maximum value of 50 ,uSv h-' 
[D4]; annual doses to aircrew are around 2.5 mSv on 
average with a maximum around 17 mSv [HI]. Neu- 
trons contribute about half of the overall effective dose 
equivalents. The monitoring equipment serves to warn 
of solar flares so that the airplanes can be brought to 
lower altitudes. This is a very small sector of the 
commercial air transport industry. 

354. In the UNSCEAR 1988 Report [Ul ]  annual 
flying time of 600 hours was assumed to be represen- 
tative for aircrew, which is compatible with experience 
in the United Kingdom [HI], Germany [R7, R8] and 
France [M5]; flying times may be 50% higher in the 
United States [F3]. The annual collective cffcctivc 
dose equivalent to aircrew in the United States was 
estimated to be about 400 nlan Sv in 1985, based on 
an average annual effective dose equivalent of 3.5 
mSv to some 114,000 crew members (of which 46,000 
and 68,000, respectively, were flight crew and cabin 
attendants) [E3]. The annual collective effective dose 
equivalent to Lufthansa aircrew in Germany has been 
estimated to be about 30 man Sv, based on 12,000 air- 
crew and average annual individual dose of 2.5 niSv 
[R7, R8]. Values reported for a number of olher Euro- 

pean carriers [MS, M6, S9] are consistent with an 
estimate of annual effective dose equivalents to air- 
crew of 2.5 mSv. An approximate cstiniatc of the 
worldwide collcctive effective dose equivalent can be 
niade by assunling an average annual dose of 3 niSv 
(i.e. inteniicdiate between European and United States 
expcriencc) and taking account of the number of air- 
crew worldwide which, in the late 1980s, was about a 
quarter of a million [I12]. The resulting estimate of 
Ule worldwide annual collcctive effective dose equiva- 
lent is about 800 man Sv. This value is several times 
higher than previously estimated [Ul]. Although still 
only approximate, i t  is better substantiated and should 
be a Inore accurate estimate. 

355. In addition to aircrew, some othcr persons, such 
as professional couriers, receive higher exposures in 
air travcl. An analysis of passengers using London 
airport in 1988 showed that one in four had made 10 
or more journeys during the previous year, corres- 
ponding to 30 or more hours aloft, but some profes- 
sional couriers undertook 200 journeys a year, im- 
plying 1,200 flying hours [G2]. The number of these 
individuals is unknown, but it must be some small 
fraction of the number of aircrew. 

2. Space travel 

356. Space travel is restricted to a small number of 
astronauts and cosmonauts. Current space travel from 
the United States and the former USSR is restricted to 
low earth orbits at various inclinations [B13]. Doses 
are stro~igly dependent on altitude and less so on 
inclination. Experimental results from six shuttle 
missions [B13, N3] and seven space-station missions 
[ B l j ,  N4] indicated that daily effective dose equiva- 
lents at altitudes from 300 to 520 km were 0.1- 
0.7 mSv. Low- and high-LET radiations were deter- 
mined separately; each contributed about half of the 
total. Because of the complexities of radiation fields in 
space vehicles, it is not easy to estinlate exposure in 
terms of effective dose; the simple assumption is 
therefore made that it is numerically equal to the fore- 
going values. Because so few individuals are involved, 
the collective dose from this practice is quite low. 

357. A comprehensive review of radiation in space 
bas been published by NCRP [N3]. It treats in detail 
the physical and biological aspects of the subject and 
projects dose for possible future space missions. 

C. OTHER OCCUPATIONS 
AND PRACTICES 

358. In addition to mines, other places of underground 
work with potentially increased radon levels include 
natural caves, subway systems and power stations. In 
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Gerniany radon levels exceed 1,000 Bq n ~ "  in 40% of 
all such underground work locations; in lo%, they 
excccd 5,000 Bq mJ [SlO]. Radon levels in caves in 
the karslic or limestone regions of several countries 
are similar [H8, R4, S121. Unlike mines, caves may 
not ~ R V C  efficient mechanical ventilation, so radon and 
1)rogcny levels may be quite high. Typical concentra- 
tions of potential alpha energy are about 0.3 WL, 
implying about 5 mSv effective dose in three months 
or 20 mSv for a full working year (assuming a conver- 
sion factor of 5.6 mSv WLM-I). Some cavcs exceed 
2 WL, however, which could imply substantial doses 
for some guides. 

359. In the UNSCEAR 1988 Report [Ul] considera- 
tion was given to a number of other industrial pro- 
cesses and occupations that could lead to enhanced 
levels of exposure to natural sources of radiation. In 
general, the data for these practices and occupations 
were not sufficient to enable reliable estimates to be 
made of worldwide collective doses. Their contribution 
to the total worldwide occupational exposure from 
natural sources of radiation is, however, unlikely to be 
significant. Nonetheless, the collective dose to workers 
at coal-fired power plants was estimated. The main 
source of exposure in this case is thought to be the 
inhalation of airborne fly ash, which contains elevated 
levels of a number of naturally occuning radio- 
nuclides. The upper estimate or Ihc worldwide annual 

collective effective dose was 60 man Sv, subject to the 
following assumptions: global annual production of 
electrical cnergy of 600 GW a; a labour force of 500 
to produce 1 GW a per year; and an individual annual 
comniitted effective dose per worker of 0.15 mSv. The 
last valuc was csti~natcd for the most exposcd group 
of power station workers in the United Kingdom, 
assuming c x p s u r c  to dust at concentrations of 
0.5 mg ITI-~; this value, if applied to all workers, gives 
an overestiniatc for the collective dose from the 
practice. 

360. A summary of average individual and collective 
effective doses to workers worldwide involved in 
occupations or pri~ctices that have increased exposures 
to natural sources of radiation are summarized in 
Table 39. The worldwide annual collective effective 
dose is estimated to be 8,600 man Sv. This dose arises 
mainly (about 90%) from underground mining. About 
45% of the collective dose Gom mining arises Gom 
coal mining and about 55% fiom the mining of other 
materials. The estimated collective dose to aircrew is 
about 800 Inan Sv (about 10% of the total). The 
contribution from all other activities is small by 
comparison and appears unlikely to exceed a few 
hundred marr sievcrt. 

VII. ACCIDENTS 

361. Accidents that occur in the course of work add 
to occupational exposures. Accidents with clinical 
consequences for those exposed that occurred in 1975- 
1989 are listed in Table 40, separated into accidents 
occurring in the nuclear fuel cycle and associated 
research, industrial uses of radiation, tertiary education 
and research (including accelerators) and medical uses 
of radiation. Most of the data were oblained in 
responsc to the UNSCEAR Survey on Occupational 
Exposures. Some additional entries have been made 
from other compilations of accidents [ I l l ,  R3] to the 
extent that dose information was available or clinical 
consequences could be ascertained. Thc accidental 
exposures listed are for those which have occurred in 
the course of work; accidental exposures from the 
theft or loss of industrial or medical sourccs have been 
excluded as have accidental exposures of patients 
during diagnosis or therapy. 

362. The majority of accidents occurred in industrial 
uses of radiation, involving radiography sources and 

irradiation facilities. In most cases either hunian 
carelessness or malfunction of the equipment has been 
the cause. Two accidents resulted in high doses that 
caused deaths: one death at Brescia, Italy in 1975, and 
one in El Salvador in 1989. None of the accidents 
reported to workers involved in medical uses of 
radiation caused deaths. 

363. There have been relatively few accidents 
involving serious radiation injury to workers in 
operations of the nuclear fuel cycle. On the other 
hand, the accident at Chernobyl in 1986 caused high 
exposures and acute radiation sickness in 237 persoru 
and the deaths of 28 of them. These were workers at 
the reactor and ~ ~ ~ e n l b c r s  of the fire-fighting and 
emergency crew, who dealt with the accident in ils 
initial stages. Two other workers at the reactor died as 
a result of Ihe explosions and fire rather than of 
radiation injuries. An accident at a criticality facility 
at Buenos Aires in 1983 rcsulted in the death of one 
worker. 
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364. While accidents causing dcaths arc well  know^^, 
thcre is likcly to be substantial underreporting of other 
accidcnls. Two considerations support this preniise. 
First, for the period 1975-1984, -the number of 
accidents reported here is al~ilost twice as great as the 
number reported by Rodrigucs dc Olivcira [R3], which 
was based on a detailed and co~nprchensive review of 
the literature; it would thus appear that Inally 
accidental cxposurcs with actual or potential clinical 
consequences have not been reported in the literature. 
Sccondly, the data rcportcd in response to the 
UNSCEAR questionnaire arc by no means 
comprehensive, either in terms of the countries 
reporting data or in the completeness of the data 
reported for the period of interest. As is apparent from 
Table 40, either there havc been very large variations 
in the frequency of accidcnts in some countrics in the 
different five-year periods, or, as is more likely, the 
reported data are incomplete. It is difficult to assess 
the extent of any underestimate, but a very rough 
extrapolation of the data provided in response to the 
UNSCEAR Survey on Occupational Exposures 
suggests that the number of accidcnts with potential or 
actual clinical consequences may have been two or 
three times as great as reported here. There is much 
uncertainty in this estimate, given the few countrics 
reporting data. 

365. It would be of interest to know the collective 
dose to workers caused by accidents, but the data are 
too incomplete to make other than a very rough esti- 
mate. The doses to those acutely exposed in the Chcr- 
nobyl accident were reported in detail in the 
UNSCEAR 1988 Report [Ul]. The collcctivc dose to 
the 28 workers who died was 240 man Sv. The 
remainder of the workers accounted for 370 man Sv, 

cstirnatcd from the distribution of workers according 
to degree of radiation sickness and using the mid-point 
doses that characterize these degrees. The three dcaths 
in other radiation accidents may be estimated to 
;~ccount for 30 Inan Sv. The remaining entries, even 
assigning up to 0.5 Sv per accident and r~ndcrrcporting 
by a factor of 2-3 could add at most about 200 mall 
Sv; h i s  is likely to be a major ovcrcstimate, because 
the majority of accidcnts involve skin or extremity 
cxposurcs. This nlakcs a total of less than 900 man Sv 
for all accidents occurring in 1975-1989. About two 
thirds of the total resulted from the Chcrnobyl acci- 
dent, with the remainder adding at most about 15 man 
Sv per year to occupational radiation exposures; in 
reality the latter dose may be substantially less. 

366. Additional occupational radiation exposure 
occurs in the afternlath of accidents, in clean-up and 
decontamination work. The Chernobyl accident alone 
involved 600,000 workcrs, many or possibly most of 
whom were exposed to the maximum permitted dose 
limit. .-This represents a very special case, but 
nevertheless a substantial colleclivc dose. Only if 
accurate and more complete records are maintained of 
cxposures caused by accidents can estimates of this 
component of occupational radiation exposures be 
improved. 

367. In summary, the number of accidents to workers 
worldwide with clinical consequences reported here 
for the period 1975-1989 is about 90 involving 362 
workers; because of undeneporting, the actual numbcr 
of accidents, may have been two or three times 
greater. The reported data are too incomplete to make 
any reliable estimate of trends in accidental cxposurcs 
with time. 

CONCLUSIONS 

368. Occupational radiation exposures havc been 
evaluated for five broad categories of work, namely 
the nuclear fuel cycle, defence activitics, industrial 
uses of radiation (excluding the nuclear fuel cycle and 
defence), medical uses of radiation and occupations 
where enhanced exposures to natural sources of radia- 
tion may occur. Results for 1985-1989 are summarized 
in Table 41 and, in abbreviated form, for the whole 
period of interest (1975-1989) in  Table 42. The con- 
tribution of each category to the overall levels of 
exposure and the trends with time are illustrated in 
Figure XXV. The worldwide average individual and 
collective effective doses have been derived largely 
from data rcportcd in response to the UNSCEAR 

Survey of Occupational Exposures, supplemented 
where appropriate by data from the literature. 

369. Summary of expmures in the period 1985-1989. 
Tbe average number of monitored workers worldwide 
involvcd with man-made uses of radiation in the 
period 1985-1989 is estimatcd to be about 4 million. 
The nii~jority (about 55%) of these are involvcd with 
~ncdical uses of radiation, with about 22%, 14% and 
10% with the commercial nuclear fuel cycle, industrial 
uses of radiation and defence activitics, respectively. 
About 5 million workers are estimatcd to be exposed 
to natural sources of radiation at levels in excess of 
average background levels. By far the majori~y (about 



75%) are coal miners; other occupatiolial groups con- 
tributing significantly to this total are underground 
miners in non-coal mines (about 13%) and aircrew 
(about 5%). 

370. The worldwide average annual collective 
effective dose to workers from man-made sources of 
radiation in 1985-1989 is estimated to be about 
4,300 man Sv. The collective effective dose from 
exposures to natural sources (in excess of average 
levels of natural background) is estimated to be about 
8,600 man Sv; it arises mainly froni underground 
mining (about 90%), with broadly comparable 
contributions from coal mining and the mining of 
other materials (other than uranium). The estimated 
collective dose from natural sources of radiation is, 
however, associated with much greater uncertainty 
than that from man-made sources of radiation. 

371. Of che annual collective effective dose from 
exposure to man-made sources of radiation 
(4,300 man Sv), about 58% arises from operations in 
the nuclear fuel cycle (2,500 man Sv), about 23% 
from medical uses (1,000 man Sv), about 12% from 
industrial uses of radiation (510 man Sv) and about 
6% from defence activities (250 man Sv). The 
contribution from medical uses of radiation may, 
however, be an overestimate by a factor of 2 or more; 
most of the exposures from this sourcc arise from 
low-energy x rays from diagnostic radiography, arid 
the dosimeter reading, which is generally entered 
directly into dose records, may overestimate the 
effective dose by a large factor. 

372. The average annual effective dose to monitored 
workers varies widely between occupations and also 
between countries for the same occupation. The 
worldwide average annual effective doses to monitored 
workers in industry (excluding the nuclear fuel cycle), 
medicine and defence activities are less than 1 mSv 
(about 0.9 mSv, 0 5  mSv and 0.7 niSv, respectively); 
in particular countries, however, the average annual 
dose for sonic of these occupations is several 
millisievert or even, exceptionally, in excess of 
10 mSv. The average annual effective doses to 
workers in the nuclear fuel cycle are, in most cases, 
larger than those in other occupations; for the fuel 
cycle overall, Ihe average annual effective dose is 
about 2.9 mSv. For the mining of uranium the average 
annual effective dose to monitored workers in 
countries reporting data was about 4 mSv, and for 
uranium milling operations it was about 6 mSv; there 
are, however, very wide variations about these average 
values, with doses of about 50 mSv being reported in 
some countries. The average annual effective dose to 
monitored workers in LWRs is about 2 mSv, with 
doses about 50% greater, on average, in HWRs and 
smaller by a factor of about 2, on average, in GCRs. 

The individual doses in fuel reprocessing are 
comparable with tl~ose in reactors, whereas those in 
fuel enrichment are much smaller. 

373. The percentage of monitored workers worldwide 
involved with the use of man-made sources of 
radiation receiving annual effective doses in excess of 
15 mSv is estimated, on average, to have been about 
3% during the period 1985-1989. There is, however, 
considerable variation in this value between 
occupations. Typically, about 0.1% of nionitored 
workers in medicine and industry (excluding the 
nuclear fuel cycle and defence) arc estimated to have 
received doses in excess of this level. For the nuclear 
fuel cycle as a whole, about 10% of monitored 
workers, on average, exceeded his level of annual 
effective dose. There is, however, considerable 
variation between different stages of the fuel cycle 
(i.e. about 20% for uranium mining and milling, about 
3% averaged over all reactors but varying within a 
range of essentially zero to about 7% depending on 
the reactor type, about 6% for reprocessing, on 
average, about 0.2% for fuel fabrication and 
essentially zero for enrichment). It should be noted 
that the above percentages, where they include a 
contribution from workers in uranium mining and 
milling, may be overestimates. This is due to the 
assumption that Ihe reported distribution ratios for 
uranium mining and milling are applicable to an 
effective dose of 15 niSv; strictly they apply to a dose 
less than 15 mSv because of the change in the 
conversion factor (compared with that used in the 
reported data) for exposures to radon progeny adopted 
in this Annex. 

374. The percentage of the worldwide collective 
effective dose from all uses of man-made sources of 
radiation (or more strictly for those uses for which 
data have been reported) which arises from annual 
individual doses in excess of 15 mSv is estimated to 
have bcen about 30% to 40% during che period 1985- 
1989. There is, however, considerable variation in this 
value between occupalions. Typically, about 25% and 
30%, respectively, of the collective dose in medicine 
and industry (excluding the nuclear fuel cycle and 
defence) are estimated to have arisen from annual 
individual doses in excess of this level. For the nuclear 
fuel cycle as a whole, about 40% of the collective 
dose arose from annual individual doses in excess of 
15 mSv. There is, however, considerable variation 
between different stages of the fuel cycle (i.e. about 
50% for uranium mining and milling, about 35% 
averaged over all reactors but varying within a range 
of essentially zero to about 50% depending on the 
rcactor type, about 10% for oxide fuel reprocessing, 
about 2% for fuel fabrication and essentially zero for 
enrichment). It should be noted that the above 
percentages, where they include a contribution from 
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workers in ura~~iuln mining and milling, niay be 
overestimates for the reasons set out above. 

375. The average annual effcctive dose to workers 
exposed to cnhanccd levels from natural sources of 
radiation, ill particular in ullderground mines, varies 
considerably betwcen mines and between countries. In 
coal mines, the average annual effective dose is 
estimated to be about 1 mSv. In other (non-uranium) 
mines the worldwide average effective dose is 
estimated to be about 6 mSv. Aircrew are estimated to 
receive an average annual effective dose of about 
3 mSv. 

376. Trends in expmures over the per id  1975-1989. 
Trends in exposure from man-made sources are 
illustrated in Figure XXV for each of the main 
occupational categorics considered in this Annex. The 
trends in occupational exposures from natural sources 
have not been quantified because insufficient data are 
available to make meaningful estimates; the few data 
that do exist, however, suggest that exposures 
(excluding those to aircrew) before the second half of 
the 1980s were greater than those estimated here, 
possibly much greater. The latter is due to somewhat 
less attcntion being given in the past to control and 
reduction of exposures in underground mining. 

377. The worldwide annual average number of 
workers involved with man-made uses of radiation is 
estimated to have increased from about 2.5 to about 4 
million between the first and third five-year periods. 
The greatest increase (from about 1.3 to about 2.2 
million) has been in the number of monitored workers 
in medicine. The number of monitored workers in the 
nuclear fuel cycle has also inncased significantly (by 
about 50% from about 0.6 to about 0.9 million). 
Increases in the numbers of the monitored workers in 
defence activities and other industrial uses of radiation 
have been modest by comparison. 

378. The annual collective cfTective dose, averaged 
over five-year periods, for all operations in the nuclear 
fuel cycle changed little over the period 1975-1989, 
notwithstanding the large increase (three to fourfold) 
in electrical energy generated by nuclear means; some 
changes, however, occurred in particular stages of the 
fuel cycle. The annual average collective dose from 
uranium mining increased by about 25% between the 
first and second five-year periods decreasing again to 
about its former level in the third period. There was a 
decrease by a factor of allnost 2 for fuel fabrication, 
reprocessing and research. The collective dose from 
reactors increased over the period by a factor 
approaching 2, with alnlost all of the increase 
occurring during 197.5-1 979 and 1980-1985. The 
increase in dose between the first two five-year 
periods was largely attributable to the major plant 

safety modificatiol~s carried out in the earlier 1980s in 
response the accident at Three Mile Island. Indeed, but 
for the accident at Chernobyl, the annual average 
coliective dose from reactors in 1985-1989 would 
probably have decreased relative to the preceding 
five-year period. Average annual individual effective 
doses to rnonitored workers ~ I I  nuclear fuel cycle 
operations typically decreased by a factor of about 2 
in most stages of the fuel cycle between 1975-1979 
and 1985-1989; for uranium mining, the decrease with 
time was only about 20%. 

379. The normalized collective effective dose per unit 
energy generated has decreased with time for the fuel 
cycle overall and for most of its stages. For the fuel 
cycle overall, the normalized collective dose has 
decrcascd by almost a factor of 2 from about 
20 Inan Sv (GW a).' to about 12  man Sv (GW a)-', 
with most of this decrease occurring between the 
second and third five-year periods. For reactors, 
between the first and second five-year periods, the 
normalized collective doses changed little, but large 
decreases occurred in the third period; decreases by a 
factor of about 2 occurred for PWRs, BWRs and 
HWRs. These decreases in the third period were a 
consequence of the completion of most of the safety 
modifications made following the accident at the 
Three Mile Island reactor and the much greater 
attcntion paid by utilities and regulators to the 
reduction of occupational exposures in both existing 
and new reactors. Substantial reductions @y about an 
order of magnitude) occurred in the normalized 
collective dose for the fabrication of LWR fuel, 
although these doses may be underestimates bccause 
they do not take account of internal exposures. The 
normalized doses for the fabrication of other fuels did 
not decrease. Indeed, those for GCRs would appear to 
have increased with time; much of this increase, 
however, is more apparent than real, due to the fact 
that internal exposures were included only for the third 
period. For uranium mining, the normalized collective 
dose decreased by about 25% over the period 
analysed. The nornialized dose for reprocessing oxide 
fuels changed litlle over the period analysed, whereas 
that for Magnox fuels decreased by about a third. 

380. The worldwide average annual collective 
effective dose from all industrial uses of radiation, 
excluding the nuclear fuel cycle and defence activities, 
was fairly uniform over the period 1975-1984. I t  
decreased, however, by a factor of almost 2 in the 
second half of the 1980s. This same trend is reflected 
in estimates of individual dose; the annual effcctive 
dose to monitored workers decreased from an average 
of about 15 mSv, over the period 1975-1984, to an 
average of about 0.9 mSv in the second half of rhe 
1980s. In defence activities both the average individual 
and collective doses decreased by a factor of nearly 



2 over the pcriod analyscd. These decreases were 
largely a consequence of rcductions in doses achieved 
in the operation and niaintenance of nuclear navies. 
notwithstanding the increase both in the number of 
ships in operation and in those undergoing refit ovcr 
h i s  time. 

381. The worldwide avcrage annual collective 
effective dose from all medical uses of radiation, 
about 1,000 man Sv, changed little ovcr the three 
five-year pcriods. A clear downward trend is, 
however, evident in the worldwide avcrage annual 
effective dose to monitored workers, which decreased 
from about 0.8 mSv in the first five-year period to 
about 0.5 mSv in the third; therc was, however, 
considerable variation between countries. The annual 
avcrage number of monitorcd workers in medicine 
increased by about 75% ovcr the three periods, and 
this is the reason why the collective dose remained 
relatively uniform with time, notwithstanding the 
significant decrease in avcrage individual dose. The 
extent to which some of these decreases in average 
individual dose arc real or arc merely artifacts due to 
changes in monitoring or recording practice, warrants 
further analysis. 

382. The percentage of monitored workers worldwide 
involved with all uses of man-made sources of 
radiation receiving annual effective doses in excess of 
15 mSv has decreased progressively from an average 
of about 5% to about 3% between the first and third 
five-year periods. This same downward trend is 
evident in the percentages of nuclear fuel cycle and 
medical workers worldwide rccciving annual doses in 
excess of this same level. The tabulated data for 
medical workers show an increase in the third period. 
This increase, however, is more apparent than real and 
is due to the inclusion in this period only of data for 
one country with a very high value of this fraction; if 
this country were excluded, the trcnd would be 
downwards for medical workers throughout the period 
(see Section V.E). For industrial workers (excluding 
the nuclear fuel cycle and defence) worldwide there is 
little evidence in support of any clear trend in the 
percentage of workers receiving annual doses in 
cxcess of 15 mSv. 

383. The percentage of the worldwide annual 
collective effective dosc from all man-made uses of 
radiation arising from annual individual doses in 
excess of 15 mSv has also decreased progressively 
lrom about 45% to about 36%, on avcrage, between 
the first and third five-year periods. The same 
downward trend is evident for the collective dose from 
the nuclear fuel cycle and from medical uses of 
radiation. The tabulated data for medical uses show an 
increase in the third period: however, for Lhe reasons 
set out above, this increase is merely an artifact of the 

data, and the trend has in fact hccn downwards over 
the wliolc period. For industrial workcrs therc is little 
evidc~icc of any clcer trcnd with tiriie in the fraction of 
the collective dosc arising from annual doses in  cxcess 
of I5  msv. 

384. Cumrtlative exI)o.vures. Curnulalive or lifetime 
exposures of workcrs have been analysed to only a 
limited extent The cxaniination of terniination records 
has given average rates of dosc accumulation for 
various career IcngUis, but therc was no assurance that 
the records were either complete or accurate. Some 
indications of lifetime exposures may be provided by 
estimates of average annual exposures and career 
lifetinics, but both parameters arc extremely variable 
bet wee^^ individuals within particular occupations, as 
well as between occupations and from one country to 
another. To evaluate actual experience, the need exists 
for Inore complete records of employment at all 
locations and complcte dosimetry, including external 
and internal exposures. Improved data on this aspect 
can be expected in the next few years with the 
increasing use of conlputerized databases for occupa- 
tional cxposures and the compilation of data suitable 
for epidc~niological studies on workers. 

385. Accidentul exposures. Occupational exposures 
to workcrs caused by accidents give an added compo- 
nent of dose or injury to thosc involved. The data 
compiled indicate that most of the accidents occurred 
in the industrial uses of radiation and that most of 
them involved industrial radiography sources. By far 
b e  lrlajority of accidental cxposures of sufficient 
magnitude to cause clinical effects wcre associated 
with localized exposures to the skin or hands. From 
1975 to 1989, 31  people died as a result of radiation 
exposures received in accidents; 28 of these were at 
Chen~obyl. The number of accidents to workers world- 
wide with actual clinical consequences that has been 
reported in the period 1975-1989 is about 90. Because 
of underreporting of non-fatal accidents, the actual 
number may have been two or three times greater. 

386. Cotnparison with previous estimates of 
occupalional exposures. The estimates of occupa- 
tional radiation exposure in this Annex have benefited 
lrom a much more cxtensivc and complctc database 
than was previously available to the Committee. The 
efforts by countries to record and improve dosimetric 
data have been reflected in the responses Lo the 
UNSCEAR Survey and have led to improved esti- 
mates of occupational exposures. The current estimate 
of the annual collcctive effective dose during the 
second half of the 1980s from occupational exposures 
to man-made sources of radiation (4,300 man Sv) is 
lower by a factor of 2 than the estimate made by the 
Conimittec in the UNSCEAR 1988 Report for llic first 
balf of the 1980s [Ul]: the current analysis, however, 
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suggests U~at the latter was an overestimate by about 
a factor of 2 and Uiat UIC actual rcduction in collcctive 
dosc over this period was rclativcly small, about 15% 
20%. 

387. The largest change in the estimates of annual 
collcctive dosc is for medical uses of radiation. The 
current estimate indicates that the annual collective 
dose has remained relatively unchanged over the 
whole period analyscd at about 1,000 man Sv. This is 
lowcr by a factor of 5 conlparcd with the estimate 
madc in the UNSCEAR 1988 Report [Ul ]  for the first 
half of the 1980s, indicating that the latter was over- 
estimated by a large factor; moreover, as has bcen 
noted, the current estimatc may still be too large by a 
factor of 2 or more. The annual collcctive dosc from 
industrial uses of radiation (excluding the nuclear fuel 
cycle and defence) is estimated in this analysis to have 
decreased by about a factor of 2 (from about 900 to 
500 man Sv) between the first and second halves of 
the 1980s. The currcnt estimatc of the collective dosc 
for the first half of the 1980s is about a factor of 2 
lower than that cstimated previously in the UNSCEAR 
1988 Report [UI], based on data available at that time. 

388. For the nuclear fuel cycle the greatest changes, 
compared with earlier estimates, are for the mining 
and milling of uranium and reactor operation. The 
present estimatc of the normalized collective dose 
during the second half of the 1980s from mining and 
milling of uranium [about 4.8 man Sv (GW a)-'] is 
about seven times greater than estimated previously 
[Ul]. This previous cstimatc would, however, appear 

to have bccn i ~ n  undercsti~~~ate by an cvcn grcatcr 
factor. The current analysis indicates that the 
normalized collcctive dosc in the early 1980s was 
actually about 20% grcatcr than that for the second 
half of the 1980s. The prcscnt estimate of the 
nornializcd collcctive dosc from reactor operation 
[about 5.8 man Sv (GW a)-'] for the second half of  
the 1980s is smaller, by a factor of about 2. than 
cstimated previously [UI ]  for the first half of the 
1980s; this change reflects a real rcduction in dose 
between the first and sccond halves of the 1980s, due 
largely to the completion of plant modifications to 
LWRs following the accident at Three Mile Island 
and, to a lesser extent, to the commissioning of new 
reactors in several countries. 

389. The present estimatc of the collcctive effective 
dose from exposures to enhanced natural sources of 
radiation at work is about two to thrcc times smaller 
than the estimate made by the Committee in the 
UNSCEAR 1988 Report [Ul]. Significant differences 
are apparent, however, in the respective estimates 
depending on the occupation. For coal mining and 
aircrew, the present estimates are factors of about 
2 and 4 times greater, respectively, than those madc 
previously; the present estimate for other mining 
(excluding uranium) is, however, a factor of about 5 
times smaller than that made previously. The estimates 
of exposurcs to natural sources of radiation are not, 
however, as well supported by data as those for man- 
made sources. Further monitoring and investigation are 
needed of this important component of occupational 
exposures. 





Table 2 
Dose mo111iorIng and rccordi~ig procedures f'or occupntlont~l exposures In Industry 
Data from UNSCEAR Survey of O c c u p r i o m ~ l  Expssures unless otlrern*isc indicated 

Counrry 

Argentina 

AumaIia 

h d a  ' 

(Ihilc 

China 
(Taiwan Prmince) 

Czcchmlnvnkin 

Denmark 

Anland 

France 

Gcrman Dem. Rcp. 

Gamany, 12cd. Rrp. 

Hungary ' 

India 

Indoneria 

D o r u  ro 
conbocrors 

included 

Y ca 

Y a  
Y es 
Y es 

Y u 

No 
No 

Yes 

Y a 
Yes 

Yes 
Y es 
Y u 
Y n  

Y cr 

Y ca 

Y a 

Yes 

y a l  

Y a 

Occuparion 

IUI 

All 

Mining and  nill ling 
Rcaciu cpcration 

Ochn 

All 

Reaaa operation 
All othn 

Rcndm rrpcratica 
Othn 

All 

Rcaao cpcraticn 
Ochcr 

Renau rpcration 
Repromsing 

Uranium mining 
Rucarch 

M~ning 
(other than uanium) 

Reaaur cperatica 

Ochn 

All 

All 

Carccrionr mndc to maid 
multiple enbk fa r lu  

sonu ttdividual 

No 

Yes 

Yes 
Yes 
Ycs 

No 

No 
No 

Y a  

SO 
No 

No 
No 
No 
No 

Not nccnsrry 

No 

No 

Xc4 neccnsary 

Yes 

Y a  

Mmirored nwhfcrce 

Those in cmtrdled arcas 

Thac using radiatim devices 

Ca tcpy  A workers 

Thosc wcaring pcrsmal dosimctcrs 

Thasc who may ex& 113 of dasc 
limit plus optimal \ ne ts  

Thue provided with a personal 
daimctcr 

lhasc in rcgionr whnc alpha cncrgy 
conccntratims cxcccd 0.64 , d h 3  

As defined by Radiation Pro(cdion 
Ordinance 

Thac in conlrdlcd arcar 

Those who may cxcccd 1/10 of dose 
limit 

Minimum dcrccfablc 
lrvcl (MDL) 

or recording lcwl 

0.1 mSv 

0.01 mSv (x) 
0.07 mSv (y) 

0.01 WLM 
0.01-0.2 mSv 

0.2 mSv 

0.05 mSv 

0.003-0.05 mSv 

0.1 mSv 
0.2 mSv 

0.1 mSv 

0.1 mSv 
0.1 mSv 

0.01 mSv 
0.1 5 niSv 

0.20 mSv 

appro" 2 2/6v 

1 @v (GM) 
0.1 mSv (film) 

0.1 mSv (>1978) 
0.4 mSv (~1979) 

0.1 mSv ' 

0.05 mSv (x) 
0.1 mSv (n.y) 

0.05 mSv 

Dose recorded 
whcn lcrs than 

MDL 

0 

0 

0 
0 
0 

0.05 mSv 

Reading 
0 

0 
0 

0 

0 

0 

0.1 mSv 
0 

Various 
0 

. . 

0 
0 

O. 

0 

0.05 mSv 

Dose recorded for 1-1 dosimcrcrs 

Mean value of previous 3 mrnths 

0 

No fixed pdicy 
No fixcd pdicy 
No fixed pdicy 

Mcan value of pnicds without accident 

Pockn dosimeter or avnag dose 
0 

Mean value for previous 12 months 
Mean value f a  previous 12 mcnths 

0 

Estimtc b rad  oo worting conditions 
0 

Based on clcctronic dosirnctcr reading 
Dose rcconsuuaim after enquiry 
Anributcd by loal RP officer 
A~tributcd by local RP dficer 

Artributcd by cmtrdling ruthaity 

Rulundnnt system used; i f  both lost 
estimate based on working conditions 

0 

Mean vnlue of prcVious 12 months 



'Ikhle 2 (continued) 

A chnnge f r a n  lilm to TLD da imcvy t k k  plncc over a live-year period from 1977 to 1981 without any significant changc observed in the statistics. 
Average individual and c d l d i v c  dmes estimated from log-normal l iu  to data m d  thaeforc account is takm of doses occurring below MDL and recorded as zao.  
The drbbase includa only wakers who havc exceeded the recading level, which for r e a a u s  was 0.1 mSv with dosimeters issued mmthly m d  0.5 mSv f a  all other industrial occupations with dosimctcrs issued qunncrly; the lattcr recading 
lcvd was r e d u d  to 0.3 mSv in 1989. Bcfae  1990 the da tahsc  d m  not contain the numbers d n l a i t a c d  wakcrs. 
Only in c d l s t i v c  dose a t i m a l a .  
Doses rmaded  abwc the rmording Icvd, wluch is 0.1 mSv per month f a  r e a a a  w a k n s  and 0.2 mSv per two nlcnlhli for workers clscwhcrc. 
For threc m t  d four power stations. 
D d n e  1986 the dose r m r d d  when lcss than MDL was 0.05 mSv (external) and 0.01 mSv (internal). 
lo the BNFL (British Nudcar Fuels plc.) datn prcsmted it1 this Annex, wntrnclorr are included only for rcproccssing opcratims. 

Doses fo 
connocfors 

included 

Y a  

Yes 

Ycs 

Y a  

Yes 
Ycs 
No 

Y n  
Ye5 
Y a  

Y a 
Ycs 

No 

YCS 

KO 

Y a  

Dosc rccordd for lorr dnrimcrcrs 

0 

Mean value for remainder of year 

M d m u m  individual dose in group 

0 

0 

Pocket doairnetcr or average dose 
I'ockct dosimctcr or work cmdition 
30 mSv pcr quartcr 

Arw a other dosimetn or 4 mSv 
Area a &cr dmimctcr or 4 mSv 

Area a &a dosimdn or 4 mSv 

Based on QFD reading 
4 mSv 

0 

Waking maditions or dare limit rate 
4.15 mSv 

Estimated by liceasec 

Corrccfiom mndc ro mid 
nurlriplr &ics for fk 

same individUd 

No (noc sipificant) 

KO 

No 

Y a  
Y a  
No 

No 
No 
No 

Y a  
No 

No 

Not l ~ m s a r y  
Partially 

No 

cmtry 

Ireland 

Italy 

J ~ P  

Nahnlands 

Norway 

Portugal 

Rcpuhlic of Korea 

Spain 

South Africa 

S w d c n  

USSR 

United Kingdom 

United States 

Minimum d r r ~ l a b l c  

l o e l  (MDL) 
or recording lox1 

0.2 mSv (~1987) 
0.15 mSv (>1987) 

0.1 mSv 

0.1 mSv 
0.1 mSv (TLD) 
0.2 rnSv (film) 

0.01 mSv 

0.4 mSv 

0.2 mSv 

0.05 mSv 
0.m1 msv 
0.1 mSv 

0.1 mSv 
0.2 mSv 

0.05 mSv 

0.1 mSv 
0.2 mSv 

0 

0.1 mSv 

0.1 mSv 
0.05 mSv (extcmal) 
0.01 mSv (internal) 

0.01 mSv 

Dosc rccordcd 
uhcn lers rhan 

M D L  

0 

0 

0 

0 

0 

0.05 mSv 
0 

0.095 mSv 

0 
0 

0 

0 
0 

0.1 mSv 

0.1 mSv 

As assessed 
0 8  

0 

Occuparion 

N1 

N1 

R w a a  operatim 
Olher 

Accderators 

N l  

All 

Fuel fahication 
R c a a u  operation 

R c ~ a r c h  

Reacta operatioo 
Mining and fuel 

fabrication 
other 

R c s a a  operation 
o t h a  

All 

BNFL sites 
Wcsponr 

USh'RC liccnsecs 

Manifored wakfwcc 

Those in controlled areas 
Those in matrdled areas 

Thare in ccatrdlcd areas 



Table 3 
Exposum fmrn uranium mining a 

D a t a  from UNSCEAR S u r v e y  of O c c r r p a t i o n n l  E x p o s u r e s  un less  o t l ~ e r n * i s e  i n d i c a t e d  

Cmnlw 
and 

p a i d  

Annrrrd 
amounr af 
uranium 
m i n d  ' 

(W 

Argentina 1975-1979 

Australia 1088-1989 

Bulgaria 11 101 1985-19RO 

Canada ' 1975-1W9 
1980-1984 
1985-1989 

China [I101 1985-1989 

Czachorlonlua I 
1975-1979 
1080-1984 
1085-1980 

France ' 1083-1984 
1085-1989 

Gabon [I101 1985-IQR9 

German Dcm. Rep. I 

1975-1979 
l080-1984 
1985-1989 

lnQa " 1981-1984 
IQR5-1989 

South Africn ' 1975-1979 
1980-1984 
3985-1989 

USSR 1110) 1985-1969 

Lqivalcnt 
ommnr f 
cnerm 

( G W a )  

0.04 1 

4.73 
5.97 
5.10 

1.78 
2.02 
1.96 

1.85 
2.29 

6.26 
4.73 
4.07 

0.13 
0.15 

3.27 
5.07 
3.53 

hfunitora! 
uwkcrs 

( r h m d )  

0.19 

21.5 
27.1 
23.0 

8.1 1 
9.19 
8.93 

8.42 
10.4 

28.5 
21.5 
18.5 

0.58 
0.68 

14.9 
23.0 
16.0 

Mm.~urably 
upnscd 
wwkrrs 

ffh-ands) 

Avoage a ~ l r a l  f lecr i~v  dose 

0.25 

0.4 1 

0.50 

5.78 
8.06 
5.19 

6.6 

9.06 
8.48 
7.46 

1.28 
1.34 

0.24 

14.7 
15.1 
16.1 

1.16 
1.35 

79.0 
93.6 
822 

Per 
rnoru'rwed 

nwkn 

lmW 

Confrihurion o/crposmc pmh~say (CA) Annual collcrri~r Cffecriae dose 

Per 
m a w r a M y  

crpmed 
uwker 

( d 1 . 9  

Toral 

(man sv 

Disaiburion r a i o  

0.4 1 

5.06 
6.90 
4.36 

1.25 
1.28 

14.7 
15.1 
16.1 

Ore  
dvtr 

~rrerrcmal NRE ' 

Ut~dcrgrollnd 

111 

8.51 
8.30 
5.59 

33.9 
24.8 
18.8 

9.18 
5.39 

25.5 
31.0 
32.7 

108 
101 

107 
78.8 
78.8 

4.59 

1.63 

23.1 

40.2 
49.6 
30.2 

114 

60.4 
50.2 
36.9 

17.0 
124 

5.4 

160 
147 
133 

13.8 
15.2 

347 
399 
27R 

Atwngc per 
unit uranium 

atracrai  
(man Sv 

p n  kt) 

daughrers .WE 

Alnnge per 
unil energy 
generafed 
[m Sv 

(G W a).'] 

mints 

24.5 

1.87 
1.83 
1.23 

7.45 
5.47 
4.14 

2.02 
1.19 

5.6 1 
6.82 
7.18 

23.7 
22.3 

23.3 
17.3 
17.3 

18.0 

3.98 

46.1 

6.96 
6.15 
5.82 

17.3 

6.67 
5.92 
4.95 

13.3 
9.22 

21.0 

10.9 ' 

9.69 
8.24 

11.9 
11.3 

4.39 
4.27 
3.38 

16.3 

3.98 

7.95 
7.18 
6.93 

13.6 
9.67 

10.9 
9.69 
8.24 

39 

0 

37 
43 
10 

35 

14 
20 
16 

28 
29 

20 
20 
29 

24 
23 

23 
25 
25 

36 

0 

0.25 
0.30 
0.26 

0 

0 
0 
0 

0 
0 

I4 
14 
15 

0 
0 

0 
0 
0 

25 

100 

63 
57 
60 

65 

66 
SO 
64 

72 
7 1 

57 
57 
56 

76 
77 

75 
75 
75 

0.54 

0.061 

0.20 
0.23 
0.26 

0.16 
0.12 

0.48 
0.40 

0.46 
0.42 
0.31 

0.95 

0.22 

0.57 
0.62 
0.67 

035 
0.28 

0.72 
0.65 
0.57 
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Tr~ble 3 (continued) 

" The data arc annual r~ lucs  aunaged wct the indicated periods. * Doses fran inhalation of radon daughtm at imatd using a mvers im factor of 5.6 mSv WLM.'; this ncccrsitatcd a reision of most d the data aaually rcpated which wae, in gcnnal, bascd m a conversion facta d 10 mSv WLM-'. 

and 

F.& 

Uranium pdvct ion data arc hose reported in r c s p m ~  to the qucstimmirc. I f  nothing was repnted, data werc bken hcm [OZ). 
Estimated m the simplifying rsnumption thnt all the m ind  uranium is wJ in LWRs. The ansumed fucl cycle rquirement is 220 I uranium p a  GW a. 
The values dhlt and SR arc those rcpatcd for the monitacd workface for E = 15 mSv, where the canpmcnt of dme fran radon propny was derived assuming a cmversion factor of 10 mSv WLM". Bcnuse thc radm dose havc tun modified 
here using a cooversion f a a a  d5.6 mSv WL..'. the n luc  of  E to which thc distribution ratios refer will be lcss than IS mSv. the cxaa valuc nrying with the muntry and period of interest (i.e. dcpcnding on the rclativc conuiburion d radon 
progeny to the taal darc). ' Estimaled hy subtracting of reported data on open-pit mining from rcported data lor total mininp. underground mining ccdsed oftcr 1979. 
Data rrgatcd f a  exposed wnka&which ha= b m  assumed to he the same as monitored uwkas. 
F a  1975-1983 thc rcported data contain n cmtribution from milling. 

' Rcpnted data from kfore 1981 did nol include entemnl radiation; an external dose d 2.6 mSv (the avnane external dmc to monitacd workers in 1982-1983) has k n  added here to rcpatcd darcs befac 1981. The rcpatcd distributton ratios 
k forc  1981 did not bkc account of external cxposure and are therefore underutimatn. ' Expmrua from inhalation of dust are not inducted; measurements havc indicated that it would cmtribute lus than 3 mSv to the annual commitcd effective dose. ' Thc wntributim indicated for radon daughters include the mt r ibu t im  fran inhalation of  radon daughtcrr and inhalation d dust; in 1989 Ihc contribution of wch d thnc components was wmparaUe [P3]. 
Dovs estimated m hsis d gab sampler. 

" The contribution horn the dust is very small because d the low gadc ofthc a c  and has been ignored. 
" 

Data are fm gold mines. In 5 ntina cut of40, uranium is produml as a by-product. The numbers dumrkers and lotal and namd izd  collarive dosa are those chat can be attributed lo uranium mining Estimates d darc havc b madc f a  thc 
whde worldorcz from mcasuremcou and knowledg d waking environments. This avaage dosc has becn assumcd for the pcriod, and the tabulated cdlcctive duses are the product of this darc and thc rcpatcd a ~ u a l  number of workers. 
Repntd data only indude cxprauru From inhalation d radon daughters. 
Tabulated data on unnium mined, number of  umrknk dowr and dirtributim ratios canprisc thc rum or averagu d data for Argentina, Gnada. Czechaslwaki& France, the Gaman Democratic RcpuUir, India. Swth Africa and the United Stata 
(i.c. tharc muntria for which data f a  at least m c  period arc complete in lcrms of lhcre quantilicn); the percentage contributions to exposure pathways are avcragd wer Australia, Canada. China, Crcchoslo~akia, the German k o c r a t i c  RcpuMic. 
France, India and Swth Africa, countria f u  which data are reputed on all three cmtributions. These data should k intcrprctcd with carc, particulnrly when comparisons are made betwecn diffcrcnt periods, .u the countria included in the rcsparive 
summatimr may differ from one pcriod lo another. The distribution ratios are avnagcs of lhosc rcpatcd, and the data on thcse are often las  complete than data fa thc a h a  quantitia. 
Estimates carapolatcd fran total of reputed data, b a d  on tolal uranium mined worlduide rdntive to thqt mincd in reporting cumria. 

' Reportcd data bcfuc 1081 did not include external rndialion; nn C X ~ C ~ M ~  darc of 0.3 ntSv (the nvcragc cxtcrnal dosc to ma~i tacd workcrs in 1982.1083) hnn bccn added here to rcporicd dmcs before 1981. l h c  rcportd distribution ratios beiotc 
1981 did not takc account of external exposure and arc therdorc undercstimatn. 

Annual 

m n l  of 
uranium 
m i n d  

(b) 

Normalized c d l a i v c  dme and n u m b  d wakns f r m  [P3] as approximate avnage of  French open-pit minn in 1989; total cdicciivc dose and indiridual doses derived hue using estimate d amount mined by subtracting *a! reputed for 
underground mining from total mined given in [ 0 2 ] .  'Ihe percentage mntributicns of cach exposure pathway arc approximate awragcs for open.pit miner in Frnnce. 
lndudcs d y  extaml exposure; cootributirn hom intcrnal cxposure judged negligible by comprrison. 

" 
Tabula14 data on uranium mined number of uukns,  darer and distribution ratica comprise thc rum cr avcrags of data for Argentina, Australia and Canada (LC. thare countria f a  which data f a  at least me p a i d  are ~ p l c t e  in mmr of h e  
qwntities); thc percentage contributims to exposurc pathuayr are avcragcd ovcr Argentina, Avslralia Canada and China, ccunlrics f a  which data arc rcportcd on all three contributions. These data should bc ~ntaprctcd with car+ particularly uhcn 
mparisonr arc madc bctu4ccn diffcrcnt pcriods, as thc countries included in the rcspcctivr ru~r~ntatims m:ly diffcr from one period to anothcr. Ihc distributicn ratios arc avcragcs of tharc rclmrtd, and the data on thex are d t m  les  cmplctc 
than data f a  the dher quadtia. 

Tde l  unlnium n~ininp 

EqWtolrnr 
amarnrijf 
energy 

(GW a) 

Wald 1975-1979 
1980-1984 
1985-1989 

52 
64 
59 

Mulirorad 
w o r k s  

( r h ~ l ~ t d )  

Mmnvnbly 
a p o s d  
n,crks 

(rhmsandrJ 

240 
290 
270 

Ann~rd collecri~w flecriw dose 

240 
3 10 
260 

Cmbiburiar o/ crposure parhwoy (76) Atwage a ~ u d  cffecrirr dose 

f i r m a 1  

Dubibuliar rorio 

Atwage per 
unit energy 
g e m a d  
[ma Sv 
(G W a).'] 

Toral 

(man S# 

Per 
monilacd 

w o r k  

f d v )  

N R E c  

Atwage pa 
um'r uranium 

u b a c r d  
(man Sv 

p a  rtr) 

P a  
mnrnrraMy 

aposal 
nwke 

(mw 

1MO 
1600 
1 100 

.WEc 
Radon 

dolrghrms 

5.7 
5.5 
4.3 

26 
23 
20 

Ore 
dusr 

5.5 
5.1 
4.4 

26 
27 
28 

70 
69 
69 

3.8 
3.1 
3.2 

0.37 
0.30 
0.25 

0.69 
0.61 
0.52 



450 UNSCEAR 1993 REPORT 

.s ., 

.! 
3 .a 
a 

P 
.L 

84 

$ 
. 

2? 

8 3 

s 
0 

o 

- 
l- 

oo 

m 

t-4 " 
7 

l- rn 
2 

8 
4 

m  a 

0 

0 

m  m  

6 

Y! 
0 

e - 

m m - t  
P . ? S  
0 0 0  

' 3qq  
0 0 0  

2:s 

.j 
a 
d 

b 
i, 

zgz i  
0 0 0  

2 8 ' 8  
0 0 0 

2 3  

e m . n  
d e n  

- - -  w n n  

r - m o  

i-42 

22% ,,, 

-* '+  
k?. - 4 -  

8 %  
d l ; ~  

224 
o m , - ,  

m o m  
S  " 9 
mm, 

a 

0 0 0 

m v  n m  

- v .n 

0. m  
7 "  
0 0 

w m  

2 8  

2% 

0 0  

- 4 -  

Q 

r- 

2 

2 

- d 
w 

9 9  
0.0.  

m e  

W F -  
-4 

0 . -  

k d  

-! 
E 
& 

C 

" 2 e s $  

0 0 -  - 4 

-,-, 
3 %  

7 %  
z z  

8 3  

m  w  

5 

$ 3  

w e d *  
i 0 5  N 

2 5 5  

o o o  

I-n 

m  N *  m  

m -  
m  m  
2 ;  

o 
7 

9~ 

e u  

? % ?  
C  0 - 

2Z.Z.  w  I-- - 

52: 

o o o  

0 0 0  

8_85 

m m o  

2%: 

r -  
0 '22 

Sjsg 
0 0 0  

5 s  
q S s  
0 0 0  

r - m m  

~ 2 2  

0 0 0  

a 
b t 3 Q  2 ' $ 5  3 

C, 

- 0 0  "" 
v n o  

0 0 0  

8 5 5  

00.0. " " "  
0 - -  

- m w .  
- o q  

g $ 3  
d o 0  

2 5 5  
0 0 0  

m w m  

2 ~ 2  

2 2 2  

$ 4 4  

0 

r- 
2 

0. m v o  
m  F - m m  % 

O 

? .- 
& 
.; 
3 ,  
B 
P 
t 

m 0 . m  

$ 5  

+ o r -  

m W w  -.?. 

.- 

" m e  

222 

q x 0 - 0  

t 

!.12 a s  
? $ a  $ k  5 . 5 %  - 
< a  

3 

- 

r 
2 g a s  

z d d  

e r - o  

8 2 3  



ANNM D: OCCUI'KIIONN. RADIATION UiPOSURlS 
45 1 

, - 
2 4 %  
;;;a 
019 & 
2 2  g 

0, 3 2  u 

2 g $  $ 8 

. 0 6 -  .C Ba 2 %  
c -  0 .;I 83  
u t  S B  
3 k  € 3  -E .5 .- - 5 2 3 :  q 
z d  $ 2  s j  G 
z k  6 5  

e .r: .: 8 ; g -  - 
u 8 : g  2 2  z a - -  k i  $2 - - E  o 

0 34 . .  = - u 
2; '6 S E b G . 5  3 - ;.s .- - 
2 .E -- 5 g b g  

A -  40 ST! 2 T W E  B 
a .= 3 .?: 3 5 2  .- 
2 : c ~ !  2 * : . r  g 

g ; E  .- B ; "l s 
3 52 2 2 
. 2 c c 

8 c'- .- 

E 



.u!l!~urnb nqto a q ~  aj alrp un(1 alaldwa to\ q m u  u a ~ o  air m q 1  uo ulep aq1 put * p a ~ M t ~  x o q ~  
p d l ru~ r  air so!1c1 wlnq.ulr!p aq~. 'lJqt0uP 01 p u ~ d  a m  WIJ ujlp Krtu w n e m n s  a n . p d m ~  aqr u! ppnpu!  =!IIW a q ~  SI tpotnd I W ~ ~ I J J  onmsq rmrydt l loa  8uqrw ww Klre(ru!rl.d ZI~J qlp pala~dnlu! aq plnoqr t1.p auyl .  

'0661-9861 ut ~I.%-I anm p q  % U J P I C > ~ ~  341 aaqu mmp ~ I U !  ou 

I :I~QI ~ U I P ~ X J  PWT 3~ F--n Kaq1 anqm v n r g m  ayl o! ppn lx t !  ate put p l e r u ! ~ ~  Alleutm~ t w q  a ~ r q  t x o p  rplemoo 9861 UOIJ .ap!nnUexaq omwm o l  m ! r u n u u  m!uem UDIJ r x o p  Ipnpu! p u  op pue ~ l u o  ~ r p q a ! n a  XJJ a r ~  rlecl , 
,6861 PUR 8861 9 1 d  a q ~  DM m8rwnr are p ~ o p  a ~ ! p l p  p ! 1 m w u  pug ltrap!nba WULP >an a n g e h  DJ e l q  3861 amjaq K p  s m p w h  ~I!IUUJ PIU 

.(n!r~~ ~ n o s )  m o l d  a r m u  laf :[(KIIw p u m s )  KUOPBUI)( plpn %~~RIIJ~I~N 'uedwr] m m ~ d  g n j y o 3 ~  :[sale~s pa lp~n  ' ( 1 0 1 ~  ISI~) UIOP~OX pll!on ' ~ J u o ~ ]  - ~ d  wpnl l rp  Kq I W U I ~ U U ~  

.snIlorn pxodxa blqumsrriu pae pwolpom w g  n J  u a ~ p  am mep anqm plucu!ln sq osle u e ~  *>Lop(lom p a r o b  2q1 oj wnp* .>>np(lorn P~XJIRU)UI a q ~  ~ O J  am p P E ~ A  3~ , 
.,.(I! MD) ~ M S W  ~ 1 . 0  s! luaunrmbar alaK3 p n j  paulnssu 3~ .SHM-I U! pasn r !  um!uem paqa!~w a q ~  IIP IE~I uo!rdumssu Bujj!ldtu!s a q ~  u, pa~vu r !~q  

.spo!~ad p l re~pu !  a q ~  l a m  palu9smu n n l u  lunituu ale rlvp aq~, 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 

O!JVJ 

6Sbl-S8b1 
P861-0861 
6Lbl-SLbI 

8 U l V  palXJh1 p IRWJ, 

0861-$861 
9861-0861 
6L6I-SL6I 

[131 -I~IS pal!un 

6861-s861 
V86I-0861 
6L6I-SL6I 

[wIlr rnDpzur?i P r N n  

~861-0861 
6Lbl-EL61 

ImlJP ul.pBun p.r!un 

6Bb l.S8bI 
V861-0861 
6LblmSLbl 
, U!lJV WnoS 

6861-$861 
r 'P"'I*WN 

b8bl-L&1 
~YLfur 

b8bI-SMbI 
VMbI-0061 

bLb1 
[zdl p "U'lcl 

PoPO@ 
P o  

Lluno3 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 

0 

0 

, f l ~ ~  

W!Pq!UXI(] 

E 9'0 
62'0 
90'0 

81.0 
EFO 

01'0 

Z'o 

f n ~ s W )  
Ym* 

a-!mmd2ss/o 
IUNIWO pnuuy 

11's 
CZ'Z 
LP'O 

IP'I 
OSZ 

8L'O 

fo m2) 
A%DW 

jo i u n w o  
ru~lu,m~mb3 

ZI'C 
88'2 
25'2 

L'O 
S I 

SZ'E 

8'2 

( 5 )  

rwwq~~rna  
2Yoa1 y 

8CO 
P6.0 
29'0 

LE'O 
69'0 
f SO 

( 4 ~ 2 ~ )  
q ~ a n   prod^ 

i ~ o n r v n u  
Qd 

>SOP ~%!1>2$2 

LEO‘O 
OLI'O 
S99'0 

MSO 
KV.0 

I PE'O 

(+nsn 
AS u w )  

van ~,I~UOJU~J~ 

I!M a d  2 3 ~ ~ ~ 1  v 

~1!1~2& A ~ ! J J ~ / ~ o >  ~ U U V  

80'0 
81'0 
9e' 0 

ZI'O 
ZP'O 
Or0 

s1.0 
ZZ'O 
ZI'O 

zv.0 
I P'O 

tlF0 
11'0 
Ef'O 

69'0 

0 

U)O'O 
S10.O 
910'0 

6 1 s ~ )  
n q a n  

p a i . m w  
a d  

)DID"UUD 2YU.011 V 

E P'o 
BL'O 
FS 

9CO 
Z9.0 
PI'S 

n w o  
6W'O 
OP0'0 

~01.0 
ZPI'O 

SEW0 
E10'0 
WO'O 

10'0 

00'0 

fOO'0 
Sf 0'0 
LEO'O 

61s 

PJOJ. 

SOO'O 
U0'0 
980'0 

9~0.0 
LS0.O 

PPO'U 

I p @  ~ 3 )  AS umul 
I ~ P U U J Y  

O a u 2  i.wn 
a d  ~ Y u D , ~  y 

>SOP 

E 6'0 
59'0 
VC'8 

6#W)'O 

K O ' O  
890'0 

f r p m m v ~ )  

s q ~ a n  psodm 
6 ) q o n r m ~  

0's 
E'P 
I I 

26'2 
SP' I 
f'01 

91.0 
n ' 0  
S f 0  

n o  
SE'O 

MY0 
ZI'O 
S0'0 

10'0 

VI'O 

LL'1 
EE'Z 
9CZ 

(rpro-v~) 

s q a n  
p ~ o ~ ! w ) y  



Table 6 
Exposures fmrn luel fabrication a 

Dora from UNSCEAR Sunley of Occupa~ioml  Exposures unless orhern~ise indicaled 

CauYw 
nnd 

+ad 

Equiuolcnr 
a w n r  o/ 
mogy * 
(G U' o) 

Annud amount 

of/iod 
fabricaral 

(h) 

Average anr~ud .fTecrivc dose 

Po 
monirrrai 

w w h  

( d v )  

Dirfribwion ratio 

bfonirarai 

wwkers 

(thousands) 

Pm 
rnemably  

aposed worker 

(mw 
NRIJ 

0.66 
0.82 
0.40 

1.83 

2.33 

0.82 

19.8 
7.26 
2.35 

17.0 
4.23 
1.57 

18 
4.1 
1.6 

LH'R lu t l  

0.54 
0.86 
0.52 

0.06 

0.38 

0.21 

19.0 
8.68 
4.51 

19.1 
9.54 
5.48 

29 
I5 
I I 

Jnpn ' 
1979 
19130-1984 
lQR5-1989 

R e p l M i c  of Kara 
1988-1989 

S p i n  
1986-1989 

Swcdcn 
1986. 1988-1989 

Unild States ' f 
1975-1979 
1980-19R4 
1985-1989 

Tall d repoled &la 8 

1975-1979 
1980.1984 
1985-19RP 

Wwld ' 
1975-1979 
1980.1984 
1985-1989 

SRIS 

Munuably  
crposai 
workers 

( f h w ~ a d s )  

0.037 
0.048 
0.025 

0.068 

0.086 

0.030 

0.734 
0.269 
0.087 

0.664 
0.189 
0,068 

0.69 
0.19 
(1.06'4 

0.82 
1.06 
1.28 

0.03 

0.16 

0.26 

0.95 
1.19 
1.92 

1.12 
2.25 
3.50 

1.6 
3.7 
6.8 

Annual collccriru clfecrivc dose 

14.5 
18.1 
20.7 

0.87 

4.43 

7.0 1 

25.8 
32.3 
51.8 

28.7 
50.4 
80.6 

42 
81 
160 

0.53 
0.60 
0.3 1 

0.30 

1.09 

0.6 1 

1.71 
0.92 
0.45 

1.69 
0.88 
0.45 

1.7 
0.87 
0.45 

A t m g c  pcr unit 
c n C D  

g ~ o r e d  
[mcm St, (C W a)*'/ 

Toral 

(man St9 

0 
0 
0 

0 

0.013 
0.003 
0.0003 

0.013 
0.003 
0.0003 

1-53 

2.29 

3.24 
1.58 
1.16 

1.02 
1.44 
1.67 

0.20 

0.35 

0.35 

11.1 
9.45 
9.95 

11.3 
10.9 
12.2 

17 
17 
24 

A w a g e  p a  

fuel 
fabricoral 

(man Sv pcr kt) 

0 

039 
0.12 
0.014 

0.39 
0.12 
0.015 

0.25 

0.09 

5.85 
5.49 
3.88 



6861-S861 
P861-0861 
6L61-SL61 

, P J  13V  PPI Pm 
I881 'u9du'Y Plmn 

V10'0 
100'0 
W O  

IanJ X 3 V  

LCZ 
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'Ikhle 6 (continued) 

The data are annual values averaged over the indcatcd periods. Gntribuums d internal cxposurcs to dosa arc included f a  Spain (32%). Canada (0%) and United Kngdan (35% average f a  both types d h c l  in 1985-1989). All dhcr dosa 
are ban enema1 exposure d y .  
The amounts of fuel (uranium) required to gmnatc 1 GW a d electrical energy by each reactor type arc taken to be as followa: FWR. 37 t; IIWR. 180 I; Magnox. 330 I; AGR, 36 I. 
'Ihc vnlucs d NilI, arc for the monitacd workface. Vnlun iu the c.vposcd worldorce can also bc estimated where clsta are given f a  both monitored and measurably expscd workers. 
I n ~ m a l  exposure negligible. 
Summary data from annual repau of the United Stata Nudear Regulatory Commission. The data foc 1975-1981 include cxporura during fucl rcpccssing The distribution ratios are n u  rqx rkd  formally by United Statra Sudcar Replatory 
Grnmission liccnsca. They have bcen estimated as the m a n  of the diseibuticm ratios for ind~vidual doses of 10 and 20 mSv. This appro.dmation will, in general. cause the tabulated dislributim ratios to be overestimates became many acupaticaal 
exposure dare distrihutims arc lognormal. 
No data were available f a  the annual poduaim of furl. In their absence, annual fucl produaion was assumed tobc equivalent to the cnagy gcncratcd in the respective years by LWRs in the United Slates. This assumptim is l ikdy toundaatimate 
the fud produced (and wnatimatc the normalized cdleziiw doses) as sane d the fuel was u u d  in  readas rutside h e  United Stat-; maeova, fud grodudon and a n g y  generation arc n a  amtcmpaancous. 
Thac data should be interpreted with care, particularly when making comparisons bctween different pe r id ,  as the ccxlntrics indudcd in Ihc respdvc summations may diKm from one period to andhn. The drstrihrtion ratios arc avaaga d 
those rcpated, and the data on these are oftcn much lras completc than data on the olhcr quantidcs. 
The reported data have bocn scaled by the ratio of the worldwide productim of fuel to that included in the reported L la;  in h e  absence of data on woldwide fucl produdon, this was assumed tobc the annual fuel rcquircment needed lo gnnate 
the datrical eangy produced by LWRs in  the same year. In thc absence d bcttn data, the values of the ratios hals and SRIY averaged o w  the reported data. can bc considered indicative of worlduidc Icwls. 

' Contribution frun internal exposure not included but estimated to bc less than 10%. 
NR dirtrihution ratios rcpated for mcasurahly cxposcd wakas ndjusted for monitored wcrkforce. 
No data rcpated m h e  amcunt of he1 fabricated; auurned to be that needed f a  the actual gcnaation of cnngy in India in each period by the particular reactor type. ' The muntrio reporting data are assumed to represent the total walduidc production of fucl o f  this type. 

" Some GCR fucl has hrm fabricated in  dhcr countries, but the amount is small in comparison 4 t h  that labricated in the United Kingdan and has bccn ignorcd. 
" 

lntmal cxpau~cr urcrc indudcd in the rcpntcd doses f a  1985-1980, but n d  for earlier periods; the inncasc in the distributint ratio is more apparcnt than real. 
Data indude uukor asraiated uith and doxs incuncd in fucl fabrication and the convcrrion d uranium to and from uraniwn hexafluoridc for ouiehment. Aboul 5% of the collectivr dose arises during u m v m i m  but data on the fraction d 
the wakfucc involved in the r n p c a i ~  aaivitics are n d  available; the average individual doscs in ccmvcrsion and fabricatiar arc similar. The data arc mainly f a  the fabrication of AGR fucl, but about 10% d the produaim is PWR fud. 
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(mart Sv (GW a)"] 
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Tor01 

(mnn Sv) 
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0.0 1 
0.01 
0.0 1 
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Pcr 
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( d v )  
NRIJ ' SR,, 

0.42 
0.69 
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0.15 
0.52 
0.48 

0.36 
0.75 
0.48 

30.14 
68.81 
90.53 

0 
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Tnhle 7 
Suninitiry or worldwide cxposurm rrorn lucl r~bricatlon 

" The 61. are annual values averaged ova the indicated periods. 
Thc nrnarnts of fuel (uranium) required to gcnmlc  1 G W  a of elc&ical energy by each r a n o r  type arc taken to  be as Colloux: PWR, 37 1; tWR. 180 I; 
Mapax .  330 I; AGR. 38 I. 
Thc d u e  for SR,, for Magnox and AGR fud fa h e  period 1985-1090 lake accarnl of inlcrnal u p a s u r u  which were not icdudcd in a r l i a  p a i d .  The 
rnneasu in the hU in 1985-1969 arc thcrdorc apparent rather than real. 

Fuel npe  

A M W ~  
m u n f  
offurl 

fahricaral 

W) 

1975-1979 

Equhalenl 
w u n r  of 

ciuru 

(GW a) 

LWK 
l W R  
M a g  ox 
AGR 

Total 

Collecri~'c 
cflcctisr di>.rc 

prr unit rncrgy 
gcnnirrrrl 

[man sv ( G ~ V  0)-'1 

0.69 
0.2 
0.71 
0.33 

0.59 

hloniroral 
u o r k ~ s  

( r h o u r d )  

1.6 
0.61 
0.95 
0 . 4  

1980-1984 

Average 
~ n v o l  

rffccrhr 
dose ro 

monPored 

nwrkas 

( m ~ v )  

1.7 
1.3 
2 3  
2 2  

1.8 

A saoge 
 rural 

rdlecrhu 
efferriw 

dare 

( m ~  SV) 

42 
3.4 
2 9  
12 

60 

C o N ~ l i r r  
cf~clhu 
dose p a  
unif marc 

offuel . 
(man sv k i l )  

Dirrribution ratio 

0.013 
0.005 
0.003 
0.002 

0.012 

0. I9 
0.16 
0.81 
0.31 

0.21 

0.87 
1.0 
2.0 
1.7 

1.0 

LWR 
llWR 
Magnox 
AGR 

Tall  

NRIJ 

17 
0.53 
0.88 
1.7 

20 

0.39 
0.10 

0.38 

I=-1989 

.Wl, 

0.003 
0.0002 
0.002 
0.031 

0.002 

3.7 
1.2 

0.60 
0.40 

29 
0.68 
2 0  
3.8 

36 

0.12 
0.002 

0.11 

18 
1.1 
2 1 
8.6 

61 
6.5 
243 
11 

100 

0.07 
0.22 
1.4 

0.45 

0.12 

0.45 
1.7 
3.1 
3.0 

0.78 

LWR 
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M a g o x  
AGR 

Tatal 

17 
1.1 
1.0 
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21 
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0.018 
0.014 
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6.8 
1.6 

0.81 
0.46 
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160 
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2 5  
12 

180 

15 
I. 1 
2 0  
3.2 

21 

11 
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3.5 
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22 

24 
1.1 
1.1 
1.9 

28 

4.1 
0.90 
2 4  
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12 



Table 8 
Exposum rt reactnrs 
Data from UNSCEAR Survey of Occupational Exposures unless otl~envise indicated 

Ccunfm. 
nnd 

period 

Atrroge o ~ u d  rffectiK dose Annual collcctibr cffKtiw dose 

A twage 
n& of 
r c l y t ~ l s  
o r w  the 

period 

P o  
monifacd 

nwkcr  

( d l . )  

Du&bui im r a t b  

Total 

(man St$ 

Per 
mcanuably 

aposcd 
w w k  

(msvl 

4 5  

4.63 
5.00 
4.22 

0.77 
1.34 

0.79 
2.97 
1.88 

2.31 
2.71 
2.05 

2.24 
2.65 
2.79 

8.48 
6.49 
6.86 

6.45 
6.83 
3.43 

UrlIjum * [nsl 
1975-1979 
198001984 
1985-1989 

China (Taiwan Prmincc) 
1084 
1985-1980 

Crcchorlovilkia 
1975-1977 
1980-1984 
1965-1989 

Finland 
1977-1979 
1Q80-1984 
1985-1989 

France ' 
1977-1979 
1960-1 984 
1085-1989 

German Dcm. Rcp. 
1975-1979 
1980-1984 
1985.19R9 

(inmany. Fcd. Rep. d 
1975.1979 
1080.1984 
1985-1989 

3 5  

Arwngc 

P ff  

reastor 

(mun S d  

2.39 
4.50 
8.38 

3.68 
252 

0.87 
1.56 
4.14 

0.93 
1.26 
I .W 

3.40 
14.4 
29.7 

3.4 1 
3.12 
3.80 

3.9 1 
8.54 
15.2 
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w k s  
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A twnge 
per unit 
energy 
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Imnn St, 

(G W a).'] 

4.0 
5.2 
7.6 

1 .O 
2.0 

1 .O 
2.2 
7.0 

1.0 
1.8 
2.0 

3.5 
17.2 
4 1.0 

4.0 
5.0 
5.0 

4.8 
6.6 
11.4 

himitored 
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Irutdled 
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(GW? 

2.2 1 
2.24 
2.14 

0.07 
0.56 

0.10 
1.18 
0.96 

0.84 
1.43 
1.59 

1.28 
2.05 
2.65 

1.50 
2.77 
2.43 

4.47 
4.02 
2.15 

0.08 
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2.43 

0.47 
0.73 
0.65 

0.89 
6.40 
16.8 

1.58 

Energy 
p u r a r c d  

(G W o) 

0.001 
0.010 
0.005 

0 
0.D06 
0,007 

0.032 
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0.036 
0.060 
0.050 

1.17 
2.30 
1.64 

1.69 
2.48 
2.66 

4.87 
4.60 
4.68 

5.85 

1.67 
2.75 
5.49 

0.95 
1.90 

0.4 1 
0.90 
2.94 

0.47 
0.84 
0.93 

3.15 
15.5 
40.1 
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1.83 
1.83 

3.94 
6.46 
12.9 

0.12 
0.17 
0.12 

0 
0.072 
0.@73 

0.45 
0.44 
0.42 

P m  

5.28 
10.1 
17.9 

0.26 
1.41 

0.09 
1.84 
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4.34 
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5.10 
8.65 
9.24 

17.5 
34.4 
32.6 
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2.01 
4.26 

0.34 
1 .M 

0.1 1 
0.62 
2.1 1 
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0.67 
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1.33 
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5.03 
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0.26 
0.71 

0.09 
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0.57 
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1.00 
0.87 

1.24 
1.71 
1.92 

1.28 
1.73 
1.85 

3.64 
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2.86 



Table 8 (continued) 

c~nhy 
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SouLh AFri.a 
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A w a g e  
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o w  h e  

period 

15 
3.4 

7.0 
11.8 
16.2 

1 .O 
1.0 
1 .O 

1 .O 

1.4 
5.8 

2.0 
2.0 

1.0 
26 
5.6 

1.0 
2.2 
3.0 

2.2 
3.0 
3.0 

Installed 

c q c i r y  

( G  W 

0.66 
1.50 

4.76 
8.69 
126 

0.48 
0.48 
0.48 

0.59 
0.85 
4.65 

1.92 
1.92 

0.16 
1.65 
451 

0.80 
1.88 
2.60 

0.89 
1.64 
1.64 
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dmcr#edb 

(GW 0 )  

0.36 
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2.02 
5.44 
9.22 

0.37 
0.39 
0.39 

0.27 
0.54 
3.32 

0.45 
0.96 

0.13 
0.67 
3.25 

0.47 
0.87 
1.93 

0.7 1 
1.44 
1.44 
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n a b s  
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18.6 
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0.22 
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1.49 
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121 

0.08 
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0.97 
1.82 

Anmid 

Total 

(man Srj 

0.32 
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3.58 
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128 

0.12 
1.61 

260 
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4.16 
7.46 
6.60 

collccfiw cffectivc 
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(InM sv 

(G w or ' ]  

0.89 
1.43 

6.99 
5.65 
3.63 

11.0 
9.24 
7.21 

6 . 0  

8.32 
3.85 

0.27 
1.68 

20.7 
10.1 
5.45 

3.28 
4.10 
2.49 

5.83 
5.20 
4.58 
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0.020 
0.012 
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0.033 
0.0n 

ratio 

a 1 5  

0 
0.053 
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0.16 
0.12 

0.44 
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0.15 
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0.18 

0.24 
0.27 
0.19 
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Table 8 (continued) 

C w  
and 

P".& 

United Kingdom P 
1975-1979 
1980-1984 
1985-1989 

Tola1 d reputed &u ' 
1975-1419 
1980-1984 
1985-1989 

Wold ' 
1975-1979 
1080-1984 
1985-1989 

A w a g e  
nvmba of 
rmrfors 
o v a  rhc 

30 
32 
37 

31.2 
34.0 
39.2 

40 
4 1 
44 

Pmbtypc FBKs 

I n r ~ d l c d  
cnplcin 

( G W  

6.04 
7.40 
10.4 

6.56 
8.08 
11.1 

9.1 
10 

13.3 

Energy 
b c n a o r d b  

(GW a) 

3.40 
4.40 
6.09 

3.79 
4.86 
652 

5.4 
6.0 
7.4 

hanru 
1986-1989 

USSR (BR350) 4 P I  11 
1978-1979 
1980-1984 
1985-1987 

USSR (BR600) 18111 
1980-1984 
1985-1987 

T d  dreputed &ta" 
1980-1984 
1985-1989 

Wmld ' ' 
1980-1984 
1985-1989 

Muuurably 

W Q ~ S  

f ~ h w a d )  

Mur i rord  
u a h  

f l h a ~ )  

856 
18.0 
25.4 

8.95 
20.3 
27.6 

13 
25 
31 

1.10 

0.35 ' 
0.35 
0.35 

0.6 
0.6 

0.60 
1.24 

1.0 
1.9 

1 

1 
1 
1 

1 
1 

1 
1.4 

4.0 
4.8 

LWGR. 

0.094 

0.34 
0.41 

0.34 
0.32 

050  
0.73 

Wold ' 
1978-1979 
1980-1984 
loS5-Is87 

Distribution ratio Annud collccritr cfecfivc dose 

0.50 

0.59 
0.60 
0.49 

0.92 
1.08 

0.92 
1.04 

1.4 
2.1 

5.9 
10.1 
14.7 

12 
16.2 
20 

Atwabc a ~ u d  cfccfivc dose 

4 5  

0.02 
0.0054 
0.0002 

0.020 
0.005 
0.0002 

Told  

(m S~ 

24.5 
26.4 
19.5 

25.0 
27.8 
20.8 

36 
34 
24 

Pcr 
monifcval 

n a b  

f d v )  

2.86 
1.46 
0.77 

2.80 
1.37 
0.75 

2.8 
1.4 

0.75 

%5 

0 . W  

0.033 

0.61 
0.8 1 
0.98 

0.40 
0.83 

0.40 
0.52 

0.6 1 
1 .O 

Pcr 
m e m a &  

a ~ a r d  
rat0 

fmSv) 

A w a x e  

Pa 
reorfor 

(man Stj 

0.82 
0.82 
0.52 

0.80 
0.82 
0.53 

0.90 
0.84 
0.54 

4.35 
7.50 
10.4 

Atwage 
pcr unit 

MCVY 
~ ( o u r n r a i  
[InM Sv 

(G w a).'] 

720 
6.00 
3.20 

6.59 
5.72 
3.19 

6.6 
5.8 
3.2 

0.033 

0.6 1 
0.8 1 
0.98 

0.40 
0.83 

0.40 
0.37 

0.15 
0.21 

35.6 
622 
l n  

5.37 
9.80 
13.1 

0.351 

1.19 
2.04 

1.19 
1.64 

1.2 
1.4 

2.97 
3.84 
8.67 

0.067 

1.03 
0.35 
2.00 

0.43 
0.77 

0.43 
0.50 

0.44 
0.48 

8.18 
8.30 
16.7 

6.64 
6.35 
13.2 



Table 8 (continued) 

' The dab arc annual values amaged wer the pcriodc indicated. 
Data on energy generated t r k q  unlcru otherwise indicated, f r m ~  responses to qucstiomnitc or f r m  (18). 
The values d NRI, are for the monitned wockfcrcc. Values fcr the exposcd workforce can also bc cstinlatcd where data arc given f a  both monitored nnd mmsurably e x p o d  workers. 
The n u m b s  d wakas include utility workers and cmtrncta workers. Data cm n u m b  of reactors, installed capacity and energy g~naatcd from 1181. 

' Mdit imal data from [BS, B6). The reported data arc lor utility workers. except for collective doses, which are f a  utility and cmtracta wakcrs. Additional data have bccn reported m the exposure d abou! 30%40% of contractors [LZ P2). 
The numbas of wnkas and average doses tabulated have been atimated from the rcpated annual c o l l d v e  doscs for the whole wakforce (i.e. utility wakas .and rmtrnctu workers), subjcct to the assumptim that the cxposurcs rcponed f a  
a fraction d thc mt rac ta  wakcrs are representative of the rmtracta workcrs as a whole. The avcragc dacs lo utility workas are significantly lower thmn thosc to cmtracta waknr .  During thc 1980s the average annual dose l o  mmitorcd 
utility wakcn was about 1 mSv and to mmitorcd cmlractas about 4 mSv, the carcliponding duses to measurably exposcd wukas were about 2 mSv and 7 mSv, rcspcctivcly. 

f Data indudc both utility wakcrs and contractor workas. 
1 Dab on nwnbcrs of workers arc f r m  IBS). Thc distribution ratios arc average8 for Swedish LWRs waal l  rather than f a  PWRa. ' The data havc brca scale4 on the besir d cnergy generatai, from those rcptcd, which did n d  wvn all PWRr in the USSR. 
' Summary data 6om annual reporb of USNRC Data are u n m r a e d  fcr the reporting d transient workas. The NK ratios arc for the monitored workforce and have bccn derived fran the ratios reported by [R2] f a  the measurably cxpecd 

worldacc. The distribution ratios arc n d  repated formally by USNRClicmsccs. Thcy haw bccn estimated [RZ] as the m a n  d t h c  distributim ratios for individual doses of 10 and 20 mSv. This approximation will, i n  general, cause the tabulated 
distribution ratios to bc werestimatcs b m u x  many occupational exposurc dorc distributions are log-normal. 
Tl~lhac &ta . h d d  be interpreted uilh nrc,  particularly when wmparims are made bctwccn diffacnt pi04 as Lhc w n t r i a  indudcd in thc r u p d v c  ~ummalions m y  drffer from w e  p a i d  to anotha. The dimibudon ratios arc averages 
of those r e p a t 4  and the data on these are often much less wmpletc than data on the &a quantities. ' Thcsc data are the sum d reported data above d e d  to a-t f a  missing data; the numbs  of monitored urnkers aod the collective dosa havc bccn scaled on thc basis ofthc tdal cncrgy p~eratcd by thc rccpectivc rtaaor type and that f a  
the rcpated data. I n  the abcncc d bcna data. thc vducs of the ratios hal5 and SR19 avmgcd o m  the reputed data, can be mnridaed indicative of worldwide Icvcls. 
Data available arc avaagcs for LWRs as a whole and not rcpratcly for PWRI and BWRs. 

" Dunng the early 198Ck administrative oorvtrainu wnc placed on energy grmeratlm by nudur  means; as a coarequence, cdlcctivc dosa unit rnagy generation are higher than they w d d  haw othauix  bcen. 
Data are f a  a iWGCR (all the 0th- entries i n  the Table are for watercoded reactas); data for hals and SKIS are for measurably exposed wakar. 

Encrdy 
generered 

(GW 0) 

Inslolled 
capocity 

(GH? 

c m r ~  
old 

pmpm0d 

Aterobc onnud rfeph'w dose 

HTGRS 

" Sum of reputed data, cxduding Czbchoslda.  
b t a  induded f a  dl cammerdal GCRs i n  the Unitcd &ngbm, including Mapox and AGRs; data for the nrious types d GCRs diffn significantly and uc sumnuuiucd in Tablc 11. ' The plant is used f a  dudination. 

' Thcrmd installed apaaty. 
' F~dud ing  the USSRBR350, which is a desalination plant. ' These data havc brm scaled on the basis d tdal energy genaatcd compared to that f a  the rcpated data, which did n d  covn all LWGRs in  the USSR. 

Atwage 
n& of 
reocrors 
o t w  rhc 

paid 

P o  
mom'raCd 

nwka 

( ~ v J  

Duhiburion rario 

" lhw data are f a  the Fa t  St. Vrain prdotypc rcacta; there wnc n d  enmgh data to allow at imt ing waldwidc dares Gom other protdype ICTGHs. 

Manirorcd 
u a k a s  

frhwonds) 

P o  
mrosvnbly 

aposrd 
wk 

( ~ v I  

N R ~ ~  

052 
0.37 
0.65 

%J 

0.027 
0.015 
0.124 

Mauurably 

w e d  
wakas 

(rharrMdrl 

Wold ' 
1975-1 979 
1980-1984 
1985-1989 

Annud ro l l c~ r iw  rfrcrh.c dose 

0.059 
0.046 
0.148 

0.034 
0.071 
0.030 

Tard 

(M Sv) 

0.03 1 
0.017 
0.097 

0.031 
0.017 
0.097 

1.15 
1.16 
0.78 

1 
1 
I 

0.90 
0.24 
3.25 

0.33 
0.33 
0.33 

Average 

Pff 
reacror 

(man Stj 

Atwage 
pcr unit 
cncrgy 

g m o r c d  
[ m ~  Sv 

(GW o).'] 



?'nhle 9 
1)ose distribution rntlos Tor nicas~~rably cxposrd I.WR workcn In LIw Ilnllcd Slates 
[D2. K2j 

Table 10 
Collecllve eKcdive dose among five occupational groups of LWR workcn in the United States in 1987-1989 
(821 

r 

Yerp 

1973 
1977 
1981 
1985 
1989 

1973 
1977 
1981 
1965 
1989 

" The permtagc of the taal collcaiw dose is given in parcnthc~u. 
I 

Poccnroje of uorkers recehGrg alnunl effcrl;~c~ri,'e dose <hove speri/iul \wlues (NHE x 100) 

- d 

Table 11 
Exposures to workers in difirent types of CCRs in h e  United Kir~gdoni 

Ocrupniond group 

Mdntcnancc 
l l a l t h  physics 
Operations 
Engineering 
Supcnisory 

Tdal 
C 

hfonirored wrkers  

(rhorrrMdr) 

53.8 
123 
10.4 
10.4 
4.56 

91.7 

Avmage rutntrol eficrire dose ro 
monirord workers 

W v )  

4.9 
4.5 
3.2 
3.1 
2.5 

4.3 

* Aral-gcnaadm Mapar rcsaorr with ateel pressure vessels (SWrk used for dcrmcc purpora and generatian d clcctricd energy. 
Sad-gcaerrticm commerdd Mapox reactors with SPVr [W]. 

' Average valus for r a d o n  opaated in Eoglrad and W d a  ody [M8]. 
Third-paation Mapx r a d a r  with ccmaac prearurt v d r  (CWs). 
Average values f a  d l  typa d G C R s  in the United kngdan. 

I0 mFv 

w 
26 
2.3 
16 
9.2 

1 mFv 

63 
67 
64 
-57 
55 

I5 mSv 

24 
17 
14 
8.4 
3.3 

Avcrage ~ n r r n l  collccrir~c efecriw 
darca 

( m ~  SV) 

263 (66.4) 
558 (14) 
33.6 (9) 
32.5 (8) 
1 1.4 (3) 

396 (loo) 

- 
DP of 

GCR 

Mapox S P C  a 

Mapox S W  * '  
M a p x  CPV ' 
AGR ' 

Auerage ' 

5 m'iv 

43 
40 
37 
29 
22 

30 mSv 

6.3 
4.7 
3.0 
0.86 
0.10 

Pnccmoge 01 cdlecri~u dare from mnud ind i~ idud dares abor,c specfied ~'nlucs (aE x I OD) 

1 d v  

98 
98 
97 
% 
94 

A ~ w o g e  mnval effeclitr date per moniraed u o r k n  

WV) 

5 m'iv 

93 
68 
86 
60 
70 

A&wosc normalired rd lecr iu  elJeclive dare 
[man Sv (GH' a)-'] 

1985-1989 

6.2 
1.1 

0.15 
0.18 

0.77 

1975-1979 

8.3 
3.0 
1.2 

2 9  

1975-1979 

27 
7.0 
1.Y 

7.2 

I0 mSv 

8s 
76 
71 
60 
43 

1980.1 984 

9.2 
1.7 

0.63 

1.5 

1980-1984 , 

3 1 
9.4 
1.2 

6.0 

15 &I# 

71 
60 
52 
39 
19 

1985-1989 

27 
5.8 

0.57 
1.1 

3.2 

30 d v  

30 
25 
18 

6.4 
0.90 



T ~ b l e  12 
Summary or worldwide e x p u r c s  ot rcnclors a 

The data are annual \dues arnagcd ovcr the respective five-year pcricds and xe, in gmaal. qwned to two sipificant figran. 
Valun io parrnthaa are IIK pcmntnp conaibutims, rounded 10 the n n r a t  per an( made by thal r n a a  lypc to IIK told energy paated.  
Vdun in pnrenthncs are IIK pcrantap conhibucims, rounded to the n a a !  p a  an( made by that reactor type to the total numba d monitaed workers. 
Vnlua in parcnthexs arc the perantake cmtributims, rnunded to the nearat per ant, made by that rnclor type to h e  total cdlccGve cf fd ive dose. 
l l ~ e  values ol he ratioq NitI5 and SRIy are anly indicative of worldwide levels. Data on t h w  ratias are rlot available lroul all counlrin, and lllc labulslrd vnlucs arc nvcrap c f  tl~osc h t a  reported. 
Avaages of 1978 sod 1979 tabulated and assumed rcprescntntive of whole p a i d  in alneaoc of data for cnrlicr years. 
lnduda data f a  Fm St. Vrain mly; insuftiacnt data to cxtrnpdate to a h a  prdotypc KTGRr. 
Avmapr of 1985-1987 tabulated and assumed rcpcscrrhbvc of whole p a i d  i n  absence of data foc latn ycars in period 
Avmakcd ova 1986. 1987 and 1989, as data f a  dha years in p a i d  wae unavailable. 

Rmcra 

W 

Atwage m u d  

co l la r iw  cfuritc 
dasc 

( m n  sfl 

Atwa,y 

n M a a  of 
re~crors 

1975-1979 

C d l a r i v r  &ecriw 

dose pa unit 

0crgy gCI#Ueded 
[mnn Sv (G W a).'] 

056 
0.6 1 
0.7 1 

0.60 

Atwage m u d  

f lec t iu  dmc ro 
m 0 ~ 1 a c d  W ~ C S  

( ~ v I  

Mmiiored 
w k n s  

(rhauonds) 

Atwage 

inrrallal 
capociry 

(G  V 

Atwage m u d  

0=W' 
gataorut * 
(CW 0) 

3.5 
4.7 
4.8 
6.6 
2.8 
0.03 

4.1 

F'WR 
BWR 
lIWR 
LWGR f 
GCR 
HTGR r 

Tnal 

1980-1984 

Avaote  mud 
d u e  of 

N R ~ ~  * 

0.085 
0.066 
0.12 

0.020 

0.078 

A w a g e  mud 

due 01 
-15 

8.1 
IS 
1 1  
8.2 
6.6 
0.90 

I I 

78 
5 I 
12 
12 
40 
1 

190 

63 (43%) 
59 (39%) 
6.8 (5%) 
5.4 (4%) 
13 (9%) 
1.2 

150 

0.48 
055 
0.58 

0.52 

220 (37%) 
280 (46%) 
32 (5%) 
36 (6%) 
36 (6%) 
0.03 

600 

49 
29 
5.0 
5.9 
9.1 
0.33 

99 

450 (43%) 
450 (43%) 
46 (4%) 
62 (6%) 
34 (3%) 
0.6 1 
0.02 

lW 

PWR 
BWR 
HWR 
LWGR 
GCR 
FBR 
t n G R  

Tall 

1985-1989 

27 (49%) 
15 (ng 
3.1 (6%) 
4.4 (8%) 
5.4 (10%) 
0.03 

55 

56 (55%) 
25 (25%) 
5.7 (6%) 
7.5 (7%) 
6.0 (6%) 
0.50 
0.07 

100 

8.0 
18 
8.0 
8.3 
5.8 
1.2 
0.24 

10 

140 
65 
19 
16 
41 
4 
1 

280 

140 (47%) 
I00 (34%) 
14 (5%) 
9.8 (3%) 
25 (8%) 
1.4 
1.2 

290 

0.32 
0.36 
0.48 

0.01 

0.34 

98 
44 
9.0 
10 
10 
1.0 
0.33 

170 

PWR 
BWR 
HWR 
LWGR ' 
GCR 
FBR ' 
lIMiR 

Total 

3.1 
45 
3.2 
6.4 
1.4 
0.44 
0.01 

35 

230 (53%) 
140 (33%) 
18 (4%) 
13 (3%) 
31 (7%) 
2. I 
0.78 

4 .W 

0.06 1 
0.079 
0.073 

0.00s 

0.069 

220 
84 
26 
20 
44 
5 
I 

400 

500 (46%) 
33l(30%) 
60 (6%) 
170 (16%) 
24 (2%) 

1 .O 
0.10 

l ID0 

180 
67 
14 
15 
13 
1.9 
0.33 

290 

4.3 
7.9 
6.2 
17 
3.2 
1.4 
3.3 

5.9 

120 (65%) 
42 (23%) 
10 (5%) 
10 (5%) 
7.4 (4%) 
0.73 
0.03 

190 

2.2 
2.4 
3.4 
I3 
0.75 
0.48 
0.12 

25 

0.034 
0 . m  
0.066 

0.0CUZ 

0.033 
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Tahlc 14 
Exposures froni coninicrclirl nurlcttr fucl cycle research and dcvcloprncnl a 

Data from UNSCEAH S 1 1 r v c y  o j  Occupa~ional Exposure unless othern*isc indicaled 

Average mnuol r f ic t i tu  d a ~ c  Dubiburion rario 

Annual P a  Per 
Cowiry Monitored Measurably c d l c t r i t , ~  mon iforrd mca~urahly 

~d ~ o r k a s  a ~ a r e d  e~qccrhe nnrrta n ~ a r d  
u v r b s  dare 

NRl5 
ma nvrkcr 

( lhouMdc) (rhoytMdcJ ( m m  511) (nS18) (~S I I )  

Argentina 
1975-1979 0.2 0.01 0.2 1.0 20 0 0 
1980-1984 0.2 0.01 0.17 0.85 17 0 0 
1985-1989 0.13 0.018 0.07 0.54 3.9 0 0 

Canada 
1975-1979 4.49 3.94 13.5 295 3.36 0.055 0.44 
1980-1984 4.55 4.30 11.1 243 257 0.043 0.41 
1985-1989 4.20 3.97 6.1 1.45 1.54 0.026 0.40 

Olilc 
1975-1979 0.02 0.02 0.04 241 2 4  1 0.013 0.031 
1980-1984 0.03 0.03 0.05 200 200 0.032 0.11 
1985-1989 0.05 0.05 0x6 1.23 1.23 0.017 0.OSS 

Q e c h a l d a  
1975-1979 0.36 0.17 0.48 0 0 
1980-1984 0.34 0.18 0.52 0 0 
1985-1989 0.36 0.13 0.38 0 0 

Finland f 
1975-1979 0.01 0.01 1.58 0 
1980-1984 0.00 0.01 258 0 
1985.1989 0.01 0.05 3.47 0.25 

fiance 
1975-1979 20.9 3.19 9.32 0.44 292 0.005 
1980-1984 21 .O 286 8.47 0.40 297 0.004 
1985-1989 19.6 248 6.14 0.31 247 0.002 

Germany, Fai. Rep. of 
1975-1979 0.71 3.80 5.37 
1980-1984 0.84 3.W 3.64 
1985-1989 1.66 1.15 0.69 

Ilunguy 
1971-1979 0.12 0.01 0.01 0.06 1.49 0 0 
1980-1984 0.13 0.01 0.00 0.03 0.83 0 0 
1985-1989 0.12 0.01 0.01 0.07 0.96 0 0 

India 
1980-1984 278 197 636 229 3.23 0.034 0.36 
1985-1989 3.62 238 4.65 1.28 1.96 0.010 0.18 

Indmeaia ' 
1975-1979 0.02 0.09 3.87 0.13 0.37 
1980.1984 0.03 0.04 0.10 3.10 2 72 0.16 0.72 
1985-1989 0.10 0.10 0.W 0.95 0.95 O.O?J 0.47 

Italy 
1985-1989 244 0.45 0.26 0.11 0.58 0.000 0.012 

lapsn 1 

1978-1979 4.12 2U 0.52 0.002 
1960-1984 7.01 7.97 1.14 0.017 
1985-1989 9.18 7.72 0.84 0.008 

Nouay ' 
1980-1984 0.68 0.14 0.53 0.77 3.76 0.W 0.34 
1985-1989 0.76 0.15 0.58 0.76 3.8R 0.012 0.35 
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Table 14  (conl inued)  

" Thc data arc annual values averaged o v a  the indicatd periods. 
Intended to be cxpoaurcs dircdly attributaMe to research and dcvclopmcnt solely for the commercial nuclear fuel cyde. Bccausc d thc uay  data arc colleaed. 
there may be wnbibulions Erom othcr activities, partial m v m g c  a olhc inhanogendtier. ' The d u e s  of M1,$ arc f a  h e  monitored urorkforee. Vaiua  f a  the c x p d  worldorcc can also be estimated where data arc given for b a h  monitored and 
measurably cxpoMd workers. 
Data arc for r-rch adidties carried out by Ontario llydro and AECL; for 1975-1987, h e  data contain a component arising hom isotope prcduaion, u ~ c h  
was thm undertaken by AEU. ' Includes data for fucl research. a research reactor and radioisotope production. 
Comprises only personnel working at m e  research reactor. 

g Comprises only workers at research and prototype reactors. 
hcludcs m l y  workers employed at the research reactor of the Atanif Energy Institute; some other nuclear fuel cycle research may be carried out at o t h a  
research and university institutes. 
Compriseh data for workus at research reactors. 

1 Comprises exponrres of workas at test and research rcadas. the nuclear ship, ATR, critical assemblies, and at research facilities f a  nuclear fuel mataials. 
Comprises only umrkcrs at the Institute &Energy TcEhoology. ' Comprises exposvres d w a k e n  at TRlGA research r e a d a s  and d h a  rue1 research facilities. 
Additional data frorn [W4]. Most of the exposures arise at AE4 Techndogy (formerly UKAEA) sites, but the contribution from cther aganizations conducting 
research and development associated with thc nuclear fuel cyde are also included. Almort half the collunive dosc arises frorn the openlion of the prototype 
SGIIH'R. 

" These data are the sum d expcsures of p a m d a r  catcgaies d employeer and contractors of thc United States Depanment d Energy; h e y  ~ n d u d e  the toul 
cxpcsurcs attributed by USDOE to fusion and waste managcmmt and processing and m e  half of the cxpcuwes attributed to each of the following categoria: 
reactors, general research, f i l l y  maintenance, ruppat and aher. T h i s  allocation exercise is an attempt to uparatcout the nuclear fucl cycle component f r a n  

AMW/ 
cdleclite 
cjlecrita 

date 
(mm St,) 

0.12 
0.50 
0.65 

0.12 
0.08 
0.07 

37.4 
28.2 
24.0 

33.0 
24.2 
19.2 

96.3 
89.4 
66.0 

170 
150 
100 

hfcnrurably 

aposed 
nvrkcrs 

( IJ IOUCM~~J 

0.14 
0.15 

14.8 
12.7 
11.9 

Cowrg, 
Md 

paid 

Republic d Korea 
1975-1979 
1980-1984 
1985-1989 

South Africa 
1975-1979 
1980-1984 
1985-1989 

United Kingdan " 
1975-1979 
1980-1984 
1985-1989 

United States " 
1975-1979 
1980-1984 
1985-1969 

Tdal of reported data 
1975-1979 
1980-1984 
1985-1969 

World p 

1975-1979 
1980-1964 
1985-1989 

Ihe broads range of research activities undertaken by USDOE. Some categories of data were excluded from the summadm because they were n d  ansidered 
relevant to nuclear fuel cycle research (c.g. weapons fabrication) or were already included in another UNSCEAR eategay (e.g. accelerators). The tabulated 
dmes are likely robe an werestimatc d the doses from research that can properly be attributed to the commercial nuclear fuel cycle. 

O T h u e  dau should be interpreted with care, particularly uhcn making comparisons betwccn different pcriada. as the countries induded in the respeaive 
summatioat may differ f r a n  one period to another. Thc distribution raticx are averages of those rcportd, and thc data on these arc atten much I s  complete 
thnn data on the otha quantities. * In the absence of better data w l u a  of the ratios NRIJ and SRIJ for the sum of the reputed data can be cowidcrcd indicative of world~+dc Icvels. 

Monitored 
nnrkcrs 

( t h o u r a d )  

0.25 
0.79 
0.99 

0.25 
0.24 
0.23 

8.49 
9.00 
9.40 

30.3 
28.8 
31.7 

63.4 
75.5 
62.6 

120 
130 
130 

Aterage m w o l  

!'a 

monitored 
x v r k a  

@S\J 

0.46 
0.64 
0.65 

0.46 
0.33 
0.34 

4.40 
3.13 
2.55 

1.09 
0.84 
0.60 

1.52 
1.18 
0.80 

1.4 
1.1 
0.82 

flcctitr date 

P c ~  
menrwably 

a p e d  
worker 

(d) 

3.58 
4.36 

2.24 
1.90 
1.61 

Dbrribution 

N R l ~  

0.004 
0.007 
0.009 

0.004 
0.004 
0 

0.085 
0.050 
0.033 

0.035 
O.M1 
0.01 1 

ratio 

= I S  

0.065 
0.090 
0 

0.42 
0.39 
0.30 
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Table 15 
Pmdlcted curnulalive doses for radlatlon workers In Canada 

is31 

(Irmulativc dac wn an assumed working lifetime of40 ycarr. 

Table 16 
Dktributlon of cumulative doses to measurably exposed workers a1 LWRF in the Unlted States who krmlnaled 
employment between 1977 and 1989 

[R21 

Job rlarsijicarion 

Nudur power station uorkerr 
Olanid md radistim cmtrd 
Kuaa opcrationr 
M c d u n i a l  maintenance 
Fud hadling 
6nhd  technicians 
Training I~ IT  
Elcarid main~amcc 
Co~lruction 
I\mninirtradodsdtyljani~aial 
General maintenance 
llcalth physirs 
SdentifiJpofusiod slaff 

Tcial 

Uraium minm 

h'udur fud p o t a r o r r  

Industrial radiopaphem 

Nwnba of 
monkororad 
uwrkers 

240 
1371 
1132 
228 
564 
44 

179 
1008 
1339 
1092 
60 
1454 

9391 

5429 

115 

2076 

Cwnulnrive 
flcctiw 

Mcan 

459 
456 
454 
268 
266 
240 
222 
130 
120 
116 
106 
89 

242 

138 

166 

296 

dnse (m'iv) 

M d i ~  

269 
321 
283 
152 
173 
127 
115 
61 
6 1 
67 
6 1 
54 

109 

90 

114 

131 

D w a i m  of 
e $ o ~ m f  

b c w 4  

A w a g c  ca-ca 
flecritr dare 

I d 4  

1.02 
1.63 
25.7 
43.6 
SB.0 
117 
74 

14.4 

RMJC 

1-3 
3-5 
5-10 
10-15 
15.20 
23-25 
rZ5 

A1 l 

A ~ w a l c  

1.9 
4.0 
7.2 
120 
16.6 
21.8 
40.9 

3.3 

Pacenragc of workers with r d a i u c  
flcrribr dose above specifid valuer 

1 0 0 m S v  

0.29 
20 
7.1 
13.9 
18.8 
37.4 
20.4 

27 

5 mciv 

40.8 
48.9 
60.4 
68.0 
71.9 
81.3 
55.4 

421 

20 m'iv 

10.6 
17.9 
29.3 
39.2 
4.4 
59 .5 
35.9 

13.7 

I 0  m s v  

295 
37.8 
50.2 
58.5 
626 
R I  
47.5 

31.5 

50 mSv 

4.0 
9.4 
18.9 
28.2 
33.4 
51.8 
30.4 

7.7 

2 0 0  mSI* 

0 
0.07 
0.89 
3.6 
7.1 
19.9 
12.2 

0.51 

500m' iv  

0 
0.01 
0.01 
0.09 
0.45 
3.1 
28 

0.02 
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Table 17 
Churactcrlstlcs of the dosc dlstrlhuUons for monitored workers at the Calvert CiilTs nclcle~r power plant In the 
United Shies 

lGl l  

" Since h e  ertimata arc based cn only x v a  uurkcrq the statistical dgnitieana is very weak. 

I'mnmctcrs 

Numba of workers 
Mean cumulative dose (mSv) 
Pacentage d w a k a s  

uith 8, > SO mSv 
Pacatage d w a h s  

uilh E, > 100 mSv 
Paccotagc d wakas  

uith E, > XMJ mSv 

Tnblc 18 
Number of workers and cumulaUve doses at the Calvert Cliffs nuclear power plant In the Unitrd States 

[GI1 

Rounded to huo sifificmt tigura. 
To rnasurably upaed w a h s .  

Conberl wakrrs 

Dwarion of unploynrcnr @cars) 

Job rolegay 

Main~aance 
Operation 
Hcal~h physics 
Supcrvisay 
Engincaing 

All ategoria 

4 

1347 
6.5 

0.76 

0.53 

0.23 

Urility waters 

Dwation of cmployrnent &cars) 

<I 

1972 
3.4 

0.04 

0.04 

0 

Number of monitorai uvrktrs ' 

>IS 

26 
124 

65 

50 

19 

1-5 

1434 
22 

14 

3.8 

0 

1 -  

1691 
12 

6.1 

1.6 

0.6 

Meon cumdatirr clfecrivc dote ( d v )  

Conrracr 
w r b s  

2000 
440 
710 
140 
590 

4000 

Utiliry workas 

5-10 

946 
57 

42 

23 

4.1 

5-10 

649 
28 

19 

6.1 

0.6 

Comacr 
w r k a s  

19 
16 
71 
25 
26 

31 

Utility wakas  

PIMI 

2300 
400 
110 
90 

110 

10-1s 

146 
78 

48 

31 

11 

Plnnt 

13 
13 
47 
29 
17 

Non-plant 

lo00 
250 
220 
53 

150 

10-15 

203 
37 

26 

9.9 

2 0  

Non-plmr 

13 
4 
4 
7 
7 

4960 

>IS 

7 
61 " 

9' 

29 ' 

0 '  

13 
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Table 19 
Average cumulative effcctivc dmcs (mSv) Imm external n~dlaUon to workers e l  Sellnficltl 

1 ~ 9 1  
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Tnblc 20 
Cun~ul~i l ive  dmcs tu workers nl industrial and mscarch cs(ablishn~cn(s In the Unllcd Kingdon1 

[K51 

" Minor inmnsistmda in told$ arc duc lo r d i n g  d values after summatim. 

Dimibution 
basis 

Number of indi~Uualr in 
rumula~ivc cffcrri~r dare rongc ( rhmondr )  

Number of 
unrkes 

(rhorrrMdr) cI0 d v  

Dialtihution by silc (cmploycr) 

Collccrivc 
flcc'crrivc 

d m  
( m ~  SI,) 10-50 d v  

B N n  
MOD-AWE 
MOD-DRPS 
Nudur E l d c  
L W A  

T d  a 

Mean rumularirv 
cffcrrirv d m  

I& 

10.2 
8.6 
20.7 
4.5 
14.9 

56.9 

50-100 MYV 

25.6 
10.2 
27.2 
8.2 
23.9 

95.2 

Distribution by year of birth 

>I00 mSv 

7.46 
1.25 
4.64 
253 
5.46 

21.3 

1805 
85 
38 1 
198 
730 

3198 

Mac 1915 
19l5-1919 
1920-1924 
192.5-1929 
1933-1934 
1935-1939 
1940-1944 
1945-1949 
1950-1954 
1955-1959 
1960-1964 
1965-1969 
A f t u  1970 

Total ' 

70.4 
8.3 
14.0 
24.1 
30.5 

53.6 

3.08 
0.24 
1.02 
0.7 
1.63 

6.67 

3.33 
1.47 
277 
3.30 
3.86 
4.43 
5.32 
7.09 
7.38 
9.73 
7.75 
251  
0.01 

58.9 

4.85 
0.15 
0.88 
0.48 
1.91 

8 . n  

Di~ l r ibut ion  by year in which radiation work hegan 

56.4 
79.7 
68.8 
62.4 
50.8 
373 
28.9 
23.6 
19.4 
12.3 
6.5 
2 9  
0.1 

33.6 

1.53 
0.89 
1.71 
1.95 
218 
230 
239 
264 
2 34 
209 
1.13 
0.19 

0 

21.3 

6.40 
3.46 
6.36 
7.30 
7.98 
8.29 
8.97 
11.1 
10.9 
12.7 
9.14 
272 
0.01 

95.2 

1940-1944 
1945-1949 
1950-1954 
1955-1959 
1960-1964 
1965-1969 
1970-1974 
1975-1979 
1960-1984 
A f l u  1985 

Tacll 

361 
276 
437 
456 
J06 
309 
259 
26 1 
211 
156 
59 
7.9 
0.0 

3198 

0.57 
0.38 
0.69 
0.83 
0.84 
0.73 
0.61 
0.68 
0.61 
0.53 
0.20 
0.01 

0 

6.67 

0.97 
0.72 
1.20 
1.23 
1-10 
0.83 
0.66 
0.67 
0.52 
0.31 
0.06 
0.00 

0 

8.27 

0 
0.76 
205 
4.34 
5.47 
3.72 
4.98 
15.7 
14.9 
6.98 

58.9 

35.0 
50.9 
112 
69.8 
43.3 
39.9 
35.8 
17.7 
7.0 
2 6  

33.6 

0.00 
1.64 
5.92 
10.8 
10.6 
8.34 
10.2 
22.5 
17.9 
7.39 

95.2 

0.0 
83.6 
664 
752 
460 
333 
3 3  
399 
1 3  
19.2 

3200 

0.001 
0.41 
1.55 
3.02 
2 85 
293 
3.28 
4.52 
244 
0.35 

21.3 

0 
0.23 
0.68 
1.30 
1.00 
0.79 
0.90 
1.31 
0.42 
0.06 

6.67 

0 
0 .Z  
L64 
211 
1.32 
0.90 
1.00 
0.93 
0.12 
0.00 

8.27 
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Tuble 21 
Worldwide average unnuel exposures from the commerclel nuclenr fuel cyclc a 

l h c  data arc annual dm averaged o v a  the indicated pcriodr. 
Thc d u c s  of the distritutirn ratios should mly  bc m r i d a c d  indicative of uwldwidc Icvels as thcy arc b a d ,  in general, on d a b  from far fcwa countria 
than the d a b  for numba of workna and cdlcaive dosa .  
This  ratio applies to monitored workers. 
Alw indudcs uranium obtained a for purpo.a d h a  than the canmcrdd  nudcar fuel cydc. 
The data f a  mining and milling (except f a  ,NR and SR) h m  been modified frm thwc reportad by using a cooversion f a d a  d 5.6 mSv WUI-' f a  exposure 
to radm daughtas (d. 10 mSv WLM-' wed in thc rcpaccd data). 'lhc ratios hal5 and SRIJ arc averages of reported data in which, in gcaaal. Ihc pc\iourly 
wed coavrn im f a d a  has becD applied. l h c  labulated ratios u c  ~ U I  rtricrly for a value o f E  runcwhat 1 6 s  than 15 rnSv. Thc r c l a t i c d p  bawccn the reported 

Practice 

~ ~ 

md rc\ilcd data ir n u  l inur b t c l w c  expahurc crmn f ran  a h a  than JIM inhalatim d radon progeny. 
Alw i n d u d a  rhe repromring d r u n e  Fuel From the defence n u d u r  fud  cyde. 
Dm not indude data f a  LWGRs, FBRs and H E R S .  
Ratio applia to LWR mid tlWR fucla only, as data for &a fuclr arc not arailablc; the ratio would be smaller iC all hrcl cypa w a c  induded. 
Dm not include data for GCRs, LWGRs, FBRs and 1ITGRa. 

Monitored 
workers 

( t h o u r ~ d f )  

1975-1979 

Disnibutian ratio * 

Mning ' 
Mlling d' 

h i h c n t  
Fud hbricatim 
R u d o r  operation 
Reproccaring f 
R u o r c h  

Tdal  

Atwagc manual 
cdlectivc 

flecriw dme 
(m M Sv) N R ~ ~  c 

A w a ~ e  ~ n u n l  
Cffccritu dare to 

nwnirorcd wwrkers 

( ~ T L . )  = I S  

240 
12 
1 1  
u) 

150 
7.2 
120 

560 

1980-1985 

5.5 
10 
0.5 
1.8 
4.1 
7.3 
1.4 

4.1 

1300 
120 
5.3 
36 
600 
53 
170 

2300 

Mmning ' 
Mlling ' 
Enrichment 
Fud f a b r i a t i a  
Rcador operation 
~ e p r o c c a r i n ~ f  
Raearch 

T d d  

0.37 
0.41 
0 

0.012 
0.078 8 

0.16 
0.035 

0.M 

0.30 
0.30 
0 

0.002 
0.069 r 
0.10 
0.021 

0.16 

0.69 
0.76 
0 

0.38 h 

0.60 ' 
0.29 f 
0.42 

0.63 

310 
23 
4.3 
21 
290 
9.4 
130 

800 

0.61 
0.64 
0 

0.11 
0.52 ' 
0.11 f 
0.39 

0.55 

1985-1989 

1600 
120 
0.8 
2 1 
lo00 
47 
150 

Mo 

5.1 
5.1 
0.2 
1.0 
3.6 
4.9 
1.1 

3.7 

4.4 
6.3 
0.08 
0.78 
25 
3.0 
0.82 

29 

0.25 
0.18 
0 

0.002 
0.033 r 
0.064 
0.01 1 

0.10 

0.52 
0.43 
0 

0.019 
0.34 ' 
0.12 f 

0.30 

0.42 

1100 
120 
0.4 
22 

1 100 
36 
100 

2500 

Mning 
Milling d r  

Enrichrncnt 
Fud fabticatia 
Reactor operadon 
Repr-ing 
R a a r c h  

Tdll 

260 
18 
5.0 
28 
430 
12 
130 

680 
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Tnble 22 
Summary of normallzed collective effcctlve do.- Tor the fuel cycle btis~d on speclflc reactor types 

" 'Ihe dab arc ~nnual values averaged o v a  the indicated periods and are, in general, quoted to two significant figures. 
The data for mining and milling ( e x ~ p t  for NR and SR) haw bccn modified han those reputed by using a ~ v e r r i o n  f a a a  of 5.6 mSv wLM-' for exposure 
toradm daughtas (cf. 10 mSv WLM" used in the reported data). Thc ratios NRlS aod SRIS arc avaagw of reported data in which, in gcncml, the prcviwly  
used conversion factor has been applied. She tabulated ratios are thus strictly for a value d E  a m n u h a t  less than 15 mSv. The relationdrip between the reported 
and revised data is  not linear because expasure occurs from other than j u t  inhalation of radon progeny. 
Robably ao overestimate, as the collcctivc doses Fran whi& the nmmalizcd d u n  were derived m l a i n  a mntribution From enrichment for purposes other 

Pracrkc 

h the m m m a d a l  nudear fuel cycle. 
This rorrnded approximate value has bem estimated by associating the collcdivc d m  received from rcswrch camed cut in the period 1955-1969 with the rum 
d the m a g y  generated in the same period plus that likely to be generated by cxistingreadors over the d e n  30 years. The vaiuc is judged to be an wercstimatc. 

' The value for 1985-1989 was assigned in the absence d other data. 

NormolLad rd lccr i~v  cffecrirv date [mnn Sv (GW a)-'] 

1975-1979 

LR'Rs 
IIU'Rr 

P117Lr 

Mining 
Milling 
Enrictrment 
Fud fabricatim 
Rcaaor opaation 
Reprocessing 
Research 

Total without reprocessing 

Total uith rcpr-ing 

5.7 
0.52 
0.02 
0.69 
12 

0.70 
1 

20 

21 

G C R s  

6 U'Rs 

5.7 
0.52 
0.02 
0.69 
8.1 
0.7 
1 

16 

17 

1980-1984 

Magnm A I1 

5.7 
0.52 
0.02 
0.69 
18 

0.70 
1 

26 

27 

4.7 
0.42 

0 
0.20 
11 

1 

17 

AGRs 

Mining 
Milling 
Enrichment ' 
Fud fabrication 
Rcador operation 
Reprccessing 
Reaearch 

Tdpl without reprmessing 

T a l  with rcpr-ing 

8.5 
0.78 

0 
0.71 
7.8 
17 
1 

19 

36 

5.5 
0.41 
0.02 
0.19 
11 

0.75 
1 

18 

19 

5.7 
0.52 
0.02 
0.33 
1.1 ' 
0.75 

1 

9.4 

8.7 

5.5 
0.41 
0.02 
0.19 
8.0 
0.75 

1 

15 

16 

1985-1989 

4.3 
0.33 

0 
0.16 
8.0 

1 

14 

5.5 
0.41 
0.02 
0.19 
18 

0.75 
1 

2S 

26 

8.3 
0.61 

0 
0.81 
8.0 
12 
1 

19 

31 

3.6 
0.36 

0 
0.22 
6.2 

1 

11 

4.3 
0.44 
0.02 
0.07 
5.2 

0.65 
1 

11 

12 

Mining 
Milling 
Enrichment ' 
Fud fabrication 
R a d o r  operation 
Reprocessing 
Research 

Total withorn reprmessing 

Taal with rcpr-ing 

5.5 
0.41 
0.02 
0.31 
1.1 ' 
0.75 

1 

8.4 

9.1 

4.3 
0.44 
0.02 
0.07 
4.3 
0.65 
1 

10 

11 

6.7 
0.66 

0 
1.4 
6.7 
11 
1 

16 

27 

4.3 
0.44 
0.02 
0.07 
7.9 
0.65 

1 

14 

15 

4.3 
0.44 
0.02 
0.45 
1.1 

0.65 
1 

7.5 

8.1 
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'I'uble 23 
Exposures to workem fronl defence aclivitles a 

Data from UNSCFAR S u m y  of Occupalional Erposures 

Counhy 
Md 
pa 

Nwnba 

o/ 
.hips * 

A 

Weapons Irhricrtion and msocisted uc+ivitits 

Awragc ~ n u a l  e f i r r i ~ r  
dmr 

United K n g d a n  
1975-1979 
1980-1984 
1985-1989 

United S h t u  

1975-1979 
1980-1964 
1985-3989 

TUd f 
1975-1979 
1980-1984 
1985-1989 

~ n n w l  
rdlerrhr 

flccritrdarc 

p s h i p b  
( ~ I M  St,) 

Monirorad 
workers 

[ f h o u r ~ d r )  

P a  
monitored 

worker 

(msv) 

Dtfribution ratio 

Pa 
mcarwlrbly 

-ad 
worker 

( m s )  

hatJ 

Nor 
applirnblc 

Nor 

appfkabir 

Nor 
applicable 

M e ~ r u a b l y  

apucd 
*arks 

[fhowMdr) 

sIJ 

Nuclear s h i p  and their suppart facililies 

On-bcerd p a ~ n d  

Annual 
cdlecrhc 
flccriu 

dase 
( m ~  st) 

3.14 
3.71 
4.20 

17.6 
18.3 
15.9 

20.8 
225 
20.1 

9.31 
8.26 
7 . 9  

0.39 
0.14 
0.075 

0.19 
0.12 
0.10 

0.21 
0.12 
0.10 

5.89 
230 
1.44 

229 
163 
15.4 

28.8 
18.6 
16.8 

United K n @ m  I 
1975-1979 
1980-1984 
1985-1989 

United St.to 
1975-1979 
1980-1964 
1985-1989 

Tad f 
1975-1979 
1980-1984 
1985-1989 

S h e - h d  pawnnd 

295 
3.56 
246 

10.9 
11.7 
11.9 

13.8 
15.2 
14.4 

3.26 
257 
1.68 

1.14 
0.62 
0.45 

1.31 
0.68 
0.48 

15 
16 
19 

120 
136 
148 

135 
153 
167 

0.025 
0.018 
0.01 1 

0.017 

0.002 ' 
0.001 ' 

1.81 
0.89 
0.86 

20.1 
26.2 
34.1 

21.9 
27.1 
34.9 

United Kin- g 

1975-1979 
1980-1984 
1985-1989 

United States 
1975-1979 
1980-1984 
1985-1989 

T& f 

1975-1979 
1980-1984 
1985-1989 

Nor 
opplicoble 

Nor 
appliclrble 

Nor 
applklrble 

1.4 
1.1 

0.53 

0.36 
0.22 
0.21 

0.47 
0.31 
0.24 

15 
16 
19 

120 
136 
148 

135 
IS3 
167 

All perronncl 

0.94 
0.96 
0.59 

0.62 
0.62 
0.75 

0.67 
0.68 
0.71 

4.48 
3.21 
1.89 

284 
1.54 
1.36 

3.22 
1.92 
1.46 

0.088 
0.056 
0.021 

0.096 ' 
0.027 ' 
0.029 ' 

4.55 
5.54 
5.39 

15.1 
19.1 
223 

19.7 
24.7 
27.7 

1.17 
1.41 
1.58 

20.4 
17.8 
10.2 

43.0 
29.5 
30.2 

63.4 
473 
40.4 

4.13 
3.11 
1.86 

1.8 
1.2 

0.61 

United K i n d a n  
1975-1979 
1980-1984 
19U-1989 

0.07 1 
0.050 
0.019 

0 
0.0002 

0 

0 
0 
0 

263 
20.1 
11.6 

15 
16 
19 

6.36 
6.43 
6.24 



The data u c  annual valurs avcrngcd ova  thc indicated periods. 
This column applies only for entries unda *Nudear ships md their suppat facilities'. 
Data born [Dl]. The adud cffcdivc doses arc typically l a s  than 50% d the tabulated d u c j  which arc thmc rncasured by Ihc dasimclcr. ' ?he nluc for this period arc averages f a  the year 1979. 
Indudea cxpawes d cmployw of the United Stata Dcpartmcnt of b u g y  and ccntractas cngagcd in wcapms fabrication md testing Bcforc 1987 the 
cdlcaive d m  wac  cvnluatd as the sum ol the products of the number of workers and thc m a n  dasc in each dose in tanl ;  rukqucntly, aaual individual 
daes w a c  used in the summation. 

f Valuer derived rs the rum a weighted avcngc d the five-year avcngd data for the United Kingdom and the United Stales. 
Data horn [Dl]. The data u c  rcporced for on-board and shore pcnmnd. Shore-tared pascand may comprise bah civilian d mvia paroanel. Since the 
early 198% Qrirnctas have bccn issued d y  to m-board p e r m e l  who necd it during thdr duties at sca and to those designated 1s d.uiGcd persons m 

ahac. 
Data from pl. M9 and MIO]: thc data rcpatcd f a  fltcc and shipyard p m d  arc categorized h a c  undcr 'm-kurd* and 'rhuc baccd' nawithsmnding h e  

Is& of dirca cguivalcnce bchwcn the ruptaivc catcgnia. 
' Tnc d u c r  arc for the froaim of thc woLfotcc rcccibing annual dmes in cxccsl d 10 mSv. 
1 Data from [Dl], induding cxposurcs f r m  111 defence aciibities. 

Country 
and 

pcriad 

United Stntu 
1975-1979 
1960-1984 
1985-1989 

T O I ~  f 

1975-1979 
1980-1984 
1985-1989 

Nwnhr 

o/ 
sh ip  

120 
136 
I48 

135 
153 
167 

All dcfcncr m d v i t i a  

Moni~ored 
nwrkcrs 

(th01~wd.r) 

35.2 
45.3 
56.4 

41.6 
51.8 
626 

Mennuably 

upad 
u w r b s  

( r h o u r 4 J  

11.9 
128 
122 

92.5 
101 
115 

104 
116 
127 

United Kingdoin j 
1975-1979 ' 
1980-1984 
1985-1989 

United Slala 
1975-1979 
1980-1984 
1985-1989 

Tad f 
1975-1979 
1980-1984 
1985-1989 

55.8 
61 5 
73.0 

h'or 
nppiicablc 

h'or 
opplicablc 

Nor 
cpplirable 

Annual 
cdlecrivc 
cferrhe 

d m  
( m ~  Sv) 

65.9 
45.8 
45.6 

92.2 
65.8 
57.3 

h'or 
npplicnblc 

Nor 
applicable 

Nor 
npplicable 

35.8 
26.3 
14.6 

101 
56 
69 

137 
82 
84 

Annwl 
cdleerirw 

c/fcclhu d c w  

per 
( m ~  Sv) 

0.55 
0.34 
0.31 

0.69 
0.43 
0.34 

3.00 
206 
1.19 

1.09 
0.54 
0.60 . 

1.3 
0.71 
0.66 

1.81 
0.91 
0.95 

Atwage ~ n u a l  rffecrh.c 
dare 

0.01 
0.028 
0.010 

Pcr 
monirorrd 

uwrkcr 
(fis) 

1.87 
1.01 
0.81 

222 
1.n 
0.91 

Dkiburion ratio 

Pcr 
mcatroably 

upared 
u w r k  

NR,, 

0.05 1 ' 
0.012 : 
0.012 ' 

SJ5 



Tnble 24 
Dblribulion of cumuluUve doses fmm dcrence acUvltics In the Uriltcd Kltlgtlom and In Ule l l~ l l lcd S h t c s  

* h d u d a  about 95% d !he d a c e  invdved with the n u d c u  weapons pogamme.  

d 

Cumulorhr cffccrha dasc (mSv) I Pcrcrnro~c of workJorce 

Nuclear weapons prnwatnme 

Unitd %;logdm 1989 

0- SO 
50-100 

100.200 
200.300 
300-400 
400-500 
>500 

Nmber of pcncmnel in 1989 ' 

%.4 
234 
0.90 
0.25 
0.05 
0.03 
0 

3843 

h'uclcar s h i p  (optmtion and rupporl) 

Tatl 

87.4 
7.0 
3.7 
1.3 

0.40 
0.13 
0.02 

6556 

On shore 

83.0 
9.2 
5.2 
1.8 

0.57 
0.18 
0.03 

4627 

Lmited Kingdrm. 1989 

0- SO 
M-100 

100-200 
200-300 
300-400 
400-500 
>500 

On baud 

98.0 
1.8 
0.2 
0.0 
0.0 
0.0 
0.0 

Unitd .%la. 1991 

0- 50 
50.100 

100-150 
150-200 
200-250 
250-300 
- ~ 5 0 0  
2.500 

Numba of pcncnncl in 1989 

99.67 
0.32 

4 0 1  
0 
0 
0 
0 

1929 

88.85 
6.99 
2 23 
1.12 
0.47 
0.26 
0.08 

~ 0 . 0 1  

Dclcncr w ~ r k c n  

Told 

89.7 
5.6 
3.0 
1.1 
0.37 
0.19 
0.03 

CSvilian pcrmnnel 

85.7 
7.4 
4.4 
1.6 
054 
0.25 
0.04 

United Kiagdrm. 1989 

0- 50 
50-100 
100-200 
200-300 
300400 
400-500 
>500 

Senicc perscanel 

97.3 
2.2 
0.3 1 
0.03 
0.07 
0.08 
0.001 



Table 25 
Cumulative doses in dose rcgistrlw for defence workers in the Zlnltcd Klngdonl 

Untn from thc Gntral lndcx m h c  lnfor~nation (CILM) arc fw classified radiation workers ody, including employees and ccntractor of the M~nistry of Dcfcncc. F.xfmal and intcrnal d w n  are included. 
Data f ~ o m  rhc National Rcistry m Radintion Workers nrc for clauified and nonclassified workers up lo 1986, including cnly mployctr d thc Mininlry of Lkfcncc and n d  mawactor wakcrs. External and internal dosa arc included. 

' Data strictly f a  !he k a n i c  Wcapoat EftnNishmcn~ mly, but can be assumed to be repcsartative of the wcapom programme as n whole. ' Dnts arc f a  those moaitocd by the Ddmcc Rndidogicnl Prastion Snvia. They ampisc all dcfcncc crnployees and coatnaorr apart from those d thc Atomic Wcapom btablishmcnt. Most d h e  uporurcs are asadnted with thc mval 
nudur propulsion programme. 
7hc puanbgn arc f a  thc to(ll cumulrtivc dnc  received by individual w a k n r  m the Nalimnl Registry m Radiation Workera. ' The pcroarbgcs arc f a  thc cumulrtivc d m  rcrsiKd by individual wakerr up to thc rgc d 30 yurr. 

Clom~lan'w 
qyertiu 

dasc 

W r l  

c I 
1-5 
5-10 
10-20 
20-50 
50-100 
100-200 
200--3M 
300400 
400-600 
A00 

Numbu d wxkcrs 

Avcrap cumulative dose (mSv) 

Parmtage of nwkfarc  

Ccnird l n d a  ar Dosc InJwmafion Nat iard  Rcgisqv on Rodiariar W k u - s  

U'mparr p r o g r m  C 

Employcu 

19.9 
24.9 
127 
15.7 
16.0 
5.7 
3.9 
0.84 
0.28 
0.03 
0.03 

3913 

21.8 

All d a t a  ' 
A 11 

dcjauc 
cmployecr 

20.0 
20.9 
126 
14.1 
16.4 
8.3 
5.2 
1.6 
0.58 
0.22 
0.01 

8948 

29.0 

Dose lo age 30 yearsf 

Conaocr 
W Q ~ S  

21.6 
28.3 
19.3 
18.6 
9.8 
2.3 
0 
0 
0 
0 
0 

388 

9.4 

O r h a  dcjauc * 

Wmpars 
p r o p m e  ' 

18.7 
33.0 
16.7 
14.9 
11.9 
3.2 
1.2 
0.27 
0.W 
0.02 
0.01 

10278 

13.0 

Worrpmr 
p r o ~ a w w c  ' 

61.6 
21.4 
8.4 
5.3 
2.4 
0.50 
0.18 
0.05 
0 
0.01 
0.0 1 

10278 

3.5 

Employcu 

28.8 
20.8 
13.0 
13.1 
14.7 
6.3 
2.5 
0.52 
0.16 
0.12 
0 

2490 

18.3 

~ m a a r r  
n w k  

9.6 
127 
10.7 
11.7 
20.1 
16.5 
11.8 
4.5 
1.7 
0.74 
0 

2157 

58.1 

0th- 
defence 

aaiv;riu 

37.7 
25.5 
11.5 
9.9 
8.4 
3.8 
2.2 
0.67 
0.26 
0.12 
0.03 

32523 

14.5 

O l a  

dcfave 
activiriu 

61.0 
19.9 
7.5 
5.5 
3.8 
1.4 
0.65 
0.14 
0.02 
0.0 1 
0.02 

32523 

5.3 

A 11 

dejawc 
acrivitiu 

33.1 
27.3 
128 
11.1 
9.2 
3.6 
1.9 
0.n 
0.22 
0.09 
0.03 

42810 

14.1 

All 
ddcncc 

a c f ~ f i ~  

61.2 
20.2 
7.7 
5.4 
35 
1.2 
053 
0.12 
0.01 
0.01 
0.0 1 

428 10 

4.9 



Ttible 26 
Exposum Lo worken froni lnduslrlal uses or ~ d i a t i o n  (excluding the con111iercl111 n ~ ~ c l u ~ r  fucl cycle and defence 
activltles) " 
Data from UNSCEAN S u m y  of Occupa~ional Exposures unless otllcwvke indicated 

A\wagc ~ n u a l  cffcctivc dare Dicrribution rario 

Caunfry Annual Per Pcr 
~d Monitored Mconrrably cdlccriw mcxlirored mcmwably 

~ v r k e r s  efcrli\c uvrkcr =par& 
rorkers darr w o r k  

NR,, * a 1 5  

(thoucmdr) ( r b u r a d r )  ( m ~  Sv) I d \ . )  

Indur~rGl radiogmphy 

Argentina 
1985-1989 0.046 0.01 0.027 0.59 27 0 0 

Australia ' 
1985-1989 0.40 0.26 0.40 1.01 1.52 0.007 0.11 

Brazil 
1985-1989 3.3 14.5 

Canada 
1975-1979 1.07 0.71 4.33 4.05 6.08 0.077 0.51 
1980-1984 1.46 0.76 4.88 3.35 6.41 0.W6 0.53 
1985-1989 1.43 0.84 6.47 4.51 7.75 0.093 0.57 

Qlina (Taiurn Province) 
1985-1989 1.01 1.53 1.52 

MalCMki1 

1975-1979 0.9 1.24 231 0.027 0.31 
1980-1984 1.03 219 212 0.016 0.16 
1985-1989 1.32 215 0.011 0.14 

Denmark 
1975-1979 0.24 0.23 0.98 0.003 0.NO 
1980-1984 0.33 0.43 1.33 0.009 0.12 
1985-1989 0.4 1 0.48 1.19 0.004 0.076 

Ftnlsd 
1980-1984 0.03 0.05 1.51 0 
1985-1989 0.06 0.11 1.65 0 

Frma ' 
1975-1979 1.28 1.47 1.15 0.027 
1985-1989 1.6 0.09 0.28 0.18 3.11 0.002 

Gcmm Dan. Rcp. 
1980-1984 209 a43 0.83 0.40 1.93 0.002 0.17 
1985-1989 2 15 0.32 a39 0.18 1.23 0.002 0.22 

Gammy, Fed. Rcp. oC 
1985-1989 4.67 1.61 7.10 1.52 4.41 0.W 0.33 

Hunguy 
1975-1979 1.13 0.41 2% 225 6.13 0.029 0.40 
1980-1984 1.24 0.39 1.47 1.19 3.79 0.012 0.22 
1985-1989 1.16 0.37 L 15 0.99 3.14 0.005 0.13 

I o L a  
1980-1984 293 1.39 9.0 3.07 6.50 0.055 0.55 
19s-1989 4.23 216 13.2 3.12 6.10 0.058 0.54 

lndmcria 
1980-1984 0.14 0.02 0.22 1.53 10.8 0.033 0.45 
1985-1989 0.43 0.03 0.40 0.95 14.9 0.059 0.10 

Ireland 
1980-1984 0.07 0.04 0.05 0.75 1.39 0 0 
1985-1989 0.05 0.03 0.06 1.41 257 0.010 0.15 



Tnhlc 26 (continued) 

Cowrny 
Md 

paid 

Ispan 
1980-1984 
1985-1989 

M c ~ u ,  
1985-1989 

Netherlands 
1980-1984 
1985-1989 

New Zcaland [MZ] 
1980-1984 

h'crw2.y 
1980-1984 
1985-1989 

South Africa 
1975-1979 
1980- 1984 
1985-1989 

Spain 
1985-1989 

Swedcn 
1975-1979 
1980-1984 
1985-1989 

USSR 
1975-1979 
1960-1984 
1985-1989 

United K i n d m  * 
1980-1984 
1985-1989 

United S b t a  ' 
1975-1979 
1960-1984 
1985-1989 

Total of reporred data ' 
1975-1979 
1980-1984 
1985-1989 

World 1 

1975.1979 
1980-1984 
1985-1989 

Monjrored 
norkcrs 

(rhowMdr)  

3.31 
283 

0.82 

0.97 
1 .02 

0.15 

0.60 
0.82 

0.57 
0.75 
0.72 

0.82 

0.77 
0.66 
0.64 

227 
2 53 
263 

1.82 
4.62 

17 
27 
23 

24.0 
421 
49.9 

72 
116 
108 

Nchlands 
1980-1984 
1985-1989 

United Kingdan [a, IIZ] 
1980-1984 

United Stato I 

1975-1979 
1980-1984 
1985-1989 

Measurably 

u a r k a s  
(rhourMdr) 

1.58 
1.W 

0.49 

0.44 
0.40 

0.31 
0.45 
0.32 

0.66 

0.19 
0.17 
0.25 

4.08 

12 

Radiography 

A ~ s a ~ c  MWI 

Pcr 
monitored 

nwrkm 

(mT19 

1.71 
1.19 

6.23 

0.35 
0.47 

233 

0.99 
0.76 

0.19 
3.18 
233 

1.50 

0.63 
0.57 
0.43 

13.2 
7.96 
6.55 

1.98 
1.18 

294 
2 %  
1.70 

3.74 
2.98 
1.98 

261 
1.98 
1.44 

fixed locations ' 

0.04 
0.06 

200 

2.80 
3.90 
0.67 

0.49 
0.54 

1.29 

207 
3.54 
1.85 

Annuol 
caliecriru 
eflccrhu 

dare 
( m ~  Sv) 

5.67 
3.35 

5.10 

0.34 
0.48 

0.35 

0.79 
0.62 

0.11 
238 
1.68 

1.23 

0.49 
0.38 
0.28 

30.0 
20.2 
17.2 

3.60 
5.67 

50 
60 
39 

893 
125 
98.7 

190 
230 
160 

carried out BI 

C//CCII'I'C dose 

Pcr 
mcarlodly 

a d  
norkcr 

( m w  

3.59 
3.09 

10.5 

1.81 
1.M 

0.35 
5 . 3  
5.29 

1.87 

2 %  
227 
1.12 

1.39 

3 . 3  

D k h i h r i o n  

NNIJ 

0.015 
0.006 

0.102 

0.002 
0.004 

0.001 
0.003 

0 
0.052 
0.033 

0.018 

0.005 
0.002 
0.002 

O.U?? 
0.009 

0.037 
0.026 
0.026 

ratio 

9115 

0.67 

0.13 
0.20 

0.038 
0.10 

0 
0.44 
0.M 

0.32 

0.16 
0.059 
0.15 

0.43 

0.39 
0.42 
0.44 

0.07 
0.11 

1.55 

1.35 
1.10 
0.36 

O.II26 

0.(109 
0.007 
0.001 

0.42 
0.17 
0.19 
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Tablc 26 (continued) 

Cocmay 
and . 
p~rid 

I h a l  of reported dau ' 
1975-1979 
1980-1984 
1985-1989 

Monitored 
uorkers 

( r h o r r r d )  

207 
3.54 
1.85 

R d i o p n p h y  carried out rich mobile unilr 

M c ~ y a b l y  

-ad 
~ v r k a s  

(rhorrr~d.~)  

Nclhnlanda 
1980-1984 
1985-1989 

United Kingdom [K3, HZ] 
1980-1984 

United S b t a  ' 
1975-1979 
1980-1984 
1985-1989 

Tad of reported &u ' 
1975-1979 
1980-1984 
1985-1989 

 AM^ 
rdlcrrivc 
cfJrcrivc 

d a n  
( m ~  Sv) 

280 
3.90 
0.67 

5.34 
5.10 
4.66 

A t w a ~ r  ~ n u a l  cffccrivc dare 

I'a 
mmirord 

u o r k a  

( ~ v I  

1.35 
1.10 
0.36 

Dimiburion rario 

0.84 
1.17 

1.75 

297 
3.26 
3 . n  

297 
3.08 
3.17 

0.28 
0.30 

0.57 

10.4 
7.71 
6.13 

10.4 
8.56 
6.42 

a015 

0.033 
0.042 
0.043 

0.033 
0.W1 
0.043 

France [PZ] 
1975-1979 
1980-1984 
1985-1989 

Indi. " 
1980-1984 
1985-1989 

Swicra ld  [Is131 
1975-1979 
1980-1984 
1985-1989 

Unitd Kingdom 
(pain!) [U3] 
1975-1979 

Lkiitd Kingdm 
(~fitirrm) O 

1975-1979 
1980-1984 

Tad of rcponcd data 
1975-1979 
1980-1984 
1985-1989 

P a  
mcarurabl)~ 

=pal 
unrkcr 
( m w  

NR,, 

QCQ9 
0.007 
O.M1 

0.50 
0.49 
0.44 

0.50 
0.47 
0.44 

Luminidng iaduslrin 

0.375 
0.242 
0.182 

0.077 
a 190 

231 
1.02 
0.68 

0.40 

1.46 
1.10 

3 .n  
134 
1.45 

Y(~.c 

0.42 
0.17 
0.19 

5.78 
4.93 
4.30 

0.071 
0.044 
0.M7 

0.067 
aui 

0.206 
0.130 
0.158 

0.093 

0.25 
0.33 

0.51 
o.n 
0.54 

R d i a r a l o p c  produdon and distributim 

0.24 
0.34 

0.99 

30.9 
25.1 
20.0 

30.9 
26.4 
20.4 

' 

5.30 
5.52 
6.84 

1.16 
1.26 

11.2 
7.82 
4.31 

4.32 

5.89 
3.33 

7.4.1 
5.01 
271 

0.028 
0.056 

Argclltirv 
1975-1979 
1980-1984 
1985-1989 

Gn.& ' 
1975-1979 
1980-1984 
1985-1989 

278 
3.37 

4.05 
2 10 
247 

2.67 
5.83 
1.61 

0.17 
0.22 
0.18 

0.046 
0.033 
0.295 

0.14 
0.17 

0.01 1 
0.021 

0.25 
0.14 
0.039 

0.12 
0.057 

0.18 
0.08 1 
0.026 

3.84 
7.28 
294 

0.66 
0.55 
0.52 

0.16 
a54 

0.53 
0.39 
0.18 

0.35 

0.65 
0.40 

0.58 
0.37 
0.31 

0.032 
0.027 
0.162 

0 
0 
o 

0.017 
0.090 
0.014 

0.67 
0.45 
a44 

0.12 
0.19 
0.48 

0 
0 
o 

0.14 
0.41 
0.18 
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1Bl)le 26 (continued) 

Country 

and 

p a i d  

(itchoslwakia 
1975-1979 
1960-1984 
1985-1989 

finland q 

1975-1979 
1980-1984 
1985- 1989 

Hungary 
1975-1979 
1960-1984 
1985-1989 

India 
1960-1984 
1985-1989 

hdmcsia 
1975-1979 
19W-1984 
1965-1989 

Nethalands f 
1965-1989 

Republic d Korea 
1975-1979 
1980-1984 
1985-1989 

Souh a i c a  
1975-1979 
1980-1984 
1985-1989 

United ICindan ' 
1975-1979 
1960-1984 
196-1989 

United States 
1975-1979 
1980-1984 
1965-1989 

Tolal of rcported data ' 
1975-1979 
1980-1984 
1985-1989 

World j 
1975-1979 
1960-1984 
1985-1989 

Monirored 
~ ~ o r k a s  

(rhoutM3s) 

0.18 
0.33 
0.40 

0.21 
0.25 
0.24 

0.40 
0.51 

0.025 
0.034 
0.046 

0.18 

0.023 
0.020 
0.016 

0.019 
0.029 
0.031 

0.97 
1.26 
1.72 

20 
29 
30 

21.6 
31.5 
33.2 

57 
82 
88 

Measurably 

w e d  
uwrkas 

(rhourM3s) 

0.003 
0.005 
0.013 

0.079 
0.090 
0.088 

0.31 
0.35 

0.030 
0.040 

0.020 
0.020 
0.013 

17 

0.52 
1.28 
1.37 

0.058 
0.15 
0.20 

Canada 
1975-1979 
1980-1984 
1985-1989 

Czech~lwakia ' 
1975-1979 
1960-1984 
1985-1989 

Anniurl 
c d l a r h r  
effertiw 

dlAre 
(man Sv) 

0.50 
0.60 
0.81 

0.011 
0.020 
D.052 

0.27 
0.30 
0.32 

0.67 
0.71 

0.11 
0.060 
0.083 

0.87 

0.12 
0.15 
0.086 

0.16 
0.16 
0.18 

6.39 
4.62 
4.63 

40 
30 
25 

48.3 
37.3 
32.7 

130 
1W 
98 

Well log@ing 

1.16 
1.27 
1.24 

1.02 
1.60 
1.72 

243 
221 
1.85 

0.008 
0.005 
0.003 

0 
0.002 
0.OM 

0.45 
1.01 
1.11 

0.057 
0.092 
0.114 

0.17 
0.11 

0.05 1 

0 
0.032 
0.016 

0.21 
0.58 
0.74 

A\aage ~ n v a l  

P a  
mnni~orad 

worker 

( d l . )  

276 
1.80 
205 

1.33 
1.18 
1.31 

1.69 
1.39 

4.34 
1.76 
1.81 

4.97 

5.22 
7.43 
5.38 

8.74 
5.27 
5.75 

6.59 
3.84 
270 

200 
1.03 
0.83 

223 
1.18 
0.98 

225 
1.26 
1.12 

c/fccliw dare 

PC 
mcnrwobly 

crpaml 
u o r b  

(msrj 

4.23 
3.92 
4.10 

3.49 
3.35 
3.56 

220 
202 

203 
2 10 

6.00 
7.65 
6.52 

1.47 

Dufriburion 

NR,, 

0.018 
0.022 
0.035 

0.014 
0.005 
0.008 

0.010 
0.008 

0 
0 

0.040 

0.095 
0.34 
0.063 

0.23 
0.10 
0.12 

0.14 
0.067 
0.029 

0.W5 
0.015 
0. 025 

ralio 

a 1 5  

0.19 
0.30 
0.42 

0 
0 
0 

0.21 
0.097 
0.16 

0.17 
0.14 

0 
0 

0.13 

0.32 
0.64 
0.17 

0.71 
0.57 
0.52 

0.18 
0.23 
0.23 
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C ~ W W  

~d 

~ r r d  

India ' 
1980-1984 
1985-1989 

lndcnuia 
1960-1984 
1985-1989 

Mexico 
1985-1989 

South Mia 
1975-1979 
1980-1984 
1985-1989 

United States " 
1975-1979 

Tad cf reported data ' 
1975-1979 
1960-1964 
1985-1989 

Monirord 
unrkcrs 

( r h n u r d v )  

0.19 
0.64 

0.14 
0.56 

0.36 

0.013 
O.MO 
0.035 

7.6 

Awtralia ' 
1975-1979 
1985- 1989 

Canada 
1975-1979 
1960-1984 
1985-1989 

China (Taiwn Roince) 
1985-1989 

CzKhorlovlLin 
1975-1979 
1960-1984 
1985-1989 

Finland ' 
1980-1984 
1965-1969 

France (P2j 
1985-1969 

German Dan. Rrp. Y 

1975-1979 
1960-1984 
1985-1989 

Germany. Fed. Rep. of ' 
1985-1989 

llungary 
1975-1979 
1980- 1984 
1985-1989 

India bb 

1980.1984 
1985-1989 

Afcasurnbly 

-par& 
workers 

( r h o w ~ d r )  

0.01 1 
0.30 

0.038 
0.45 

0.013 

0.012 
0.017 
0.012 

0.07 

0.78 
0.78 
0.65 

1.63 
1.68 

222 

0.52 

1.46 

2.79 
0.93 
2.02 

1.74 
0.97 

AMW/ 

r d l e c r i ~ r  
flerliru 

date 

( m ~  Sd 

0.072 
0.38 

0.12 
0.84 

0.004 

0.000 
0.064 
0.053 

103 

0.55 
2.22 

5.01 
7.40 
9.51 

0.7 1 

0.08 
0.18 
0.21 

0.95 
1.18 

3.8 

271 
3.07 
3.25 

21.1 

0.22 
0.2 I 
0.21 

1.01 
1.92 

A ~ w a g c  m w a l  

per 
monitored 

~ n r k e r  

(nrF14 

0.38 
0.54 

0.82 
1.51 

0.012 

0.007 
1.61 
1.49 

1.36 

1.32 
1.17 
1.07 

0 

0.0005 
0.0003 
0.0003 

0.003 
0.017 
0.001 

0 
0.008 

0.001 

O.O(WU 

O.MKFI 
0 
0 

0.003 
0.0005 

clferrhu dnrc 

PCY 
mcn~runhly 

c r p d  
~ w r k r r  
(mTv) 

1.75 
125 

3.07 
1.89 

0.32 

0.V5 
3.76 
4.55 

Dufriburion 

N R ~ 5  

0.006 
O.M2 

0 
0 

0 

0.007 
0.004 
0.002 

Tertiary 

0.94 

0.89 
1.02 
1.62 

0.023 
0.032 

0.09 

0.30 

1.05 

0.008 
0.003 
0.005 

0.17 
0.47 

0 

0.090 
0.044 
0.086 

0.23 
ass 

0.030 

0.062 
0.11 

0.17 

0.19 
0 
0 

0.24 
0.167 

rurio 

. W ~ ~  

0.39 
0.086 

0 
0 

0 

- 

0.3 

0.27 
0.10 
0.039 

ducat ion  and 

0.055 
0.M9 

0.69 
0.80 
1.05 

0.M 

0.04 
a 1s 
0.12 

0.038 
0.053 

0.20 

0.034 
0.056 
0.16 

1.53 

0 . ~ 2  
0.003 
0.009 

0.29 
0.45 

m e i u c h  inslitutcs 

0.10 
0.03 

0.14 
0.11 
0.11 

0.056 

0.45 
0.97 
0.56 

0.010 
O.MS 

0.053 

0.013 
0.018 
0.048 

0.072 

0.104 
0.015 
0.044 

0.29 
0.24 
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Counhy 
and 

prrid 

lndmcria 
1980-1984 
1985-1989 

Italy 
1985-1989 

hpan 
1980-1984 
1985-1989 

h ' w y  " 
1960-1984 
1985-1989 

Portugal 
1985-1989 

South Africa 
1975-1979 
1960-1984 
1985-1989 

Swibmland 
1975-1979 
198001984 
1985-1989 

United Kingdm ' 
1980-1984 
1985-1989 

Unitcd Sratu " 
1975-1979 
1980-1984 
1985-1989 

Tdal of reported data ' 
1975-1979 
1960-1984 
1985-1989 

Wald 1 

1975-1979 
1960-1984 
1965-1989 

Aionhored 
uvrkers 

(~houands) 

0.26 
0.66 

0.66 

21.4 
27.6 

0.42 
0.45 

0.78 

0.23 
0.35 
0.43 

7.44 
8.48 
8.83 

12.5 
1.17 

25 
26 
17 

38.6 
66.0 
85.7 

140 
180 
160 

Canada 
1915-1979 
1980.1984 
1985-1989 

Finland 
1960-3984 
1965-1989 

Ncthnlrnds 
1980-1984 
1985-1989 

Soulh Allica 
1975-1979 
1980-1984 
1985-1989 

C 

Alcnrwnbly 
a p e d  
uvrkers 

( r h o u ~ d s )  

0.19 
0.64 

0.065 

0.79 
0.69 

0.025 
0.029 

0.37 

0.012 
0.09 1 
0.070 

0.49 

0.58 
0.88 
1.m 

0.18 
0.16 

0.07 
0.10 
0.22 

Amiunl 

c d l c r ~ i t r  
cflcc~ivc 

dare 
(man SV) 

0.D 
0.48 

0.054 

0.49 
0.46 

0.014 
0.026 

0.33 

D.002 
0.47 
0.21 

5.91 
3.44 
2.88 

1.3 
0.38 

18 
I5 
6 

23.5 
20.4 
13.6 

74 
43 
22 

Acceleratoo 

0.19 
0.23 
0.53 

0.008 
0.007 

0.009 
0.010 

0.03 
0.W 
0. m 

Axwage ~ n u o /  

I ' a  
rnonirord 

~ v r k e r  

(mSl9 

0.92 
0.72 

0.082 

0.012 
0.017 

0.032 
0.057 

0.42 

0.007 
1.29 
0.49 

0.79 
0.41 
0.33 

0.10 
0.32 

0.72 
0.58 
0.35 

0.61 
0.31 
0.16 

0.55 
0.24 
0.14 

' 

0.17 
0.40 
1.06 

0.010 
0.013 

0.006 
O.Ul4 

0.030 
0.27 
0.34 

~ J C C I ~ W  d w c  

I ' n  
mearwahly 

unrkrr 

( ~ S I . )  

1.33 
0.75 

0.634 

0.62 
0.67 

0.55 
0.90 

0.88 

0.M 
5.12 
3.02 

0.78 

a86 

L)u~~ihrrrirln 

N H l ,  

0.018 
0.003 

0.0003 

0.0002 
O.Ooa, 

0 
0.001 

0 
0.020 

0 - 

0.007 
0.0006 
0.M03 

0 
0.002 

0 . W  
0.0007 
0.0001 

rurio 

=IJ 

0.37 
0.11 

0.001 

0 
0.48 

0 
0.45 
0.10 

0 

0.19 
0.11 

0.072 

0.30 
0.45 
1.06 

0.03 
0.03 

0.46 
2 72 
1.56 

0.91 
1.76 
200 

1.23 
1.75 

0.67 
0.46 

1.00 
6.59 
4.76 

0.0003 
0.oOCn 
0.0038 

0 
0 

0 
0.W6 
0.035 

0.098 
O.M3 
0.067 

0 
0 

0 
I1 

0 
0.55 
0.61 



Avaagc annual eficrirr dasc Dhibur ion  rario 

Counv AMWI Pcr P a  
and Monirorai Meauuably cd ler r i~r  mrmiroral mearmably 

pa mnrkcs w& flccri~ccriw u o r k a  ~ ~ 0 s ~  
nurkas dare 

NRlJ a 1 5  
w r k a  

(rhousamis) ( c h o u t ~ d r )  ( m ~  SI) ( d l 9  (dl 

United Kingdm [HZ] * 
1985-1989 0.50 0.25 0.50 0 0 

Unild  Stalcs [Ml] ff 
1975-1979 3.96 1.73 7.19 1.82 4.16 
1980-1984 3.92 1.44 3.07 0.78 2 12 
1985-1989 4.25 1.66 207 0.49 1.24 

Tdal of reported data ' 
1975-1979 4.50 7.38 1.62 0 . W  0.12 
1980-1984 4.93 3.73 0.76 0.005 0.26 
1985-1989 5.72 3.52 0.62 0.008 0.19 

All induslrinl activities (excluding nuclear fuel cycle and delence activities) 

Argentina 
1985-1989 0.066 0.03 1 0.085 1.29 274 0.030 0.61 

Aumlia C d  

1975-1979 221 0.92 0.41 
1985-1989 7.10 3.33 0.78 0.11 0.23 0.001 0.091 

Bradl p 2 1  
1985-1989 15 3.1 24 1.6 7.69 

Canada 
1975-1979 8.06 3.60 13.2 1.63 3.66 O.M2 0.42 
1980-1984 11.0 4.36 14.4 1.31 3.30 0.016 0.34 
1985-1989 10.7 4.70 16.2 1.52 3.45 0 . W  0.39 

Oina (Taiuan Rovince) 
1980-1984 242 1.91 0.79 
1985-1989 3.M 1.97 0.65 

Occhoslwakia 
1975-1979 1.65 226 1.38 0.011 0.23 
1980-1984 292 3 . n  1.29 0.010 0.18 
1985-1989 3.62 3.77 1.04 0.010 0.21 

Demnark 
1975-1979 0.46 0.32 0.68 0.002 0.058 
1980-1984 0.64 0.49 0.76 0.005 0.11 
1985-1989 0.60 0.52 0.65 0.002 0.071 

finland a 
1975-1979 0.67 0.05 0.14 0.21 297 0.20 
1980-1984 209 0.15 0.26 0.12 1.75 0.0000 0.046 
1985-1989 2 %  0.17 0.32 0.14 1.94 0.0004 0.063 

France [PZ] 
1985-1989 9.90 24.0 242 

Gamany, Fed. Rep. of 
1985-1989 58.6 14.7 25.6 0.44 1.74 0.008 0.29 

Hungary '' 
1975-1979 3.26 0.58 3.01 0.92 5.14 0.01 1 0.36 
1980-1984 3.36 0.56 1.93 0.58 3.47 0.005 0.19 
1985-1989 3.26 0.53 1.57 0.46 297 0.003 0.12 

lndmuin 
1980-1984 0.02 0.01 0.01 0.75 1.25 
1985-1989 0.03 0.03 0.U3 1.12 1.12 

Ireland 
1985-1989 0.74 0.06 0.08 0.1 1 1.37 0.0003 0.089 



- -- 

' The &tr are annual values averaged o v a  the indicated periods. They were derived as a v n a g a  wn the years f a  which dab were repaled; in w m e  ca-, 
&I. w a c  repcned for only a limited numbcc d ycarr in the paiods dintcrest here. 
The v l l u a  of NRU are f a  the m o n i ~ a c d  w a K a c c .  Vdues f a  the expcud w a k f u c c  can also be ulimatcd where data arc given for both m m i ~ u c d  and 
mrumsbly c q a c d  wtxkur. 

' Dsts dm f ran  F(7) and [S6]; n u m b  d w a k n s  m d  the mllcnive dac. reputed In quatrannaire for l rba~l  lrn cf h e  cxpoced wakforct  hnvc bccn 
enrapdried f a  entire murtry. 
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Tnble 26 (cont inued)  

The mcthod d dwc recarding u-an diTTcrent in the two pcriods f a  which data are rcputcd, and this may partly account f u  the dinircncer in data. Average 
individual d o ~ n  f a  1975.1979 w n e  c a l ~ l a l c d  (run the t a d  of the  rcpatcd do= la an nccupalimnl cnlcgory drvidol by the estimnted numbcr of workas 
in that catcgay uith the rcsultr roundcd to the nearest 0.1 mSv. In 1990 the estimates wcrc hascd dircdly on thc rcnults of individual monitoring; in the abrcnn 
d data fm 1985-1989, the data f a  1090 havc bcm assumed robe  representative d this period. 
Data honi f a  1975-1979 and CIom [PZl f a  1985-1969. 
I h c  repond data (covering about 80'74 of thc wakface)  havc been scaled to rcprcrcnt the whdc  country. 
Data f a  1980-1984 from [ U ]  and [112] include only h o r c  workers whore d m  rccads nre hcld within Ihc Doscmc~cr larue and Record Kccping (IILRW 
service of the NHPU. The Ida1 numlwr d radiographers in the United Kingdom is aomcwhat largr. Dnla for 1985-1089 fran [I171 and [B7] arc la classified 
w a k n s  only. 
Data from [El, E2 and 831; dnta arc f a  1975, 1980 and 1985 but assumed h n c  to bc represer~tetive of thc rcspcaivc five-year pcriods. 
Thue data should bc intcrprcted with a r e ,  particularly bccaurc the countries included in the summations for the respeclive five-yur periods may n u  bc the 
same, depending on whether data were reported f a  the period in qucstim. Cauqucntly,  direct wmpariron of data for different paiodr is invlllid to the e n a t  
that the data canprirc contribulionr f run  drfferent couaries. It should piso bc noted that the data on NUIS and SRIJ are amages  d data repofled a there 
ratim. In gcncnl. lhese data arc less complete than thme that f a m  the besir d thc rummatcd n u m b  d w a k e n  and col la ivc  doles. 
The a t imatn  are utrapolaticiu of rc60nal n l w s  b a e d  on the grass national podua (GNP); bzcawc of insufiicicnt data. the n t imata  of NR15 and SR,, -- - 
arc avcragca d rcponed data, but thwc may bc c o n s i d a d  rcpracniativc f a  waldwidc exposwe. 
Iaruftiomt dda arc anilablc for !hue a t c g a i u  to maMc a reliable estimate ofworlduide exposures. 
Data la l imcces  of the N u d u r  Replatory GxnmirJoa d y .  
Data arc f a  liccnrcu d Ihc United States N u d u r  Reguluay Comrmrrioa mly. 
'Ihc QIcr indudc exporura from tritium intake and e a a n a l  radiatim frwn prunahium-147. 
Dab f a  1980-1984 l r a n  [I111 and [112]. Data for 1985-1989 f r a n  p7] and [B7] include only classified workcrs. 
M a e  1989 radiasaopc poduaion was undatrlicn by Aoodc h g y o f  Canada Limited. and separate statistics lor this group d workers arc noc available. 
7hc avaagc data tahrlaled f a  1985-1989 arc hose f a  1969, when produdioa w s  ~ e n e d  f r a n  Atomic Energy d Canada Limited; this a-tr f a  the 
significant &ffaencc canpared with the prc%<ous period. The camibutim of i n t d  exposure is small. 

Q b t d  crpaurc indudd &a 1986; it mounlcd to about 50%. 
' I n t d  exposure induded mfia 1984: its contributim is mall .  

F a  1980-1989. ncutrm cxpomuc wntribuld 30540% of the tdal. About m e  third d the u,akforce is employed underground a d  received an intcmnl dose 
Gan radoo dc. additional to the d m u  tabulated. in the range of about 5 to  10 mSv a-'. ' N a t r o m  convibutc about 15%-25% to the reputed dcsa.  

' Data arc f a  licenses d the United S t a t a  Depuancnt d Enagy only. The dfcaivc dares include a neutron m p o n c n t .  
' Data arc d y  prucntd  f a  quantitiu that arc amagcs  d the rcponcd dau ralha than thdr sums. Summcd data would bc potcntimlly misleading because d 

the main contribution that wwld bc made by the data for the United States, fa which data f a  only m e  period arc abailablc. The data should bc intcrpretd 
with a r c .  In pdcular,  thc m t r i u  included in the summation for the rcpadng periods may not be the same. 
Data are mainly from universities but cxcludc exposures at accelnatas and in teaching ertablishmcnts where little research is undertaka 
Includes all research inrtitutcs except research r e a a a s  and acdera tas .  No data arc available on exposures in lcrliary education. 

y For 1976-1980, the data arc la all univerritiu and technical collcgcs in the nonmcdicd field. For 1981-1989, the data arc f a  all research and educatim except 
for that auociatcd with medical and nuclear sciences. 
Data indudc cxpotura arising in rcacnrch and  raining in natural .cimo% and tshndogy, indudine rescarch centres. 
I n d u d u  tcchnologicnl education only (i.e. not medicine, rcirnoc. philosophy ctc.). 

bb bdudes  data Gom education and research institutes. 
Data arc d e l y  for the U ~ v u i t y  d Oslo. " Data from [Ol]; thcy may indudc sunc  dau on research f a  !he nudear Fuel cycle. 
Data indude u p o r u r a  at thc Science and En@ncrring (SERC) hbuator ies  at Chiltm and Darerbury. 

f Data arc f a  a d e r a t a r  d the U N t d  Sutes Departmad d Energy. M a c  1987 collective doses w n e  evaluated as the sum of the produar of the numba 
d w a k e n  and the m a n  dose in tach dore i n t a d ;  subequcntly. actual individual doses were used in the summation. 

a I n d u d a  exposures d waken at the rescarch r u a a  and in rescuch utrblirbmcntr, induding tertiary education. 
" Rcpated &la for 1975-1979 antained only estimates d !he numba d uporcd workcrs; the number of monitored workers war utimated mrwming the ratio 

d cxpmed to monitacd workers in the s u h q u e n t  pcn'od. 
" Data d o n a  include cxporura for workrrs in the luminizing industry, in well logging and at aaclcratorr. 

7hc reported numbcr d w a k a s  is m a l l  -pared uith n u m k s  in comparable industrialized countries, which sugguts that the data arc incanplcte. 
EducationJ estnbl~shmentt nol included. " Data frun [El, EZ and U ] .  The dnta are spedfially for the years 1975. 1960 u d  1985; thcy arc assumed hcrc to be reprucntative, rupeaivdy, ofthe p d o b  
1975-1979, 1980-1984 and 1965-1989. 
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Tahlc 27 
Percentage of workers In ind~rslrial rt~dlngraphy receiving annual cll'cu.live dmes in excess o r 5 0  nlSv hind tL~c 
percenlnge of lhc collcxtive dme arising lrom dmes above (hut levcl 
Data from UNSCFAH Survcy of Occupational Erposures unlcsr othercc.i.vc indicated 

Dala from (111, HZ IC3, K4]; those fa 1980-1964 arc a v a a g a  o v a  the ywrr 1980 and 1982 and lhse  for 1965-1989 are averages o v a  thc years 1966-1987. 
Data arc for rndiogaphers whox dose records arc held uithin the Doscmctcr Issue and Record Kecping(D1RK) scnicc d t h c  National Radidogiul Protcdon 
Board (NRPB). * Data for l i a -  of the Urdted States Nudcar R c g u l a t y  Canmission ody. 

' Weighted accuding to rhe average n u m k  d u+akcrs a cdlcctivc dau ,  as appropiate, in wch cmnlry in each five-year p a i d .  

cowby 

Clnada 
China (Taiu.an RoGncc) 
Germany, Fcd. Rcp. of 
India 
Ldand 
Japan 
h'ccherlands 
Soulh Africa 
United Kingdm 
United Slates 

Ftxed l o a t i m s  
Mobile equipment 

W d g h t d  svcragc ' 

Prrrcntagc of unrkers rewiring ~ n w l  cjfrcrisu dare 
>SO d v  (NRRY) x 100) 

1975-1979 

0.5 

0 
0.1 

0.10 

Perccnro~r of cdlcsri~u darc from annuad indiridud 
dares >50 d v  (SR% x 100) 

1975-1979 

7.3 

5.6 
5.2 

5.4 

1980.1984 

0.5 

0.5 
0 

0.2 
0 

0.3 
0.13 

0 
0 

0.14 

1985-1989 

0.6 
0.7 
0.1 
0.4 
0 
0 
0 
0 

0.11 

0 
0 

0.17 

1980-1984 

11 

13 
0 

0 
8.5 

2 1 
3.3 

6.1 

198.5-1989 

8.2 
26 
2 4  
I1 
0 

2 8  
7.0 

1.4 
2 5  

6.2 



Table 28 
ConlribuUon or dif ircnt  regions (o the worldwide exposure from ell Industrial uses or radialion (excluding the 
nuclear fuel cycle and defence ncllvltles) 

* The data arc a n n u l  nluca averaged o v a  the rupective five-year periods and are, in gtncrnl. quoted to two significant fi arcs .  * ?he nomidized cdledvc  doses pcr unit GNP for the three five-ycar periods arc cxprcued rcnpcctively. in t e r m  of 1977, 1983 and 1989 pr im;  direct 
canparism bawcrn Ihc d u e s  f a  different periods is possible only aflct a x r m i n g  for t h e e  different price besea. 

' N m o c o t t a l l y - p l d  s o n a n i a  in east and sarIhsast Asia. 
hduding  the vmdc d !he f u m a  USSR. 
All -r ia  rncrntus d Ihe Organizatim for EuxaDmic C6opcralion and DNdoprncnt (OECD) except for the Uni td  States. 

f Indudes h e  r-inda d thc world for which values arc not s+fically tabulated clrcwhcre in the TaMc. Note tha~ the -tries or regioru canpririag h e  
remainda diffa in the respective five-year periods. 

Cowt~ylr r~ ion 

Collrclibr elfcrrive 
dose p a  und Gh'P 

I 

( m n n S v p e r l d 2  
SU.SJ 

Afonirorcd 
w r k m s  

(rharrands) 

Collecrhe elfecrhv 
dose p a  unir 

poprlorwn 
(manSvper1 f l )  

1975-1979 

A1wa8e a n w d  
r d l c c r i ~ r  rffccriw 

darr 

(man Sv) 

East and south.cant &in ' 
Eastern Europc 
L t i n  America 
OECD except United Stat- ' 
United Slates 
Rcmlinder f 

Tdal 

Attan{e mn~ro l  
individual dare ro 
marirorcd w a k a s  

( d v )  

10 

1.1 
1.4 
1.7 

1.6 

17 

210 
200 
100 

530 

19R0-1981 

I SO 

79 
1 50 
120 

120 

176 

240 
290 
170 

870 

440 

430 
1300 
55 

200 

i5sl rod soulh.cut Asia ' 
Eulem Europe 
L u n  A m n i a  
OECD e m p t  United Stata 
United States 
Remainder I 

T d  

20 
68 

49 
110 
73 

72 

12 
20 

240 
310 
110 

690 

23 
370 

420 
1600 
48 

190 

1985-1989 

9 
150 

240 
380 
160 

940 

Eisl and soulhar t  Asia ' 
&tun Europe 
L t i n  A m n i a  
OECD uccpt United Stata 
united stata 
Ranaioda 1 

Tdal 

0.79 
7.9 

0.99 
1.3 
1.4 

1.4 

7 
140 
43 
130 
150 
35 

510 

10 
26 
24 
180 
no 
4 1 

560 

0.65 
5.6 
1.8 
0.69 
0.55 
0.85 

0.9 

13 
4 1 
52 
16 
31 
26 

26 

15 
330 
95 
220 
590 
1 1  

44 
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Table 29 
CumulttUvc dmes rccclved Ily industrlnl radlogmphcrs In Hungnry 

IS81 

Table 30 
Summary of worldwide exposures from the industrial uses of radiation (excluding nuclwr fuel cycle and dercnce 
activities) " 

Durmicm of 
cmploymenr 

Dcms) 

5 
6 
7 
8 
9 
10 
11 
l2 
13 
14 
15 

The data are annual values avcragcd o v a  the rcrpeclivc five-ye;u pcrials and are, in general, quoted lo two r i p i h c m t  hguru .  
Valucr in p u c n h a c r  u c  the pcrcentngc mt r ibu t ion  of that praaicc to thc total number d mmitotcd w a k a a  in industry. 

' The numbers in pnrcnthuu u e  thc percentage contrihutim of that practice to the d l c c t i v c  d a c  f r a n  all industrinl usa d rad~atioa 
Ihc n l u u  d NRI, and SRI ,  should m l y  be rcprdcd as indicativc of worldwide cxpcricncc. R c p a t d  data on t h u c  rstim wcrc far fcwcr than for a h e r  
quantitia of i n t a a t  (c.g colleaivc d w  mmitorcd wakcrs  ctc.) and were i n s f i ~ d c n t  to form Ihc bssir f a  a more rcliahlc and rcprcrcntativc estimatc d 
waldwidc levclr. 
Lt imatcd f r a n  thc 'ull industrial aaivi t ia '  &la in Table 26 by subtrading thc contrihutims from Ihc three rpccihed p raa ica .  

N w n k  
of 

wvrkcrs 

69 
72 
44 
44 
38 
4 1 
32 
30 
21 
26 
27 

Prorricc 

A w o g c  m m o l  
cf icr i~e darc 

W 1 9  

28 
4.4 
4.9 
3.9 
c.2 
4.4 
4.9 
5.0 
5.6 
7.4 
6.8 

r\\,uogc c ~ l o ~ i ~ ~ c  
cffcrrisr dare 

f d v )  

14.0 
26.5 
34.6 
315 
37.4 
44.1 
54.1 
60.3 
66.6 
1029 
1027 

A w a g e  ~ n u a l  
cdlecriw flccriw 

dare C 

( m ~  Sv) 

Monitored 
uwrkms 

(rhwands) 

1975-1979 

l ' a c c n f n ~ e  of nwrkers with r u m u l n ~ i ~ r  +crit.c d a e r  abou 
spccijied vollre~ 

Aswngc ~ w o l  
individual dose ro 
nwnirored nakcrs  

( d 1 , )  

> j o  d v  

0 
11.1 
15.9 
18.2 
18.4 
29.3 
28.1 
53.3 
52.4 
685 
96.3 

h'HIJ 

2 6  
2 3  
0.55 
1.8 

1.6 

190 (22%) 
130 (15%) 
74 (8%) 

480 (55%) 

870 

Industrial radiography 
h a o p e  p rcdua im and dirtributim 
Turiary cducatim and research institutes 
Olha ' 

All industry 

> ~ M ) ~ T v  

0 
1.4 
2 3  
0 

5.3 
4.9 
9.4 
16.7 
14.3 
423 
45.4 

=15 

72 (14%) 
n (11%) 
140 (Ug 
270 (50%) 

530 

1980-19W 

0.037 
0.095 
0.004 

0.01 

z l J O d r +  

0 
0 
0 
0 
0 

2 4  
6.3 
0 

4.8 
7.7 
11.1 

0.39 
0.18 
0.19 

0.35 

Indu t r id  radiography 
L d o p c  prcduccim and distributim 

Tertiary cducalim and rcsearch institutes 
Olhcr' 

All industry 

>~OOMTV 

0 
0 
0 
0 
0 
0 

3.1 
0 
0 

3.8 
3.7 

2 0  
1.3 

0.24 
1.8 

1.4 

120 (17%) 
62 (12%) 
180 (26%) 
310 (455) 

690 

1985-1989 

0.028 
0.015 
0.001 
0.0007 

0.007 

230 (24%) 
lo0 (11%) 
43 (5%) 
90 (afi) 

940 

0.42 
0 . 3  
0.11 

0.29 

Industrial ndiography 
k a o p c  prcduaim and distributim 
Tertiary cducatim and rcsearch institutu 
0th- 

NI industry 

1.4 
1.1 

0.14 
1.1 

0.90 

I10 (19%) 

68 (16w 
160 (29%) 
200 (36%) 

560 

160 (31%) 
98 (19%) 

22 (4%) 
230 (46%) 

510 

0.026 
0.U2S 

0.0004 

0.009 

0.44 
0.23 
0.07 

0.31 
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Tuhlc 32 
Exposures Lo workers from medical uses or radialior~ 
Data from Uh'SCrAH Survey of Occt~pational Fxposures unless otltent~ise indicated 

I A w o g e  ~ n u d  ejjecrive I L)imiburion ratio 
dose I 

I Diagnostic radiography I 

Pff 
nwnirorcd 

uorkcr 

(mVv) 

P o  
mearurably 

~lp~sd 
work0 
(6,) 

Finland 18 

1975-1979 
1960-1984 
1985-1989 

France ' 
1975-1979 
1960-1984 
1985-1989 

G m a n  Dcm. Rep. 
1960-1984 
1985-1989 

Hungary 
1975- 1979 
1980-1984 
1985-1989 

India 
1975-1979 
1960-1984 
1985-1989 

Indonesia 
1975-1979 
1980-1984 
1965-1989 

NHIS 

5.1 
4.6 
4.3 

45 
55 

19 
19 

41 
61 
82 

S R ~ ~  

3.86 
4.37 
4.82 

33.4 
49.0 
61.8 

19.2 
20.4 

5.96 
7.49 
7.26 

6.50 
8.00 
10.4 

0.98 
1.84 
230 

O.OS4 
0.29 
0.30 

6.05 
6.35 

3.12 
1.17 

1.22 
1.01 
0.98 

3.64 
3.97 
5.42 

0.94 
1.76 
2.19 

0.58 
0.7 1 
0.92 

39.7 
28.3 
20.3 

205 
1.68 

232 
1.61 
1.49 

3.75 
2.76 
3.54 

1.59 
294 
3.84 

0.15 
0.16 
0.19 

1.19 
0.58 
0.33 

0.11 
0.083 

0.39 
0.22 
0.21 

0.58 
0.35 
0.34 

1.62 
1.60 
1.67 

6.93 
243 
3.10 

4.67 
3.19 

0.66 
1.44 

1.90 
1.64 
1.53 

1.03 
0.70 
0.65 

1.70 
1.68 
1.75 

0.002 
0.001 
0.002 

0.004 
0.005 
0.004 

0.002 
0.0009 
0.0007 

0.00s 
0.001 
0.001 

0.002 
0 . W  
0.001 

0.46 
0.15 
0.28 

0.06 
0.11 

0.11 
0.088 
0.078 

0.21 
0.15 
0.14 

0.022 
0.009 
0.015 



Atwage ~ n r r n l  r f l c r ~ i l r  DLtribwion r u b  
dart 

Counay Annun1 P a  P a  
Md Examinations Monirorcd hfr~nuably cdlccri~v monirorad mcarurahly 

p i o d  " workzrs a& .$ferli~r worker N R I J *  
workers dnre w n r b  

-15 

(millions) (rhous&) (rhousads) (IRM St$ ( d v )  ( d t . )  

Ldrnd 
1985.1989 1.46 a 12 0.55 0.38 4.69 o o 

P a u  
1980-1984 1.37 4.95 3.61 
1985-1989 0.30 1.48 5.10 3.45 

Spain 
1985-1989 23 34.3 30.9 25.9 0.76 0.84 0.001 0.12 

T d  af reported &la j 

1975-1979 65.7 54.8 0.84 0.003 0.14 
1980-1984 104 483 0.47 0.003 0.08 
1985-1989 213 194 0.91 0.015 0.40 

World ' 
1975-1979 630 600 0.94 0.003 0.11 
1980-1984 lodo 720 0.68 0.003 0.05 
1985-1989 1350 760 0.56 0.005 ' 0.22 ' 

D c n d  pnclicc 

&\lgcotim 

1985-1989 

Ausualia c d  

1975-1979 
1985-1989 

G l l a d a  
1975-1979 
1980-1984 
1985-1989 

Frmcc ' 
1975-1979 
1980-1984 
1985-1989 

Gummy, Fed. Rep. of 
1985-1989 

HUnguy 
1975-1979 
1960-1964 
1985-1989 

India 
1975-1979 
1980-1984 
1985-1969 

Lndmeria 
1975-1979 
1980-1984 
1985-1989 

Leland 
1985-1989 

llaly 
1985-1989 

Japm 
1975-1979 
1980-1984 
1985-1989 

17 

95 
99 
W 

0.070 

1.16 
3.79 

13.1 
195 
24.4 

6.17 
11.2 
16.7 

7.82 

0.24 
0.32 
0.24 

0.37 
0.45 
0.63 

0.019 
0.15 
0. W9 

0.13 

1.01 

0.35 
1.75 
3.53 

0 . W  

1.60 

0.97 
0.94 
0.94 

0.74 
0.66 

0.18 

0.009 
0.M6 
0.003 

0.21 
0.21 
0.32 

0.019 
0.15 
0.099 

0.003 

0.39 

0.075 
am 
0.35 

0.033 

0 
0.021 

0.42 
0.60 
0.64 

261 
242 
1.97 

0.39 

0.013 
0.008 
0.003 

0.17 
0.17 
0.24 

0.025 
0.28 
0.15 

O.(K)l 

0.074 

0.13 
0.34 
0.56 

0.46 

0 
0.006 

0.032 
0.31 
0.026 

0.42 
0.22 
0.12 

0.05 

0.055 
0.026 
0.012 

0.45 
0.38 
0.38 

1.31 
1.84 
1.50 

0.008 

0.073 

0.36 
0.20 
0.16 

0.74 

0.013 

0.44 
0.64 
0.68 

3.25 
231 

2 16 

1.54 
1.02 
0.85 

0.80 
0.80 
0.74 

1.31 
1.84 
1.50 

0.30 

0.19 

1.M 
1.69 
1.60 

0.014 

0 

0.0001 
0.0001 
0.0000 

0.0003 
0 . W  
0.001 

0.000ii 

0 
0 
0 

0.0008 
0.0008 
0.003 

0 
0 

0.002 

0.0005 

0.42 

0 

0.11 
0.13 
a28  

0.60 

0 
0 
0 

0.044 
0.060 
0.19 

0 
0 

0.024 

0.28 
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Table 32 (continued) 

Counhy 
~d 

pcricd ' 

S w t h  a i m  
1975-1979 
1960-1984 
1985-1989 

Spain 
1965-1989 

S w i t l n l d  
1975-1979 
1960-1984 
1965-1989 

United Kingdan [Hl. W 4 ]  
1960-1984 
1985-1989 

United Shier * 
1975-1979 
1980-1984 
1985-1989 

T d a l  cf reported drip i 
1975-1979 
1960-1984 
1985-1989 

World ' 
1975-1979 
1960-1984 
1985-1989 

Annual 
r d l c c r i ~ r  
cfecriue 

dose 
(man Sv) 

0.12 
1.52 
4.49 

1.56 

1.21 
0.96 
0.25 

2 
2 

60 
60 
12 

845 
68.8 
185 

120 
93 
ZS 

medicine 

k>aminaiim 

(millinnr) 

9.0 

2 1 

9.0 
9.0 

I00 

Argatina 
1985-1989 

Australia ' 
1975-1979 
1985-1989 

Bnzi l  
1985-1989 

Canada 
1975-1979 
1960-1984 
1985-1989 

oli na 
1985-1989 

olim (Taiwan Prodncc) 
1965-1989 

~chos lornki~  ' 
1975-1979 
1980-1984 
1985-1989 

Dcnmuk 
1975-1979 
1980-1984 
1985-1989 

Monitored 
wnrkers 

( l h o u r k )  

227 
282 
3.33 

1.29 

7.09 
9.13 
10.7 

20 
20 

215 
259 
307 

242 
322 
39 1 

370 
UM 
480 

Aswagc ~ w a l  C/ICCII'IK 

0.76 

0.20 
0.44 

0.76 

1.08 
1.53 
224 

9.52 

0.10 

0.43 
0.99 
1.26 

0.34 
0.30 
0.35 

Meiuurably 

upsad 
workos 

(~hourmdr)  

1.W 
0.53 
0.37 

1.21 

61 

Nuclear 

Pcr 
monirorcd 

w o r k  

(msv) 

0.051 
0.54 
1.35 

1.21 

0.17 
0.11 
0.025 

0.1 
0.1 

0.37 
0.23 
0.039 

0.35 
0.21 
0.047 

0.32 
0.19 
0.05 

Disiriburion rario 

0.74 

0.067 
0.073 
0.069 

dose 

Pa 
mcarwllbly 

worker 

f d b )  

0.11 
288 
12.2 

1.30 

0.20 

NnlJb 

0 
0.0007 
0.002 

0.005 

0.0009 
0.0004 
0.0000 

0 

0.0004 
0.0008 
0.0003 

=15 

0 
0.64 
0.18 

0.1 

0.056 
0.088 
0.015 

0 

0.077 
0.084 
0.12 

0.92 

0.67 
272 

0.92 

0.57 
0.85 
1.14 

6.08 

0.38 

0.74 
1.08 
1.46 

0.45 
0.48 
0.50 

0.82 

0.30 
0.16 

0.82 

1.90 
1.81 
1.96 

1.57 

0.27 

0.58 
0.92 
0.87 

0.76 
0.62 
0.70 

0.25 

1.31 

0.25 

0.41 
0.55 
0.63 

0.71 

0.22 
0.67 
0.75 

3.08 

0.33 

3.08 

263 
280 
271 

13.3 

1.83 
1.48 
1.68 

0.007 

0 

O.KI7 

0.012 
0.005 
0 . W  

0.013 

0.0012 
0.0014 
0.0006 

0 
0.0001 

0 

0.26 

0 

0.26 

0.13 
0.046 
0.039 

0.27 

0.035 
0.027 
0.01 1 

0 
0.029 

0 
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Tnl~le 32 (continued) 

Counay 
md 

period " 

Finlsnd 1' 
1975-1979 
1980- 1984 
1985-1989 

France 
1975-1979 
1980-1984 
1985-1989 

Getman Dcrn. Rcp. 
1980-1984 
1985-1989 

l i ~ g u ~  
1975-1979 
1980-1984 
1985-1989 

India 
1975-1979 
1980-1984 
1985-1989 

lndarcrim 
1980-1984 
1985-1989 

Ireland 
1985-1989 

Mcxim O 

1985-1989 

Pcru 
1980-1984 
1985-1989 

Spain 
1985-1989 

Tdal or reported data 
1975-1979 
1980-1984 
1985-1989 

World ' 
1975-1979 
1980-1984 
1985-1989 

F ~ o m h r u i w  

(millionr) 

0.060 
0.067 

0.17 

Monitored 
workers 

(thowmds) 

0.60 
0.68 
0.75 

276 
3.37 
3.21 

0.81 
0.83 

0.36 
0. 54 
o.n 

0.41 
0.49 
0.61 

0.009 
0.013 

0.42 

0.12 
0.13 

0.92 

5.66 
7.91 
15.9 

6 1 
81 
90 

1.04 

230 
0.34 

1.24 

1.40 
1.01 
0.82 

0.28 

1.47 
0.27 

0.90 

0.75 
0.63 
0.59 

I \rgeIl l i~ 
1985-1989 

Australia '' 
1975-1979 
1985-1989 

Brazil 
1985-1989 

C h a d .  
1975-1979 
1980-1984 
1985-1989 

Annun1 
cdlcrrhu 
ejjkecri~~e 

dasc 
( m m  St,) 

0.074 
0.15 
0.17 

3.25 
1.61 
1.03 

0.54 
0.43 

O.M8 
0.18 
0.22 

0.22 
0.39 
0.52 

0.01 1 
0.015 

0.012 

1.21 

0.43 
0.35 

1.61 

5.21 
5.72 
16.6 

62 
85 
85 

Measurably 

a@ 
n o r b s  

(rhowmds) 

0.018 
0.060 
0.11 

0.62 
0.54 

0.20 
0.15 

0.029 
0.092 
0.1.1 

0.12 
a22 
0.30 

0.009 
0.013 

0. a23 

0.26 

0.83 

Rdiothtmpy 

0.04 

0.03 

0.46 
0.49 
0.32 

0.097 

0.17 

0.44 

0 . n  
0.078 
0 . ~ 9  

3.61 

0.42 

3.73 

2 13 
1.78 
1.38 

A t w a r e  

I'er 
mmirorrd 

norher 

(my,+) 

0.12 
0.23 
0.23 

1.18 
0.48 
0.32 

0.67 
0.51 

0.14 
0.33 
0.31 

0.54 
0.80 
0.85 

1.23 
1.20 

288 

3.73 
275 

1.74 

0.92 
0.72 
1.111 

1.01 
1.04 
0.95 

o.n 

0.64 
0.78 

0 . n  

0.54 
0.62 
o.n 

0.005 

0.002 

0.0 18 

0.U06 
0.003 
0.0006 

mwal effccrhr 
dare 

I'er 
mrnrwably 

upal 
worker 

i f i t . )  

4.11 
1.93 
1.62 

260 
1.92 

268 
2 64 

1.66 
1.93 
1.62 

1.82 
1.82 
1.75 

1.23 
1.20 

0.5 

4.63 

1.93 

Dimihcrion 

N R I J b  

0.0003 
0.OOCS 

0 

0.002 
0.003 
0.003 

0.0005 
0.002 

0.0001 

0.003 
0.001 
0.005 

0 
0 

0.033 

0.009 

0.003 
0.003 
0.006 

0.002 
0. M)2 

0 .W ' 

0.077 

0.63 

0.24 

0.35 
0.36 
0.43 

ratio 

SHIJ 

0.014 
0.072 

0 

0 
0.016 

0.086 
0.14 

0.014 

0.21 
0.10 
0. I2 

0 
0 

0 

0.33 

0.11 

0.11 
0.W8 
0.17 

0.087 
0.033 

0,096 ' 
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Table 32 (conl inucd) 

Counlry 
~d 

pcrind * 

Gina 
1985-1989 

China (Taiwnn Rorincc) 
1985-1989 

Qechoslcvalda ' 
1975-1979 
1980-1984 
196-1989 

h a r k  
1975-1979 
1980-1984 
1985-1989 

Finland 1' 
1980-1984 
1985-1989 

France ' 
1975-1979 
1980-1984 
1985-1989 

Gcnnan Dan. Rep. 
1980-1984 
1985-1989 

Munwy 
1975-1979 
1980-1984 
1985-1989 

India 
1975-1979 
1980-1984 
1985-1989 

Indmuir 
1975-1979 
1980-1984 
1985-1989 

Irdand 
1905-1989 

Mexico O 

1985-1989 

P a u  
1980-1984 
1985-1989 

Spain 
1985-1989 

Total of reporld dab i 
1975-1979 
1980-1984 
1985-1989 

World ' 
1975-1979 
1980-1984 
1985-1989 

fkanainorions 

(millionr) 

0.103 

0.009 
0.01 1 
0.014 

0.015 

0.052 

0.13 

0.004 

hlonilorcd 
workers 

(thorsands) 

254 

0.36 

0.76 
1.11 
1.29 

0.92 
1.01 
1.01 

0.25 
0.24 

4.77 
6.01 
6.49 

1.20 
1.03 

0.36 
0.45 
0.55 

249 
298 
4.17 

0.091 
0.31 
0.23 

0.30 

0.31 

0.088 
0.094 

1.01 

9.31 
13.3 
18.8 

84 
110 
110 

hfennuabl>~ 
spared 
uorkns 

(rhounndr) 

0.35 

0.38 
0.69 
0.63 

0.026 
0.018 

1.30 
1.23 

0.31 
0.17 

0.14 
0.14 
0.15 

1.43 
1.53 
22 

0.086 
0. M 
0.22 

0.14 

0.26 

0.96 

A M W ~  
cdlcclibr 
effcclitr 

dare 
(man Sv) 

3.54 

0.058 

1.43 
208 
1.83 

195 
1.12 
0.38 

0.054 
0.026 

8.77 
6.08 
3.97 

LO9 
0.68 

0.73 
0.6 1 
0.61 

3.91 
3.39 
3.94 

0.19 
0.50 
0.35 

0.1s 

0.88 

0.54 
0.46 

0.88 

16 5 
15.3 
16.6 

190 
180 
100 

A t a o ~ c  

P a  
monilord 

w r k a  

( m ~ $  

1.39 

0.16 

1.89 
1.87 
1.42 

2 12 
1.11 
0.38 

0.22 
0.095 

1.84 
1.01 
0.61 

0.9 1 
0.66 

205 
1.36 . 
1.10 

1.n 
1.14 
0.95 

2 10 
1.60 
1.55 

0.50 

284 

6.18 
5.17 

0.86 

1.78 
1.15 
0.88 

2.23 
1.58 
0.87 

mnunl e l f c r i ~ r  
dose 

l'er 
mcnrwobly 

a p a l  
uvrkcr 

w\.) 

10.0 

3.82 
3.01 
290 

208 
1.44 

4.68 
3.22 

3 . 9  
4.00 

5 15 
4.31 
3.97 

273 
2.22 
1.73 

220 
1.68 
1.63 

1.05 

3.41 

0.9 1 

Dirnihurion 

NU, ' 

0.015 

0 . W  
0.005 
0.004 

0.034 
0.008 

0.0001 

0.0008 
0.0007 

0.009 
0.008 
0.006 

0.034 
0.016 
0.012 

0.017 
0.009 
0.007 

0 
0.0007 
0.003 

0 

0.026 

0.001 

0.012 
0.008 
0.007 

rorio 

SJJ 

0.51 

O.M9 
0.062 
0.10 

0.37 
0.17 

0.022 

0.30 
0. ZS 

0.24 
0.23 

0.36 
0.24 
0.23 

0.39 
0.30 
0.23 

0 
0.017 
0.039 

0 

0.31 

0.020 

0.30 
0.19 
0.21 
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T ~ b l e  32 (con~inued) 

Cuwtrry 
~d 

pcriai 
Fxamindimr 

(milliow) 

Australia ' 
1975-1979 
1985-1989 

G n a d l  
1975-1979 
1980-1984 
1985-1989 

GLchcrlonLi. 
1975-1979 
1980-1984 
1985-1989 

Denmuk 
1975-1979 
1980-1984 
1985-1989 

Finland 1'' 
1980-1984 
1985-1989 

Frnncc ' 
1985-1989 

IJrnPry 
1975-1979 
1980-1984 
1985-1989 

India 
1975-1979 
1980-1984 
1985-1989 

Irdand 
1985-1989 

Japm ' [H 101 
1985-1989 

Sanb Abia 
1975-1979 
1980-1984 
1985-1989 

Suil~alaod 
1975.1979 
1980-1984 
1985-1989 

United Kingdun [W4] 
1985-1989 

U d t d  Stata [El] 
1975-1979 
1980-1984 
1985-1989 

Tdal d rrpatcd d.1. i 
1975-1979 
1980-1984 
1985-1989 

Motdorad 
uorkms 

(rhourandr) 

0.39 
207 

0.77 
1.27 
1.52 

0.17 
0.23 
0.25 

0.49 
0.52 
0.71 

1. I9 

0.08 1 
0.11 
0.14 

0.062 
0.080 
0.092 

(LW 

18.0 

0.42 
0.61 
0.75 

0.44 
0.59 
1.03 

4 

18.1 
21 
85 

19.7 
23.8 
96.4 

M c ~ y n b l y  

a p m d  
w r h s  

( r k u r ~ d r )  

V&nn y 

0.89 

0.24 
0.22 
(L3 1 

0.010 
0.018 

0.087 

0.009 
0.007 
0.010 

0.021 
0.026 
0.035 

0 . W  

0.28 
0.20 
0.U 

6.2 
12 
38 

Annunl 
c d l c c ~ i ~ ~ c  
rfTcclilr 

dare 
( m m  S I ~  

medicine 

0.055 
0.018 

0.17 
0.16 
0.17 

0.10 
0.14 
0.13 

0.022 
0.030 
0.024 

0.012 
0.026 

0.020 

0.045 
0.006 
0.028 

0.011 
0.016 
0.019 

0.001 

1.40 

0.013 
0.12 
0.24 

0.12 
0.13 
0.050 

0.4 

14 
13 
36 

14.4 
13.5 
37.1 

A ~ w o g c  m w o l  f l c c r i ~ u  
dare 

0.14 
0.009 

0.22 
0.13 
0.11 

0.59 
0.62 
0.52 

0.045 
0.059 
0.034 

0.17 

0.55 
0.058 
0.20 

0.17 
0.20 
0.20 

0.017 

0.U78 

0.032 
0.20 
0.32 

o.n 
0.22 
0.049 

0.1 

0.77 
0.62 
0.42 

0.73 
o.n 
0.39 

P a  
m i r o r a l  

work- 

(,,,.-jig 

DLRiburwn rarw 

Per 
mcnrurnbly 

uposni 
uwrkcr 

(d~) 

NI1,, 

0.020 

0.73 
0.74 
0.56 

1.20 
1.44 

2?Q 

5.07 
0.94 
278 

0.51 
0.61 
0.53 

0.33 

0 . W  
0.60 
1.89 

2.26 
1.08 
0.95 

a 1 3  

0 
o 

0.0008 
0.0002 

0 

0 
0.0004 

0 

0.W3 

0.010 
0 

0.003 

0 
0 

0.002 

0 

0.001 
0.001 
0.001 

0.0006 
0 
0 

0 

0.001 
0.0002 
0.0001 

0 
o 

0.11 
0.026 

0 

0 
0.17 

0 

0 
0 

0.42 
0 

0.24 

0 
0 

0.20 

0 

0.42 
0.056 
0.068 

0.032 
0 
0 

0 

0.12 
0.027 
0.016 
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Corvlny 

md 
~ w i a l "  

World ' 
1975-1979 
1980-1984 
1985-1989 

Exn~ninniimr 

(millions) 

Argcntira 
1985-1989 

Atnlmlia ' 
1975-1979 
1985-1989 

Bradl [D2] 
1985-1989 

&a& 

1975-1979 
1980-1984 
1985-1989 

slim 
1985-1989 

Qlim (Taiwm Province) 
1980-1984 
1985-1989 

Czechoslovakia ' 
1975-1979 
1980-1984 
1985-1989 

Dcnmark 
1975-1979 
1960-1984 
1985-1989 

F i n l d  ' 
1975-1979 
1980-1984 
1985-1989 

Fram ' 
1975-1979 
1960-1984 
1985-1989 

Gaman Dan. Rep. 
1980-1984 
1985-1989 

Germany, Fed. Rep.  of 
1980-1984 
1985-1989 

tfungary 
1975-1979 
1980-1984 
1985- 1989 

India 
1975-1979 
1980-1984 
1985-1989 

Monitorcd 

unrkas  

( r h o u r ~ d r )  

48 
65 
160 

McaruraSly 

a p e d  
w r k a s  

(fhorrrmd.7) 

A n n u l  
cdlrcrhu 

rfecfhu 

dose 

( m ~  Sv) 

25 
26 
52 

Nl (human) mcdical 

3.45 

6.23 
15.8 

76 

39.6 
51.7 
62.9 

86.8 

3.06 
3.98 

6.78 
9.38 
11.6 

6.13 
6.02 
6.M 

4.98 
5.60 
6.18 

40.9 
59.2 
73.7 

24.6 
24.9 

134 
185 

7.80 
9.15 
9.07 

9.58 
11.6 
l5.2 

uacs or radintion 

1.20 

8.96 

23 

11.8 
7.88 
10.8 

14.4 

1.89 
3.62 
4.04 

0.18 
0.58 
0.49 

8.06 
8.19 

1.29 

2 . 2  
21.9 

1.43 
1.26 
1.29 

5.22 
5.74 
8.03 

A ~ w n ~ c  ~ n u a l  cl/cclit.c 

dosc 

(excluding 

3.74 

3.45 
1.11 

115 

10.4 
8.30 
9.18 

156 

~ 7 7  
I.% 

5.16 
7.80 
9.12 

3.32 
208 
1.18 

1.17 
LU 
1.22 

493 
36.0 
25.1 

3.34 
2% 

26.2 
235 

3.19 
241 
2 34 

7.89 
6-56 
8.02 

P a  

nnrkCr 

(d,$ 

0.52 
0.40 
0.32 

Vimiburion rorio 

I'm 
rnenrur&IY 

u p e d  
n o r k a  

( d v )  

N H I J b  

vctcrinuy medicine) 

1.08 

0.55 
0.07 

1.51 

0.26 
0.16 
0.15 

1.80 

0.57 
0.49 

0.76 
0.83 
0.78 

0.54 
0.35 
0.20 

0.23 
0.21 
0.20 

1.21 
0.6 1 
0.34 

0.14 
0.10 

0.20 
0.13 

0.41 
0.26 
0.26 

0.82 
0.57 
0.53 

~ I J  

3.12 

0.12 

4.96 

0.88 
1.05 
0.85 

10.9 

2 73 
2 15 
2Z 

6.55 
2 10 
250 

4.46 
3.06 

1.99 

1.18 
1.07 

2 2 3  
1.91 
1.82 

1.51 
1.14 
1.00 

0.13 

0.0001 

0.0005 
0.0002 
0.0002 

0.030 

0.003 
0.003 
0.003 

0.005 
0 . W  

0 

0.004 
0.00 1 
0.001 

0.006 
0.006 
0.003 

0.001 

0.0006 
0.0005 

0.003 
0.002 
0.001 

0.007 
0.003 
0.003 

0.48 

0.041 

O.OS0 
0.014 
0.058 

0.43 

0.13 
0.079 
0.10 

0.22 
0.10 

0.011 

0.45 
0.12 
0.21 

0.18 

0.14 
0.16 

0.16 
0.13 
0.11 

0.30 
0.22 
0.17 



'lhe data arc a ~ u a l  values averaged o v a  the indicated periods. They were derived as averages over the ycars f a  which data were reputed; in some casa. 

data wcrc repuled for mly  romc of thc yarr in thc pcriodr of interat here. 
7hc nlura of hal5 arc f a  rhc rnonitaed worKcrct. Values f o  the c+ rakforcc can also bc crtirna~cd where data are gbra for both mcnitaed and 
mcarurably c x p d  workers. 

C o w n y  
Nlrl 

period " 

Indonuis 
1975-1979 
1980-1984 
1985.1989 

lrcland 
1965-1989 

Italy 
1985-1989 

Jnpnn 
1975-1979 
1980-1984 
1965-1989 

Mcldm O 

1985-1989 

Peru 
1980-1984 
198501989 

Pcnlugill [CI] 
1985-1969 

Soulh Alrica 
1975-1979 
1980-1984 
1985- 1989 

Spain 
1985-1989 

S d c n  ' 
1975-1979 
1960-1984 
1985-1989 

Suqlurland 
197501979 
1980-1961 
1985-1989 

United G n g d m  I I I 1 .  W4J 
1980-1984 
1985-1989 

United Stata " 
1975-1979 
3960-1984 
1985-1989 

Taal of reported data 
1975-1979 
1980-1984 
1985-1989 

World 
1975-1979 
19RO-1984 
1985-1989 

A h w n ~ c  

I'cr 
munirorul 

n v r k n  

(msj  

1.67 
1.60 
I .a 

0.13 

0.47 

0.65 
0.40 
0.33 

286 

4.46 
4.20 

0.52 

0.M5 
0.687 
0.787 

0.78 

0.25 
0.20 
0.24 

0.29 
0.17 
0.05 

0.71 
0.21 

0.95 
0.70 
0.38 

0.86 
0.55 
0.42 

0.78 
0.60 
0.47 

Amual  
cdltcrivc 
rlfccrive 

dose 
(mnn Sv) 

1.78 
3.44 
4.24 

0.22 

21.0 

35.7 
44.0 
46.6 

2W 

7.03 
7.14 

201 

0.57 
7.37 
9.53 

29.3 

284 
253 
3.13 

6.20 
4.97 
1.83 

28 
8.4 

460 
410 
260 

9 7  
588 
644 

993 
1140 
1030 

l3mLtarionr 

 million^) 

nnnual cflccrit.~ 
dose 

Pcr 
mcnvurably 

e r p s a l  
uvrkcr 

(4.) 

1.75 
1.68 
1 . n  

078 

1.66 

1.65 
1.29 
1.21 

4.02 

2.M 

0.103 
1.79 
3.61 

0.86 

221 
1.63 
0.86 

1.05 

1.5 
1.7 
1.7 

Dufribu~ion 

NR,, 

0.002 
0.003 
0.003 

0 

0.004 

0.030 

0.003 

0.000 
0.006 
0.005 

0.004 

0.006 
0.004 
0.002 

0.001 
0.001 
0.000 

0.003 
0.002 

0.007 ' 

0.003 
0.002 

0.009 ' 

rario 

~ J J  

0.02 
0.01 
0.01 

0 

0.27 

0.24 

0.085 
0.2 
0.23 

0.12 

0.12 
0.092 
0.026 

0.16 
0.11 

0.34 ' 

0.14 
0.10 

0.24 ' 

hfonirored 
uvrkns  

(rbummdr) 

1.07 
216 
253 

1.69 

44.6 

55.3 
111 
142 

0 . n  

1.58 
1.70 

3.83 

8.76 
10.7 
12.1 

37.7 

115 
12.8 
13.2 

21.5 
30.1 
36.1 

39 
40 

485 
564 
734 

67 1 
1060 
1520 

l?RO 
1890 
2220 

Mcprwably 

a p e d  
uvrkcrs 

( r b u m d )  

1.02 
206 
241 

0.28 

12.6 

21.7 
34.2 
38.6 

0.52 

0.97 

5.49 
4.13 
264 

34 .O 

1.29 
1.38 
3.66 

257 

650 
520 
590 
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Table 32 ( c o r ~ t i n u c d )  

' T h e  numba of u o t k r s  and the cdlcctive dose havc k c n  scaled up by a f a d a  of 1.43, sincc the reported data included d y  about 7m of the u p u e d  
w a k f u c e  in Australia. 
Thc mahod d d a c  rcmding uas  different in the two pcricdr f a  uhich data arc rcpatcd. and this may account partly f a  thc diffcrcnca in data. Average 
indi\idual doses f a  1975-1979 wcrc c a l ~ l a t e d  f ran  thc tdnl ofthe rcpotied d o r n  f a  an ocrupatimal cntcgory divided by h c  atimntrd numbcr ofnvrkcrs 
in that mtcgory, with the results rrundcd to the nearcat 0.1 mSv. In 1990 thc cstimnlcs wcrc based dircaly m the rerults of individual monitoring; in the 
abcncc d dnta f a  1985-1989, the d ~ l a  f a  1990 have hccn auumnl to bc rcprcscnlntivc d that period. 
The mn7-h~ of workers and the cdlcctivc dosc have been scalcd up by a factor of 1.5, since the rcporied d:~tn included only w a k a r  in that part ofthe coontry 
that u u  lo k w m c  the Gxch RepuMic, which contained two thirrt d thc ccuntry's ppulstion. 

f The numbas of examinati- include t h a c  in dental prmice. which amount to .bout 1 million pn year. 
Some 1 4 8  oh thc total d lccr ivc  dose from d l  medical u x s  dndia t ion  has y a  to k assigned to  m e  or dhcr d lhc sar iws ca tega ia .  Cocuequcntly, the 
reported doru  may be small undcrestimateq particularly in 1975-1985, where most of the  doses yet to  hc a u i p e d  exist. 
Rcpated dosn arc ovaut imatu  because the dmimctcr is calibrated in tcrms of s h n  surface dosc and is w a n  abovc aprons uhcn thcy arc used. F a  diapratic 
x.ray radiology prcliminary studics indicate that the ovcrcstimnte may he a facta in the ran@ of 3-30. 

' The number d u.akcrs and h e  cdlcctivc dosc hsvc becn scaled up hy a f a d a  d 1.33, since thc reported &la covered only 75% of those monitored 
1 T h u c  data should be intcrprcted uith carc, particularly bccause the countries includcd in Ihc summaticns for the rcspeaivc five-ycar pcricds may nM bc the 

wc, dcpcndingon whether data wcrc rcportcd f a  the pcriul in quation, Conrcqucntly, direa canparism between data for different pcricdr is invalid to the 
c n a t  that the &u mmprisc wntributims f r m  different cormuics. It should alu, be noted that the data on hUIs  and SRIS are averages d data reputed on 

h e  ratios. In p a l ,  hesc  data arc lcss mmplctc lhan thmc that fonn thc basis d Lhc rummaled numbcr d wakcts and c d l ~ i v c  dosa.  
Thc cstimatca are mrapolatiom of r c g i d  A- based m h e  gross national product (Ghl'); h u e  of i ruf l~c ient  data. the cs6matcs of hUI5 and SRIS 
arc avcrago of the data rcportcd cn t h a c  ratios. In general, thesc data arc less cunplctc than those that Tam the basis of the rummated numb- of workers 
and cdlcaive dosa. 

I The apparent increase in the ratios in the third p c r i d  is consequent upon data for a i n a  ( f a  whlch Ihc mlues of thesc ratios are much larger thm the nvcrsp) 
cmly bcing included in the p a i d  1985-1989. Excluding Chinq there is a downward trend in thc values ovcr the uhole p a i d .  

" Data for dentis& in pri\atc pradicc only. 
" D a b  f r a n  [El. E2 and EjL The data are specifically f a  the ycars 1975. 19SO and 1965; thcy are assmed here to be rcpresmtativc. rcrpcaivdy. d 1975-1979, 

1960-1964 md 1985-1989. 
O In h e  absence d data for 1985.1989, thc data for 1990 havc becn assumed rcprucnlrtivc. 

D a b  are for holding assistants; 1.06 man Sv d the collective dose arose in radiographic examinations and 0.34 man Sv in fluoroscopy. Some 2 4  million 
radiographs were takcn uith about 5% on large animals u;ih thc ranaindcr m small animals. 

Q The mlues f a  1985 (the period 1985-1989) arc Lascd cn cnrapdations oC earlier data. 
' Repc~led doscs arc ovcrcstimatcs because thc dosimdcr is calibrated in terms of the skin surface dosc and is wom above aproar w h a e  t h a e  are used. F a  x-ray 

diagnmic radidogy, preliminary studia indicate that the o w u t i m a t e  may bc by a factor in thc r a n p  3-30, aboul60% d t h e  occupaticnal exposures reputed 
for all medical uses of radiation are currently reputed to arise in diagputic radidogy. 
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Table 33 
Worldwlde exposure from nll n~edlclll uses of rndlation a 

I 

The dab are annual valucs averaged o v a  the reyleaive five-year periods and arg in general, quoted to two signifimnt figures. 
Values in parentheses are the percentage contribution of that practice to the tolal n u m b  of maaitored wakcrs in medicine. 
The numbcrs in paren!hcscs arc the percentage contributiaa of that practice to the cdlective dose h m  all ~nedical uses d radiation. 
The normalized mllcclive doses per unit GNP fa the thrcc five-yur periods are expressed, respectively, in terms of 1977, 1983 and 1989 prices: direct 
cunpariscn betwero the values f a  different periods i s  pouiMc only aftn mrreaing f a  t h a e  different price bests. 
Nmccnudlyp1amed c o n m i e s  in east and south-cast Asia. 
Includmg the whdc d the lamer  USSR. 
lnduder the remainder of the world for which values are nor specifically tabulated dscwhac  in thc tahlc. Note that the countries or regions comprising the 
remainder differ in the respcaive live-year periods. 
Centrally-planned economics in east and south-cast Asia. 

Corulnylrcgion 

Avaagc ~ n u a l  
individual dosc lo 
numuoral nwkcrs 

( d o  

Monirored 
workas 

(rhousand$ 

1975-1979 

Collecrirr efJecri~r 
d m e  p a  unb GNP 

( m ~ ~ v ~ e r l d ~  
SU.v 

Avaagc ~ n u a l  
rdlcrrirr  cflccri\c 

k c  

( m ~  Sv) 

Collccriw flerriw 
dose p a  unir 
poplorion 

( m ~ ~ v p w 1 0 ~ )  

Fast and south-cast Asia ' 
Eastern Europe f 
Indian submntincnt 
Latin America 
OECD except United States 
United States 
Rcmaindcr g 

Tdal 

1.7 
0.57 
0.82 

0.61 
0.95 
0.84 

0.78 

4 (0.3%) 
190 (15%) 
12 (0.9%) 

360 (28%) 
490 (38%) 
230 (18%) 

1300 

1980-1984 

44 
94 
61 

74 
250 
160 

130 

7 (0.7%) 
110 (11%) 

10 (1%) 

220 (22%) 
460 (46%) 
190 (19%) 

990 

East and southar t  Asia ' 
Eastern Europe f 
Indian submntincnt 
lat in Amaim 
OECD except United States 
United Slates 
Rcmaindcr J 

T-l 

21 
280 
12 

490 
2100 
97 

230 

10 (0.5%) 
460 (24%) 
15 (0.6%) 
60 (3%) 
61 0 (32%) 
S O  (31%) 
160 (8%) 

1900 

1985-1989 

16 (1%) 
150 (13%) 
9 (0.7%) 
no (25'16) 
210 (18%) 
410 (36%) 

90 (8%) 

1100 

Asia 
Fast and south-cast Asia ' 
Eastern Europe f 
Indian subcontinent 
Latin America 
OECD except United Stater 
United States 
Remainder 8 

Taal 

1.6 
0.31 
0.57 
4.5 
0.35 
0.70 
0.55 

0.60 

440 
56 
38 
30 
220 
24 
58 
56 

54 

96 (4%) 
17 (0.8%) 
430 (19%) 
19 (0.9%) 
110 (5%) 
740 (33%) 
no (33%) 
75 (3%) 

2200 

140 
66 
300 
9 
400 
370 
1100 
42 

190 

37 
64 
33 
350 
43 
120 
79 

87 

41 
350 
9 
650 
450 
1700 
48 

240 

170 (17%) 
29 (3%) 
130 (13%) 
10 (1%) 
180 (17%) 
190 (19%) 
280 (27%) 
35 (3%) 

loo0 

1.8 
1.7 
0.31 
0.53 
1.6 
0.27 
0.38 
0.47 

0.47 
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Tnble -74 
Summary of worldwldc exposura fmnl n~cdlcal uses or radiation " 

I 

" The data arc annual values averaged ova the rcspectivc five-year pcriods and arc. in general, quoted to two significant figures. * Values in parcolheses arc the percatage ~ t r i b u t i o n  of that practice to the total number of mmitored wakers in medicine. 
The numbar in parentheses are the percentage wntributim of that pranicc to the cdlcaivc dose from all medical wes OF radiation. 
?he d u e s  d NRIS 2nd SR15 should only bc regarded ar indicative of worldwide experience. Rcponed data m these ralios wcrc far fwcr than f a  a h c r  
quantifier of intawt (c.g d l e n i v e  d q  monitored workers ctc.) and were insufticient to form the basis for m a e  reliable and representative cstimatc of 
waldwide levels. 

I'racrkc 

Annual mwagc  
individunl d m  ro 
numitared w a k e s  

(m.71, 0.') 

Monitored 
H O ~ ~ T S  * 
(rharrondr) 

1975-1979 

Annunl w a o g c  

c d l ~ c r i \ ~  Cffecrita 
dare ' 

(m M SL') 

N R ~ ~  S R ~ ~  

hagnostic rsd.iology 
Dental praaice 
Nudear mcdicine 
Radicthcrapy 

All medicinc 

0.94 
0.32 
1.01 
223 

0.78 

630 (55%) 
370 (32%) 

61 (5%) 
84 (7%) 

1300 

1980-1984 

MX) (62%) 
120 (1%) 
62 (6%) 
190 (20%) 

990 

0.003 
0.000J 
0.002 
0.012 

0.003 

Diagnostic radiology 
Dental praaicc 
Nudcar medianc 
Radidhcrapy 

N l  medicine 

0.11 
0.077 
0.067 
0.30 

0.14 

I100 (61%) 
so0 (285) 
81 (5%) 
110 (6%) 

1900 

19U-1989 

no ( 6 7 ~  
93 (9%) 
85 (8%) 
I80 (17%) 

1100 

Diagnostic radiology 
h t a l  pradice 
Nudcar medicine 
Radiotherapy 

N I  mcdicinc 

0.68 
0.19 
1.00 
1.58 

0.60 

760 (78%) 

75 (32) 
8s (9% 
lo0 (~WM) 

1000 

1400 (67%) 
4-80 (23%) 
90 (4%) 
110 (5%) 

2200 

0.003 
O.Oo(KI 
0.002 
0.008 

0.002 

0.56 
0.05 
0.95 
0.87 

0.47 

0.05 
0.064 
0.033 
0.19 

0.10 

0.005 
0.0003 
0.004 
0.007 

0.009 

0.22 
0.12 
0.096 
0.21 

0.24 
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Tnhlc 35 
Ernploymenl in underground mlnlng worldwide 

I a 0 1  

Tahlc 36 
Exposures to radon and decay produck In non-uranium mines 

cowthy 

China 
~rechu~ovatia 
Gcrmrny 
India 
Pdand 
South ATtiu 
S p i n  
USSR 
Unitcd Kngdan 
Unircd Stotcs 
Othcr countria 

Tdal 

' Mchl miner. 
Nm-mclal mina. 

Numbrr oJ mL~crs (rhournwl.~) 

COW hy 

Australia 
Canada 
France 
Germany 

India 

Italy 
Poland 
South Africa 

USSR 
Uni~cd Kingdom 

Uni~cd States 

Yugoslavia 

Cod mink1  

1594 
55 
105 
669 
25 1 
46 
38 
640 
46 
51 
213 

3908 (84%) 

Orlra mining 

64 
2 
4 
10 
10 

340 
4 
40 
2 
15 

265 

756 (16%) 

 em 

1991 
1980s 
1981 
1990 
1991 
1980s 
1980s 
1970s 
19805 
1970s 
1990 

1980s 
1990 
1975 
1990 
1985 
1970s 
1980s 

Totd 

16% 
n 
109 
679 
26 1 
386 
42 

660 
48 
66 
476 

4664 (100%) 

Rd 

Wl 
IAl I 
18141 
IBI 
IS101 
[MI21 
IN61 
lsl 11 
P 3  I 
lG31 
IS71 

ID51 
F l  I 

1~151 
IR61 
Is121 
PI 
IK61 
IK61 

Number 
of mLres 

23 
4 
5 

45 

22 
35 
26 
25 
40 
26 

4 1 
10 

99 " 
86 

2 

%above 
2 W W  a-I 

0 

0 
0 

0 

0.2 

0 

<1 

0 

Number 
of mines 

3 

3 
20 

5 

71 

47 
220 

223 

5 

Orha mining 

kposure 
(WAI a-I) 

0.1 
0.4 
1 .o 

1.4 

0.8 
1.2 
0.1 
1.7 

0.31 
0.85 

0.45 
0.5 
1.2 

0.12 

1.7 

Cod m i n u 1  

Exparure 
(WWI a'') 

0.2 

0.2 
0.1 

0.02 

0.3 

0.04 
0.1 

0.1 

0.2 

%abo~e  
2 1VLM a" 

0 
2 
8 

18 

9 
8 
0 
10 

7 
4 

50 
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Table 37 
1)oses tn non-urntilun~ mlners In the rormer USSR t ~ n d  In lhc United SLHtes from inhalation of radon and I t s  
decay products 

Range of n l u a  in parcnthaer. 
The d a m  repared i n  [W, PI] were dcrivcd using a mnvcrsion factor d 10 mSv WLM-' for expaurc  to radoa progeny. The d a a  tabulated have h e n  
rnodi6ed from those rcpated using a wnvnr ion  f a d a  d 5.6 mSv WW'. 
Data from [E3]; they arc based on measurements at aboui W w  of mincs in the United Staler. 

Number of mines hrwn&r of norktrs 
( t k o u r d )  lype of mint 

A ~ w a ~ e  mnuol cffecrhr 

dare ( d t )  a 
hfcmurcmuu paiml 

Famcr USSR [PI] 

Cosl 
a h a  

0.2 (0.1-0.9) 
4.8 (0.02-24) 

United Stntn (metal minn)  

99 

11 on 
Coppa 
L a d k i n c  
G d d  
Si lva  
M d  ybdcnum 
Tmg$ten 
Phtinum 

Tdal 

1 
22 
3.9 
0.58 
29 
22 
0.06 

1 

13.8 

1985 
1985 
1985 
1985 
1985 
1965 
1985 
1985 

6.7 
0.7 
13 
6.7 
1.3 
1.3 
13 
6.7 

6.7 

C'nitcd S b t n  ( n o n m c h l  minn)  

Oil shale 
L m a t m c  
Muble 

Q ~ Y  
I-l uaspar 
Potash, soda, bcrate 
Pharphate 
Salt 

GYw"n 
Talc 
Nm-maallic miacnlr 
Cnlaonite - 
Lime 

Ted 

0.25 
0.85 
0.08 
0.04 
0.05 
23 
0.1 
1.5 
0.08 
0.2 
0.W 
0.11 
0.01 

5.5 

1985 
1985 
1985 
1985 
I985 
1985 
1985 
1985 
1985 
1985 
1985 
1965 
1985 

- 

0.07 
0.2 
2 
5.7 

0.33 
0.13 
20 
0.7 
1.3 
4.7 
0.2 
0.13 
5.4 

0.67 86 



Tnble 3fl 
Worldwide coiiecUvc dcae from inhalation of radon and its dccny products from underground mining 
(excluding uranium) ~ i n d  ib dlslrlbuUon bclwecn counlries 

a Unless olhauisc indialed. numbcr d m i n m  is tskeo from Tablc 35. In Ihc category 'Other minus the number d miners also include uranium miners; 
carca i rns  u c  made f a  this in the tods .  
D c r i d  f ran  r e p a r d  u p o w e s  in Table M assuming a amvcrrioa f a a o  d 5.6 mSv WW'. 
Tk numbas of minor include hosc woridng in uranium mi= ud the cr t iaa td  collecrivc doses are. therefae. ovcratimata; Ibis is ccxrmed f a  in h e  
t d d  cdlcctiw dac bra not on a catntry by rmntry basis. Thc r m d  average individual dowr are averages w e t  all undcrgound rnina exduding eo.l and 
uranium mines. 
Expmure &la taken from [S7] which arc rcprcscntstiw f a  1990. m c u b t  higha levclr were r c p a t d  in h e  1970s [G3] (see Table 36). 
Expcsurc &n t a k a  from [W] (see Table 36). 
Value lakm from PI; it ir for all underground mincrs in thc Unitd Stalw cxcept those waking in coal and uranium mines. 

t Uranium miners haw bcen excluded from the t m l .  

CorvlLy 

Table 39 
Summary of occupallonal cxposurw to natural radintion (excluding urn~iium mining) a 

Number of mines ' 

( ~ h o w h )  

htimatcd dcscr are appropriate f a  the latter half d the 198Ck. In mlnrng r o m m h t  higher individual and cdlertivc docem arc likely lo have bao u p e r i c d  
pcviauly .  Cdlcaivc dam to nircrcw are likely to have bem Imn prc\icudy bccduac air traflic growlh ovcr thc period. 
Exduhng uranium mining. 

' l n d u d a  d . t i r e d  pawcl plrnts (-3CO.WO works, cdleaive d a c :  c60 man Sv) and extrnchon of minanl an&, phmphalc aa nnd lheir rritnqumt u u  

(cdlcaive d n e  c200 man Sv). 

CMI minn 

Expanuc ro radon progeny 

India 
I1dand 
USSR 
Unitcd k n g d a n  
United SUIM 
Chha 

T a d  

A w a g c  MWI 
cffccriw d m  

f d v )  

0.9 
6 
3 

<I 

1.7 

Amual cOIICCII.\'C cfi~;\e dase 

(mM SV) 

Worldwide ~ n u d  collec~ivc 
eflecri~v dose 

( m ~  Sv) 

3400 
4100 
800 

J O O  

Rb(W) 

O c c q a i m  cr procruc 

C h I  mining 
aha mining 
k r o n v  
ma 

T a d  

Atwage ~ n w l  clJcrivc dare 
(d.) 

105 
669 
25 1 
840 
46 
51 

1940 

3910 

N& of 
wrkers 

f l h 0 - d )  

3900 
700 
250 
300 

5200 

Other niinn (excluding uranium) ' 

59 
74 
430 
170 
26 
29 
740 

1530 

Germany 
India 
Poland 
South Abica 
USSR 
Uni td  Kingdm 
Unilcd Stales ' 
aha 

T c u l t  

0.56 
0.11 
1.7 
0.2 

0.56 
0.56 
0.38 

0.36 

4 
10 
10 

340 
40 
2 

48 1 
334 

700 

NI underground minn (excluding uraniun~ mines) 

3 1 
45 
5.6 
1900 
I90 
5 

240 
1800 

3780 

7.8 
4.5 
0.56 
5.6 
4.8 
2 5  
4.9 
5.4 

5.4 

1.2 Tdal 46 10 53 10 I 
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Tnhle 40 (continued) 

Norwe of aposwc and hcdrh cmsequnces 

Whdc-body d o x  of 2-3 Gy 

Whole-body dose of 5 Gy and lml ized  cxpaswc 

Wholc-body dosn  of 2.6 and 3.5 Gy; nlulerntc hnmlupdaic type of acute radiation sickness 

Estimated wide-body dac of 1.35 Gy; m a e x i a  and nausea four haun Iata; scvae  h g c  to 
hacmopactic sys tm with rataation of WBC was relativdy slow 

Estimated whole-body dose of 5.2 Gy; acute radiation r i h c a r  ( b c  marrow synhrme); &a duec 
yurs  followup, m d i t i m  good 

Whole-body do- of 0.87 and 0.61 Gy; both sufTaed mild haanopcidic radratim ridcnar; 
recavcrcd 

Wid exposurc d 18-37 Gy 

Whole-body dose of about 5 mSy data insufficient f a  &mating l m l  dorcr; b u l l a s  dermatitis d 
thc thutnb of thc right hand; plastic rurgay two years la ta  

Whole-body dose of about 5 mSv, data insufficient for &mating I d  darn: bullws dermatitis d 
thc third finger d the I& hand and adjacent arcas; plutic w g a y  two years l a t a  

Whole-body dox of about 2 mSy data insufficient f a  urinating 1-1 dous; bullcus dematitis cb 
thumb d right hand; wnwtvativc ticalmcot 

Intake through wound d -600 Bq d 2 4 1 ~ m ;  surgical excision d wcund and adminishation of DTPA 

Inhalation of -50 kBq d dispcrscd *"Am; hospitaliwtion and adminirmtim d DTPk  no clinical 
manifautims 

Whole-body doscs of 3-8 Gy; 1 dcath 

L o d i d  cxposurc of hand; amputatim d Gnga 

Wholc-body and localized exposure; amputation d I d t  arm 

Dow d 10-30 Gy to right hand and whole-body dow of 0.245 Gy; acute and chronic radio- 
dermatitis (2nd and 3rd degree) 

Person$ 
offecrad 

1 

1 

2 

1 

1 

2 

1 

1 

1 

1 

1 

1 

3 

I 

1 

1 

Country 1 
lorofint 

Bangladah ' 

China 

China 
Kaifeng G t y  

China 
Zhengzhou City 

China 
l h a o  Xan 

China 
fkijing 

China 

Czcchorlovaha 
Pardubice 

Crechorloval;la 
Sotdm 

Czeclroslmkia 
Prague 

CzechorlonLia 
P e t n d d  

Gcchoslwakia 

R a p  

El Salvadn a 

France ' 
Nancy 

Fiance ' 
Montpdin 

Gaman Dem. Rep. 
Freiberg 

Yenr of 
occtlmr 

1989 

1980 

1986 

1987 

1988 

1989 

1989 

1977 

1979 

1982 

1985 

1988 

19H9 

1978 

1979 

1979 

Type cj tu rd lo t im 
or opaorion 

radiography source 

r a d o p p h y  source 

source 

irradiation facility 

irradiation fadlity 

6 0 ~  w r c e  

1921r radogrrphy source 

"'h industrial 
rahography wurcc 

Ip2lr industrial 
radiography m c c  

"'11 industrial 
radiography source 

Diiutioq using a needle. 
of 24th d u t i m  in 
glove box 

Manufacturing of foils 
motainiag 2 4 t ~ m  for urc 
in fire alarms 

a ~ o  irradiation facility 

X-ray q u i p m a t  

19'1r radiography source 

X-ray fluorescence unit 

hi& cause cf apatlrrc 

Accidental cxpaurc for about 3 minuter 

Aoddcntal entry to inadiatim roan  f a  10-15 
seo0od.l 

Accidental entry to inadiatim room fcx about 40 
scam& 

Accidental exposure to wurce for about 4 
minutn 

Technical failure d the equipment and improper 
actions to bring scurcc back unda control 

Technical failure d the equipment and 
inadquatc modloring during and .flcr wak 

Source transport wntainn declared empty m 
dclivcry from abroad nnd handled as if inactive 

C a r d a s n u s  and inadequate equipment f a  w a k  
with tramuranio 

Ncw rdling mcthod not t e t d  inactively first; 
pmr radiation protection pnctim 

Carelnrnnr 



'I'nble 40 ( c n n t i n u c d )  

cacnhy l Year of Typc o/ i n r r d a f i m  M a n  carue 4 a p t a e  P a s m r  N a w c  of aposwe m d  hcdfh c a ~ ~ c q u r n c u  
la-dim aecidrnt or o p a r i o n  armlad 

Gnman Dan. Kcp. 1980 Analytical x-rny unit Carelessnus 1 Doso of 15.30 Sv to Icn hsnd; acute and chroriic rndio-dcmntitir (2nd and 3rd dcgcc) 
Bohlcn 

German Dem. Rep.  1983 Ig2h industrial r w c c  Technical defea and inappropriate handling 1 Dosc to thc right hand of abart 5 Gy; w t c  and chrmic radio-dermatitis (1st dcgrec) 
Schwarrc P m p e  

Germany, Fcd. Rep. 1975 X-ray f l i ~ o r c ~ c c  Carclasncss and technical faults during rcpair 1 Estimate dosc of 30 Gy to thc fingers; rcddcning d two fingers nftn 10 days 
q u i p m a t  

Garmny, Fcd. Rcp. 1975 Welding scam 1-1 of G r c l n s n n s  and technical d d d s  1 Estimated dose d -2 Gy to Ihc stomach rcgicn 
x-ray q u i p m c n ~  

Germany, Fed. Rcp. 1976 X-ray equipment Inupcti  handling of cquipmrnt 1 Estimtcd wholc-body dose of 1 Gy; reddening of sldn aAn 24 hours and radiation aRertffecu 

Germany, Fed. Rep.  1980 Radiogram unit Defcaivc cquipmcnt 2 Ertimtcd dosc d 23 Gy to the hand and an ctTedivc dose d 0.2 Sv 

Germany. Fed. Rep.  1981 X-ray flunacencc Crrc lnmcy 1 Partid body cxposurc uith 20.30 Gy dasc to thc right thumb; cxtarsivc t i w e  d a m a p  developing 
quiprnrnt o m  scvaal moaths 

Germany, Fcd. Rcp. 1963 X-1 ily cquiplnmt Dcfecuvc cquipmat 1 Partial body cxposurc to rcgioru of thc body d about 6-12 Gy; localixcd physical changes 

Hungary 1977 Indudrial defcaoyope Failure d equipment to uithdraw wurce into ils 1 Whole-body d o x  of 1.2 Gy; slight nausea. changes in Mood and inacased f rqumcy of 
G y h  contai ncr chromasanrl aberrations; ohcrvatioo and d a t i v e  therapy 

Ilungary 1984 '"~r industrial Fnilurc d equipment and carclss handling of 1 Whole-body d o x  of 46 mGy; 20-30 Gy estimated f a  f i n k s  of IcR hand; radiation burns on fingas 
Tisrafured defeaoscopc source of Icfl hand; incvasiblc necrosis at tip d onc finger, surgically ranovcd; sli&t incruse in 

chromosanal aberrations 

Iraq 1975 '92h radiogaphy wurcc 1 Wholc-body dme of 0.3 Gy plus lml i rcd  cxponrre of hand 

Italy ' 1975 6 0 ~ o  industrial 1 Whole-body dose of 10 Gy; hacmatcpactic syndromq death aftn 13 dayr 
Rrcscin 

lndonaia 
Badak. L s t  Bomco 

Indonesia 
Grcbon, W n t  Java 

India 
Vikhroli. B u n b y  

India 
Mulund. h b n y  

1982 

1987 

1982 

1983 

radiography source 

'921rindwtrial 
radiography sowce 

Industrial radiography 
x-ray mnchinc 

I9'lr pencil rcurcc 

I9'lr projector 

Rcpair d thc scurcc by the opaator 

Kcpair d shutta ufhile machinc was in cperatim 

Fnilurc d sc~urity during transpon of source; 
scurce lost and frund by a railuay w n k n  

Operation by untrlincd p a w m c l  

1 

1 

1 

I 

Ltimated doses of 0.77 Ciy to the wholc M y ,  0.64 Gy to thc gomds and 11.7 Gy to thc hands; 
ocdcrna and suppuration of thc hands 

Dose to donum d m c  hand in e x n u  of 10 Gy; o c d n  and auppuratim d thc rffcded hand 

Doso of 1.5035 Gy lo skin in the region of the goin  nnd whde-body dose cf 0.4-0.6 Gy; ~ c v n c  
radiation burns in pelvic region with cxnuciating pain 

Dox to the skin of 20 Gy and to the whdc baly of 0.6 Gy; xvcrc damagc to f n g c r ~  four d uhich 
w a c  nmput~lcd 



Cw 1 
lacrrri~ 

India 
VisaLhapatnam 

India 
Yarnunanagn 

India 
Hadra, Gujarat 

Norway ' 
Kjcll er inadiaticm facility 

Pcru 1977 '"1r r w m  Untrained pnsormcl and lack of supcrvisim; 3 Maximum dowr of 164 Gy to hands; 0.9 Gy lo lens of the eye; 2 Gy to the whdc  body: unpucltim 
Zoru dd O l n d u d o  quipmcnt neithcr rcgjslnnl nor authorized of lingers of two pmplc and dfccu on Ien hand d onc 

South Africa 1977 I9'lr industrial Faulty cpra t ia ,  of pneumatically opcratd 1 Wholc.body dose 1.16 Gy; amputation of 2 S n g m ,  rib r e m d  and skin grafts 
Sasdburg Tranvnal radiography wurce container m d  monilor; nrclessnas d operala 

South Africa 1989 '"1r indurtfial Dclached source; negligence d radiographn 3 Whole-My d m a  of t h r a  w a k m :  0.78, 0.09 and 0.1 Gy, 111 with m uncertainty d aban 0 3  Gy; 
Witbank Tranrvaal radiopsphy source (source n& properly anachcd) and failure d computed cffcctin dosc to the most e x p o d  was 221 Sv; most cxpacd worka: ampulatim of right 

patablc mcmita to r c ~ s t c r  ddachcd source leg st the hip a n n  6 months and amputation d 3 f i n p s  sftu ooc ycsr 

South Africa 1990 6 0 ~ o i n d u N i a l  Source Id? bchind aRa radiogaphy wuk; loas 6 C y c o g d c  d p i s  indicated that thrm people rccdved whdc-body d a e r  in exccas d 0.1 Gy G t h  
Sasdburg Tranvaal radiography source n d  dctcded due to inadquate monitaing a maximum of 0 5 5  Gy, scurce handled for paiods d 5-20 rcinuta, but local dovs d d  n a  bc 

smrce handled by 6 pcoplc atimnted with any aaruracy; right hand amputatul 10 cm above win in m e  case; patches d 
scnsitivc skin on fingers of andha; blistering of fingers in two 0th- cases 

USSR ' 1975 l9'Ix inadiatim facility 2 Whde-body doses of 3 and 5 Gy; d m  to hsnds o v a  30 Gy 

USSR 1976 m ~ o  irradiation facilily 1 Whole-body d o x  of 4 Gy; radiation sickness, haernatopoictic syndranc 

USSR ' 1980 @ko irradiatim fadlily 1 Dose d SO Gy to lens 

United Kingdom 1977 Filling gdsaxs  tritium Broken inla manifdd led lo the r d a s c  of 2 Whole-body d w :  0.62 and 0.64 Sv 
light sources escape of -11-15 TBq of tritium 

Unitcd Kingdom 1977 19'1r radiogrnphy soutcc Opnatn  waking in a cmfincd arcn held aource 1 Cy~oga~ct ic  draimary ab'matcd an quivalcnt whole-body dasc 4 . 1  Gy; radiation burns m three 
f a  90 vconds while radiographing a wcld fingers 

United Kingdom 1978 '"lr radiopaphy wurcc Radiognphn dclibcratcly omcxpovd himself 1 Cy~ogcnctic dcsimdry ntimated an quivalent whole-body Qlc d 1.52 Gy, no l d i z c d  skin 
rendions 

Unilcd Kingdom 1983 Gamma radiography Inadvatmt exposure d radiograph 1 Whdc-body dore d 0.56 Gy 
s m l a  

Nmun of aponoc and hedrh carscquprco 

Skin d m  d 10-20 Gy to opaator and 0.18 Gy to m nuistmt; &mnp lo Gngcn, m e  finger 
amputated 

Doses of 8-20 Gy to hands of b a h  operatar; damage to fingers; hvo fingers amputated hun each 
individul 

Dose d 10 Gy to fingcn and whdc-body dose d 0.65 Gy; radiatim bums m fingas d bd6 ban& 
fingers amputated 

Whole-body dwc of 22 Gy; dwth alter 13 days 

Yew af 
accLhf 

1985 

1985 

1989 

1982 

Type # hallahC?I 
or opaarion 

60Co radognphy 
p r o j a t a  

I9'1r radiography 
projector 

radiography 
projector 

*CO industrial 

Main cause 4 a p a r w c  

Vidatim of safe waking p r a a i m  and lack d 
maintcnancc 

Violation of safe working practices associaled 
with powcr failure in the workplace 

Failure d d a y  management and i m p o p a  
maintenmcc 

P f f s a r t  
af i ra l  

2 

2 

1 

I 



Table 40 (continued) I 
Pcrsms 
aficral  

1 

1 

1 

5 

1 

Main c u e  of aposrpe 

Source found by w a k n  and put in his pocket 
for 4.5 minutes 

Country I 
l o c d i a  

United Statn ' 
Rnrburgh 

United Statn 
Rockaway 

United States ' 
M w o c  

United States ' 
Lm Angrln 

United Sta ta  
OWahomr 

Nahuc of a p o w e  curd hcdlh cmscquarcu 

Dose of 10 Gy to b n d  

Whole-bodydweof2Gy 

Localized exposure of hand; amputatim d finga 

Whole-body exposure d 1 Gy and lwl izcd  u p o r u r u  d hand to tne  pcrron; localized cxposurc of 
hands of four othns 

Whole-body and Iodized  exparurcs 

Year of 
accidmr 

1976 

1977 

1978 

1979 

1081 

Typc cf insrallr~im 
a operation 

"'1r radiography rauce  

m ~ o  industrial 
irradiatim m r c c  

'911, radiography source 

'"lr radiography source 

IP2h radiography source 

m d  mccclcrston 

1 

1 

I 

1 

1 

1 

2 

1 

6 

1 

Gaman Drm. Rep. 
Hallc 

Guman Dcm. Rep. 
R o s m d n f  

German Dcm. Rep. 
Balin 

Gaman h. Rep. 
Berlin 

Gaman Dcm. Rcp. 
Leipdg 

&man Dcm. Rep. 
Jma 

Gcrtnan h. Rcp. 
Trurcial 

Germany. Fcd. Rep. 

Pcru 
Lima 

USSR " 

X-ray I lu~csccncc  unit 

RadioctKmical laboratory 

Analytical x-ray unit 

Analytical x-ray unit 

RadiodKmicd laboratory 

Analytical x-ray unit 

Analytical x-ray unit 

X-ray q u i p m a t  

X-ray diffradon 
q tdpmml 

Rotein acrclernla 

Dose of 1.2-2 Gy to middle finga of I& hand; acute radiodamatitis ( I n  dcgra) 

Dose of 100 Gy to L e  skin of the left hand; no clinical symptcns 

Dose of 5 Gy to the I &  hand; acute radialnn~atitis (In &pa) 

Dose of 6 to 18 Gy to right forcfinp; acutc radiodcrmatitis (2nd dcgrcc) 

Canmined cffcaiw dore of 0.076 Gy 

Dose of 3 Gy to I d \  hand; acute radiodermatitis (1st degree) 

Maximum dose d 4 Gy to the hand d m e  pctson; acute radiodamntitis (1st dcgrcc) it1 onc pcrrm 

Ertimatcd dose to part of the hand 20 Gy and effstivc dose of 0.6 mSv 

Localized dosed d 5-40 Gy 10 fingas; skin burns and blistering Icaving residual scar tissur 

Localized dare of 10-30 Gy lo hands 

1975 

1980 

1981 

1982 

1'383 

1988 

1988 

1979 

1984 

1977 

Tcr(iary cducntion 

Carclcssncu 

Defcct in protective glove led to untaminatim 
with 3 2 ~  

Carclarneu 

Carelessness 

Explosion of vial ccrotaining a 2 4 ' ~ m  d utlm ' 

Carclessnna 

Technical defea 

M d v e  quipncnt  

Fault of supnvisiors dcliberatc cxporure f ran  
lack d howledge of risk; cquipmat n d  
rcgibtercd with autlluitics 



Tnhle 40 (continued) 

I)ota han [Ill]. 
Data amprise a summary d axa of accidrntal exposure f a  which chromckomc abaration annlyris h a w  ken undertaken [Ll]. 

' Dau from p3] .  ' Undcar dtcchn e x p o d  w a c  w a k e n  or patients. 

cauury 1 
locdion 

USSR 

United S b t a  ' 

Year of 
nccidcnr 

1978 

1978 

Type of Lurollotim 
or oprarion 

Elcctrm accderator 

Accclcratu 

A r g d n a  
Tumnan 

Argentina 
Parans 

Argentina 
h Plata. B.A 

Argentina 
Bucna Aira 

Ommany. Fed. Rep. d 

Germany, Fcd. Rcp. d 

India 
Ludihana 

United Kngdom 

United Kingdom 

Uni t cd Ki agdom 

United Kingdom 

United K i n e  

Mrdirml u r n  of 

Failure d wurce's mechanical dispositivc 

Faulty wiring Icd lo emission d x rays when the 
to d the fluoroscope w s  opm 

O p a a t a  looked through window while chaning 
x-ray t u b a  withcut recopizing system w a s  

energ'zcd 

Source jammed during tnnrfcr 

Robebly carelessness in niain~enance 

M e c t i v c  c q u i p m t  

Defective quipmcnt (mercury leaked rmt 
thrcub shutter) 

Sourcc jammed in an unshiclded position duriag 
servicing 

Amdcntal contamina~ion of labaatory w a k e n  

Inadvcrtcnt exposure to x rays 

Techniaan cut his finger uhile wearing a g lwe 
contaminated with iodine-125; sucked cut finger, 
which resulted in an intake of about 740 MUq 

Erporure during source changing 

Main c a u c  cf aposwe 

1975 

1979 

1982 

1983 

1975 

1977 

I980 

1975 

1977 

1982 

1985 

1986 

"CO tdcthenpy 

Diagnoltic radidogy 

X-ray t h m p y  fadlity 

@CO daherapy 

X-ray quipmart  

1921, radiogram unit 

Radiothcrapy 
(tdegamma) 

*CO radiotherapy source 

'''I 

X-ray radiography 

'Y 

@CO radiahcrapy s a x e  

radiation 

2 

1 

1 

2 

I 

1 

3 ' 

2 

2 

1 

1 

1 

Pcrsarr 
aficrcd 

1 

1 

T d n i a a o  and physician bdh reodved high doses lo fingas; radialioa bums m fingar 

Auxiliary nurse received whdc-body dose d 0.94 Gy; slight dcpresdoa of bone marrow 

Whole-body dose of 0.12 Gy and dose d 5.8 Gy to Icnr of eyc; cataraar in bXh c y n  

Dora of 0.66 and 0.67 Gy, respcctivcly, to the chaax; slight bcnc marrow dcprasial 

Dose in excess of 1 Gy to head and upper torso 

Ertimated dose to hands of abcut 5 Gy and dfectivc dose of 0.01 mSv; tcmpaary rtddcning of 
fingcrs 

Doses of 0.25, 0.4 and 0.5 Gy; n o  advcrrc health cffcas obsavcd 

Personal dosimeters recorded d m  d 0 5 2  and 0.4 Sv 

'Ihyroid dose of -1.7 Gy to one pason born an intake of about 1 MBq; a low dusc to other p e r m  

Personal dosimeter rccudcd a dose d 0.32 Sv 

Thyroid dose of abart 400 Gy 

Dose of 15 Gy to the hand; nychcma ud Mistering appeared two weeks later 

N d w c  oj aponue rmd health ccnscqvolcu 

h l i d  dose of 20  Gy lo hands 

h l i z e d  erpaurc  oC abdomen, hands and thighs 
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Tahlc 41 
Worldwldc occupriUorinl cxposi~res 19115-19119 

" Values for mining and milling arc averagcs d reported values and are ove~atimater for the revised conversion f a a a  or  5.6 mSv UIM". She cntria f a  the 
l a d s  arc lhur also ovcrcslrmala. lkcluding mining and milling horn the averaging the entries for local of Ihc nuclur fucl cycle wculd bc 0.03 and 0.32 and 
f a  total of man-made exposures 0.01 and 0.29 f u  NH15 and SRIJ, rapcflivcly. 
Exdudlng fucl rcproccuine, 

Oreuporionnl 
COlC~Ory 

Awrage nnnrrol 
number a/ 

monitored ~,cukrrs 
(ihounnndr) 

Annrrnl mlcragc 
cdlccri\,e 

cflecii~u dare 
(mm SI,) 

A 

Mining 

Milling 

Enrichmat 

Fud fabricatiar 
LWRs 
HWRs 
M a p o x  
AGRs 

T'ocal 

Rcaaor opcratiozl 
M a  
BWlL 
H W R s  
LWGRs 
GCRs 
Other 

Tdal 

Fud rcpr-ing 
Oxide 
Mapox 

Tdal 

Rcsurch 

Tunl 

A m u l  mwoge 
+ciiw dmc ro 

monitored w a k e n  

( d l 9  

260 

18 

5 

24 
1.1 
1.1 
1.9 

28 

230 
140 
18 
13 
31 
3 

430 

4 
8 

12 

130 

680 

Wcapms 
Ships 
CRba 

T d  

Normalitad 
cdlec~ivc 

cfirthr darc 
[mnn SI* (CW a)-'] 

1100 

120 

0.4 

11 
1.9 
3.5 
5.5 

22 

500 
310 
67 
170 
24 
1 

1 100 

5.7 
31 

36 

100 

2500 

60 
190 
130 

380 

N H l ~  

Nuclear fuel cycle 

4.4 

6.3 

0.08 

0.45 
1.7 
3.1 
3.0 

0.78 

2 2  
2 4  
3.4 
13 

0.75 
0.4 

2 5  

1.4 
3.8 

3.0 

0.8 

2 9  

Defence sctivitia 

Induririnl u w  d d i s l i o n  

-I 

Y ( ~ ~  

43 
170 
37 

250 

T a l  

4.3 

0.44 

0.02 

0.07 
0.22 
I .4 

0.45 

0.12 

4.3 
7.9 
6.2 
17 
3.2 
1.4 

5.9 

0.65 
11 

3.2 

1.0 

12 

0.7 
0.9 
0.3 

0.7 

0.25 ' 

0.18 

0 

0.0003 
0.003 
0.018 
0.014 

0.002 

0.034 
0.026 
0.066 

0.0002 

0.033 

0.008 
0.092 

0.064 

0.011 

0.10 

560 

Mcdicd u r n  d d i n t i o n  

0.52 

0.43 ' 

0 

0.015 
0.042 

0.019 

0.328 
0.36 
0.48 

0.008 

0.34 

0.12 

0.12 

0.30 

0.42 " 

0.9 510 

T a d  I 2200 

0.009 

lo00 

0.31 

Sa(ural  aourcn d d i n t i o n  (excluding uranium mining) 

0.5 

Cool mining 
CRbn mining 
Air acw 

Otha 

Total 

0.009 I 0.24 

3900 
700 
250 
-300 

2 0 0  

Tob1 ul  e x p u r e r  

3400 
4100 
800 

3 0 0  

8600 

0.9 
6 
3 

<I 

1.7 

Man-made 
Na~ural source 

Tual 

0.03 a 0.36 1.1 
1.7 

1.4 

4 W Y )  

5200 

9200 

4300 
8600 

13000 
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'Table 42 
Trends In worldwide occupational cxposuro rroni man-medc sourccs or radiation 

Values exdudingfuel rcpr-ing; the nmnalized d a a  would bc galn by a h 1  1 man Sv (GW a)" for reprocessing of oa'dc fud m d  abold 10-15 rnm Sv 
(GW a)-' for reprocessing r n d  Magnox Fuel (with the higher value pertaining to u r l i a  timcs). 
Vdua Ire nvcngec induding mining and milling as rrported and are &us ovaertirnalu for lhc revired m v e r d o n  factor of 5.6 mSv WLM1. If mining UYJ 

milling arc e x d u d d  from the weragin& Ihc n l u u  d NR,, w a d d  be a h 1  a factor d 3 lower and the wlucs of SR15 w a d d  d m e e u e  by an abrduic -I 
d about 0.1. 

Sowre 

Nudcu fud cydc 
Defence a d i d t i u  
Industrial ulea ofndia t im 
Medial  uses of radialim 

Tdnl 

Xudur fuel cydc 
Defence actidtier 
Induttrial urer of ndintim 
Medical uses of radiatim 

Tdnl 

Nudeu M cyde 
Defence ad i r i t iu  
Indwlrid uses of ndiatim 
M e d i d  urer of radiatim 

Tdal 

Atwage annual f lur ive dace 

lo moniraed m v r b s  

( d l 9  

Atwaxc annual 

cdlcrr iw rffccriw dare 
( m ~  Str) 

1975-1979 

4.1 
1.3 
1.6 

0.78 

1.9 

1975-1979 

2300 
420 
870 
lOa, 

5490 

1980-1984 

3.7 
0.71 
1.4 

0.60 

1.4 

1980-1984 

3000 
250 
910 
1140 

5330 

1985-1989 

2 9  
0.66 
0.9 
0.47 

1.1 

Normalired 

collcrriw flcclilr dare 

[man Sv (GW a).') 

1985-1989 

2500 
250 
510 
1030 

4290 

Avvaxc annual number 

o/ nwniraed w r b s  

(rhouMdr) 

1975-1979 

18 ' 

1975-1979 

S O  
310 
530 
I280 

2680 

1980-1984 

17 ' 

lQ80-1961 

600 
350 
690 
1890 

3730 

1985-1989 

12 

a 1 5  

1985-1989 

880 
380 
MO 
2220 

4040 

NRIs 

1975-1979 

0.63 

0.35 
0.14 

0.045 

1975-1979 

0.20 

0.010 
0.003 

0.051 

1980-1984 

0.55 

0.28 
0.10 

0.40 

1980-1964 

0.16 

0.007 
0.002 

0.040 

1985-1989 

0.42 

0.31 
0.24 

0.36 

1985-1989 

0.10 

0.009 
0.009 

0.030 
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0 1975-1979 

I 

Underground mining 
I 

Open-pit mining Milling 

Underground mining 
I 

Open-pit mining Milling 

Underground mining Open-pit mining , Milling 

Flgure I. 
Number or workers and doses to workers In uranlum mining and milling. 
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, 
Underground mining Open-pit mining hlilling 

Underground mining Open-pit mining Milling 

Underground mining Open-pit mining Milling 

Figure 11. 
Normalized collective dme end dislrihulion ratios for w o r h r s  in ur-ir~liurn mining and milling. 



AVERAGE ANNUAI, AVERAGE ANNUAL EF1:ECIlVE DOSE 
COLUCnVI'  EFFIFECTIVE DOSE (man Sv) TO MONITORED WORKERS (rnSv) 

Ih s e 
o UI G 8 0  L 1 3  o P 

AVEIUGE ANNUAL NUMBER 
OF MONrrORED WORKERS (~tiousands) 

i; - 
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LWR HWR Magnox AGR 
I 

LWR HWR Magnox AGR 

LWR HWR Magnox AGR 

Figure IV. 
Normallzed collective dme and dlstribuUon ratlos for workcn In fuel fabricallon. 



ANNEX D: OCCUPATIONAL RADIATION EXPOSURES 

1200 Total collective eflec~ive dose 

h 

Y: 800 

600 

W 

2. 

0 

Figure V. 
Number of workws and dmes to workers in reactors. 
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tIWRs 
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Flpure VI. 
Normttlized collective dose and distribution ratios for reecbr worken. 



NORMALIZED COLLECTIVE 
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AVERAGE ANNLJAL EFFECTIVE W S E  
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Figure VIII. 
Collective dose per reactor to workers In LWRs In the Unlted S h h .  

Median and extreme values wlUl envelope of middle 50% values. 
[B31 
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0.2 0.5 1 2 5 10 20 30 40 50 60 70 80 90 95 98 99 99.5 99.8 
CUMULA'ITVE PERCENTAGE OF WORKERS 

0.2 0.5 1 2 5 10 20 30 40 50 60 70 80 90 95 98 99 99.5 99.8 
CUMULATIVE PERCENTAGE OF COLLECTIVE W S E  

Figurc IX. 
CumulnUve distribution of number of workers and mlledive dose 

from workers at LWRs in the Unitcd States wiU1 doses in c x a s s  of  the specified values. 
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9 soo 
6 - 

Waste processing 1 = Keiucl'ing - 

Special maintenance 

Inservice inspection 
0 Iou~ine  maintenance 

Reactor operation 

W 

6 y zoo 

Figure X. 
Distribution of colleclive dose among work functions for workers at L W k  in the United Slates. 
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Metal Oxide Mctal Oxide 

Metal Oxide Metal Oxide 

Me~al Oxide MeuI . Oxide 

Figure XI. 
Nurnher o t  workers, doses and distribution ralios in fuel repmrrssing. 
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60 1 MAINTENANCE 

CI-IEMICAL SEPARATION 

50 

MAINTENANCE OF NEW PLANT 

60 1 WASTE PROCESSING 

Flgure XII. 
Variallons in average annual effective dose to groups of t-eprocesslng workers at Sellafleld, Unlkd Klngdom. 

IS51 
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1 FUEL SMRAGE AND DECANNlNG 

1 PLUTONIUM FINISI3ING 

CHEMICAL SEPARATION 

1 MAINTENANCE OF NEW PLAKT 

1 WASTE PROCESSING 

Flgure XI11. 
Variations In mllecl lve eKecUve d o s e  to groups of reprocessing workers  at Sellafleld, United Kingdom. 

IS51 
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PERIOD OF FOLLOW-UP (years) 

h 

7 j \35 years * Period of follow-up 

\\ 25 years 

YEAR OF FIRST MONlTOJUNG 

CumuluUvc effective dose to workers at Selluncld mpmccssing plant. 
~ 9 1  
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Mining Milling Fuel fabrication Keaclors Reprocessing Research 

0.45 1 

Mining Milling Fuel fabrication Reactors Reprocessing Research 

Mining Milling Fuel fabrication Reactors Reprocessing Research 

Flgun: XVI. 
Normaltzed mllecUve dose and distribuuon raUos for workers In operations or the nuclear fuel cycle. 



NORMAIJZED COLLECTlVE NORMALIZED COLLECIWE N O W I Z E D  COLLECTlVE 
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Weapons N u d u r  ships. Nuclear ships. All dclena 
labriation on-board personnel shore-bascd personnel activities 

Weapons Nuclear ships, Nuclear ships, All defence 
tabrica~ion on-board personnel shore-baed pclsonnel ac~ivities 

Weapons Nudear ships. Nuclcar ships, . All delcnce 
fahria~ion on-board personnel shore-bascd personnel activities 

F igure  XVIII. 
N u m b e r  o f  monitored workers  a n d  average  a n n u a l  lndlvldual a n d  collecUve d o s o  

to workers  In occupaUons involving dcrence activities 
(Unllcd I ( l n d o m  a n d  Unlted S i n k s  only). 



ANNEX D: OCCUPATIONAI- KADIATION MPOSUI1E 533 

- Heacton 

---- Chemical plants 

FIgure XIX. 
Variations in average annual lndlviduel doses and distribution ratios 

for workers Involved In the production of weapon makrlals In the former USSR. 
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GROSS NAllONAL PRODUCT (1012 $US) 

hlEDlCAL USES 

GROSS NATlONAL PRODUCT (1012 SUS) 

Figure XXI. 
Average annual mllecUve dose to n o r k e n  in occupations involved In 

Industrial and medical uses o f  radiation during 1985-1989 
in relatlon Lo gross nalional product of  countries. 
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Diagnostic radiology Dental practice Nuclear medicine Radiotherapy Veterinary mcdicine 
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Diagnostic radiology Dcnlal practice Nuclear medicine Radiotherapy . 'veterinary medicine' 

Figure XXIII. 
Number of  workers nnd doses In occupations involving medical uses of  mdiation. 
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Re ferences 

PNZT A 

Responses to UNSCEAR Suwcy of Occupnllo~~ul Exposure 

Country 

Argentina 

Australia 

Brazil 

Canada 

Chile 

China 

China (Taiwan 
Provina) 

Response jrom 

E. Palacios. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial 
uscs of radiation. Comisidn Nacional dc Energia Atdmica, Buenos Aires, Argentina. (December 
1990 and November 1991). 

E. Palacios. Response to UNSCEAR questionnaire for occupational exposures incurred in medical 
uses of radiation. Comisi6n Nacional de Energia Atbmica, Buenos Aires, Argentina. 
(November 1991). 

E. Palacios. Response to UNSCEAR questionnaire for occupational exposures resulting from 
accidents. Comisi6n Nacional de Energia Admit?, Buenos Aires, Argentina. (October 1991). 

E. Palacios. Rcsponse to UNSCEAR questionnaire lor occupational exposures incurred in medical 
uses of radiation. Comision Nacional de Energia Atbmica, Buenos Aires, Argentina. (February and 
November 1992). 

E. Palacios. Response to UNSCEAR questionnaire for occupational exposures incurred in indus~rial 
uses of radiation. Comision Naaonal de Energia Atbmica, Buenos Aires, Argentina. (November 
and December 1992). 

N. Morris. Response to UNSCEAR questionnaires for occupational exposures incurred in industrial 
and medical uses of radiation. Australian Radiation Laboratory, Victoria, Australia. (September 
1991). 

G.C. Mason. Response to UNSCEAR questionnaires for occupational exposures incurred in 
industrial and medical uscs of radiation. Australian Radiation Laboratory, Victoria, Australia. 
(December 1992). 

P. Cunha. Response to UNSCEAR questionnaire for occupational exposures incurred in medical 
uses of radiation. Comissao Nacional de Energia Nuclear, Rio de Janeiro, Brazil. (October 1991). 

J.P. Ashmore. Response to UNSCEAR questionnaire for occupational exposures incurred in 
industrial uses of radiation. Bureau of Radiation and Medical Devices, Ouawa, Canada. (September 
1990, March, July and August 1991). 

J.P. Ashmore. Response to UNSCEAR questionnaire for occupational cxposurcs incurred in 
medical uses of radiation. Health and Welfare, Ottawa, Canada. (Octobcr 1991). 

J.P. Ashmore. Response to UNSCEAR qucstionnairc lor occupational exposures resulting from 
accidents. Ilealth and Welfare, Ottawa. Canada. (November 1991). 

J.P. Ashmore. Response to UNSCEAR questionnaire for occupational exposures incurred in 
industrial uses of radiation. Health and Welfare, Ottawa, Canada. (November 1992). 

M. Manuel Echeverria. Response to UNSCEAR qucstionnairc for occupational exposures incurred 
in industrial uses of radiation. Comisibn Chilena di Energia Nuclear, Chile. (November 1990). 

7hang Liangan. Response to UNSCEAR questionnaire for occupational exposures incurred in 
medical uses of radiation. Institute of Radiation Medicine, Chinese Academy of Scienms, Tianjin. 
China. (November 1991). 

Yi-Ching Yang. Response to UNSCEAR questionnaire for occupational exposures incurred in 
industrial uses of radiation. Atomic Energy Council, Taipei, Taiwan, China. (October 1991). 

Yi-Ching Yang. Response to UNSCEAR questionnaire lor occupational exposures incurred in 
medical uses of radiation. Atomic Energy Council, Taipei, Taiwan, China. (October 1991). 
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Country 

Czechoslovakia 

Denmark 

Finland 

France 

Germany 

< 

Response jrom 

Z Mclichar. Rcspnsc to UNSCEAR qucstionnaire for occupational exposures incurred in 
industrial uses of radiation. Nuclear Power Plants Research lnstitutc (VUJE). Czechoslovakia. 
(March 1991). 

11. Solnick6 and J. Smetann. Response to UNSCEAR questionnairc for occupiitionill exposures 
incurred in industrial uscs of radiation. Labour Mcdicinc In\titute of Uranium Industry and 
Uranium Mines Managcmcnt, Pribram, (2cchoslovakia. (March 1991). 

Z. Prouza and V. Klcncr. Kcsponsc to UNSCEAR questionnaires for occupational cxposures 
incurred in industrial and medical uses of radiation. Centrc for Radiation Ilygicne. National 
Institute for Public llcalth. Prague, aechoslovakia. (July 1992). 

V. Klcncr. Rcsponsc to UNSCEAR questionnairc for occupational exposures incurrcd in industrial 
uses of radiation. Centre for Radiation Hygicnc, National Institute for Public Ilcalth, Prague, 
Czechoslovakia. (Novcmber 1992). 

0. Bcrg. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial 
uses of ndiation. National Institute of Radiation Hygiene, Bronshoj. Denmark. (April 1991). 

0. Bcrg. Response to UNSCEAR questionnairc for occupationrrl exposures incurrcd in mcdical uses 
of radiation. National lnstitutc of Radiation Ilygiene, Bronshoj, Denmark. (October 1991). 

H. HyvBncn. Responses to UNSCEAR questionnaire for occupational exposures incurred in 
industrial uses of radiation. Finnish Centre for Radiation and Nuclear Safety, 14clsinki, Finland. 
(Novembcr 1990 and August 1991). 

H. Iiyv6ncn. Responsc to UNSCEAR questionnairc for occupational exposures incurred in medical 
uses of radiation. Finnish Centrc for Radiation and Nudear Safety, Ilelsinki, Finland. (October 
1991). 

P. Pellcrin. Response to UNSCEAR questionnaire for occupational exposures incurred in medical 
uses of radiation. Service Central de Proledion mntre les Rayonnements Ionisants. Le Vesinet, 
France. (April 1992). 

P. Pellcrin. Response to UNSCEAR questionnaire for occupational cxposures incurrcd in industrial 
uses of radiation. Service Central de Protection mntre les Rayonnements Ionisants, Le Vesinet, 
France. (June 1992). 

C. Rolland-Picgue and S. Lcbar. Response to UNSCEAR questionnaire for occupational exposures 
incurred in industrial uses of radiation. Compagnic Gn6rale des Matieres Nuclt5aircs (COGEMA), 
Vclizy-Villacoublay, Francc. (July 1992). 

Ph. Hubert. Responsc to UNSCEAR questionnaire for occupational exposures incurred in induslrial 
uses of radiation. Institut dc Proteclion et de Sureti Nuclhire (IPSN), Commissariat i I'Encrgie 
Atomiquc (CEA), Fontenay aux Roses, France. (September 1992). 

C. Rolland-Piegue. Responsc to UNSCEAR questionnaire for occupational exposures incurred in 
industrial uses of ndiation. Compagnic GnCralc dcs Matibrcs Nuclfaires (COGEMA), Velizy- 
Villamublay, France. (November and December 1992). 

Ph. Rollin. Responsc to UNSCEAR questionnaire for occupational exposures incurrcd in industrial 
uses of radiation. Elcdridtt  de France (EdF), Pans. France. (Novcmber 1992). 

M. Grunwald. Responses to UNSCENi questionnaire for occupational cxposurcs incurred in 
industrial uses of radiation. Uundcsamt fiir Strahlenschutz (BfS), Salzgittcr, Germany. 
(Scptcmbcr 1990 and January 1991). 

M. Grunwald. Response to UNSCEAR questionnaire for occupational exposures incurred in 
medical u x s  of radiation. Bundesami lur Strahlcnschutz (BE). Salzgittcr, Germany. (August 1991). 

A. Kaul. Responses to UNSCEAR questionnairc for occupational cxposures incurrcd in industrial 
uses of radiation. Rundcsamt riir Strahlcmchutz (BE),  Salzgilter. Germnny. (April and 
August 1991). 

A. Kaul. Response to UNSCEAR qucstionnaire for occupational exposures resulting from 
accidents. Bundesamt fiir Strahlcnschutz (BE), Salzgitter. Gcrrnany. (September 1991). 

A. Kaul, Arndt and Wolf. Response lo UNSCEAR questionnairc for occupational exposures 
resulting from accidenls. Bundesamt iGr Strahlcnschutz (BE), Salzgitter. Gcrmany. (Octobcr 1991). 
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Country 

Gcrnmny 
(continued) 

Hungary 

India 

Indonesia 

Ireland 

ltal y 

Respotwe from 

E. Martini. Response to UNSCEAR questionnaire for occupationi~l exposures incurred in medical 
USIS of radiation. Land Mccklenburg-Vorpommern landcsanstalt fur I'ersoncndosirnetrie und 
Strahlenschutzausbildung-Pe~~~nendosismestelIe, Ikrlin, Germsny. (August 1991). 

J. Schwcdt. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial 
uscs of radiation. Bundesamt f i r  StraNenschulz (Dienststelle Berlin), Berlin, Germany. (May 
1991). 

A. Kaul. Response to UNSCEAR questionnaire for occupational exposures incurred in medical uses 
01 radiation. Bundesamt liir StrahlcnschuQ (BE), Salzgitter, Germany. (1:ebruary 1992). 

A. Kaul. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial 
uscs of radiation. Bundesamt f i r  Strahlenschutz (BfS), Salzgitter, Germany. (December 1992). 

L.B. Sztanyik and I. Bojtor. Response to UNSCEAR questionnaire for occupational exposures 
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INTRODUCTION 

1. Basic information on cancer induction 
(oncogenesis) by radiation conles from epidemio- 
logical studies of exposed human populations. These 
give evidence of the relatively wide range of neo- 
plasms involved and of the latency periods and the 
dose levels at which they are observed. It may be that 
the limits of resolution of such data are being reached, 
and for absorbed doses of less than 0.1-0.5 Gy of low 
linear energy transfer (LET) radiation, there may be 
increasing dependence on extrapolation procedures. 
Since most human exposures to radiation occur at 
doses substantially below 0.5 Gy, the validity of such 
extrapolations is a crucial factor in risk estimation. 

2. The extrapolation of radiation response to low 
levels of dose is made with dose-effect models derived 
from physical and biophysical studies of the action of 
radiation on biological systems [Cl, GI, U2]. The 
principal appeal of these nlodels is that they attempt to 
describe dose-effect with simple linear or linear- 
quadratic equations. While in recent years considerable 
efforts have been made to validate such models of 
radiation action with respect to fundamental biological 
factors, such as the macron~olecular structure of 
cellular targets and h e  influence of post-irradiation 
repair processes [a, G2],  the unqualified application 
of simple biophysical equations to a complex multi- 
factorial biological process such as cancer induction is 
problematic. That is not to say that simple extrapola- 
tions and approximations from animal and cellular 
dose-effect data will not be possible, but ralher that 
there is as yet insufficient knowledge to make them 
with confidence. 

3. So that future extrapolation of high-dose 
epidemiological data may be made with confidence, il 

is crucial that a much more detailed picture be gained 
of the cellular and rtlolecular processes that mediate 
oncogenic change in mammalian cells. Much of the 
mechanistic knowledge of radiation action is derived 
from studies on cell inactivation, chromosonial change, 
mutagenesis and the repair of deoxyribo~~ucleic acid 
(DNA). These data will all continue to contribute 
towards a broad solution to the problem, but until they 
can be placed in the correct context through the 
identification of specific neoplasia-associated cellular 
events, their direct relevance to oncogenesis will 
remain uncertain. 

4. There is strong evidence that oncogenesis is a 
multi-step process involving the accumulation of a 
series of genetic and epigenetic changes in a clonal 
population of cells, that different steps characterize 
different neoplasms and that the whole process is 
strongly influenced by genetic, physiological and 
environmental factors. The characterization of mecha- 
nisms of radiation oncogenesis is therefore a daunting 
challenge. Its importance to future estimates of cancer 
risk is, however, sufficiently great that the challenge 
must be accepted. 

5. It is also important to stress that in addition to its 
obvious relevance to radiological protection, the 
further understanding of the mechanisms of radiation 
or~cogenesis would contribute substantially to funda- 
mental cancer research, a very active and rapidly 
developing field in which breakthroughs are being 
sought. This Aluiex outlines some of the principal 
problems, broad theories and experimental strategies 
regarding the mechanisms of radiation oncogenesis 
and attempts to anticipate future studies and their 
potential application in radiation risk estimation. 
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I. STRUCTURE AND FUNCTION OF MAMMALLAN CELLS 

6 .  A brief description of the ccll, its structure and 
functioning in the mammalinn organism will serve as 
background i~~formation for Ute discussio~~ to follow. 
Only those 1110rc basic aspects of the ccll and of 
~nolecular biology that arc relevant to this Annex are 
given here. More detailed inforniation can be found in 
the references (c.g. [Al, C7, W1, W2, W51). 

A. CELLS AND TISSUES 

7. The cell is the basic unit of all organisnis. Each 
mammalian cell is bounded by a complex, semi-pcr- 
mcable lipid and protein membrane, which actively 
mediates the two-way flow of metabolites and presents 
protein receptor sites to allow the cell to interact with 
its environment. Contained within the membrane is a 
highly organized aqueous milieu, the cytoplasm, which 
contains numerous organelles, principally the nucleus 
containing the genetic material of the cell (see below), 
mitochondria (for the generation of biochemical 
energy), the endoplasmic reticulum (providing surfaces 
for biochemical reactions) and protein-nucleic acid 
complexes termed ribosomes (for protcin synthesis). 
Proteins synthesized on ribosomes niay act structur- 
ally, as catalysts of biochcrnical reactions (enzymes), 
or play a coordinating role in cell physiology (intra- 
cellular regulators, growth factors, cytokincs and 
hormones). 

8. At certain points in their life history cells are 
required to reproduce themselves; this is achieved by 
transit through the ccll cycle. Most cells established in 
culture have cell cycle transit times of 18-24 h; in r h o  
cell cycle times range up to a week, these longer 
periods reflecting varying periods of quiescence in one 
phase of the cycle. In this cycle the genetic material of 
the cell is replicated and shared equally betwecn the 
two identical daughter cells that result from the ccll 
division that terminates the cycle. 

9. Even at the single-cell level, the complexity of 
the biochemical and biophysical reactions that are 
required for maintenance of biological function is 
immense. In multicellular organisms, however, cells 
are required to act in concert in order to provide 
specialized tissue functions. Beyond that, tissue func- 
tion itself is required to be interactive, so  that the 
whole physiology of the organism is coordinated and 
responses to appropriate environmental conditions are 
available. 

10. Although grossly simplistic, the above outline is 
sufficient to demonstrate ltic need for a highly 
complex network of information transfer, which must 
have its origins in single-ccll function arid response. 
The source of this lies in the ccll nucleus, specifically 

in the nucleoprotcin complexes that make up the 
mic~oscopic bodies ternted chroniosomcs. 

11. Chromosomes are basic components in cellular 
reproduction. Before every somatic ccll division, 
chromosomes are duplicated, and cach daughter ccll 
norn~ally receives an idelltical set of chrornosonics. 
Each mammalian species is characterized by a 
particular and constant chromosome number, size and 
morphology. 

12. Each chromosome contains a single nucleic acid 
polymer, deoxyribo~~ucleic acid (DNA), which is 
complexed along its length by proteins such as those 
of the histone family and others with roles in the 
regulation of chroniosomc structure and DNA 
metabolism. The DNA fomis the crucial structural 
entity, but the whole nucleoprotcin complex has a 
series of orders of structure progressing through 
secondary solenoid-like bodies (nucleosomes), which 
stack together to form tertiary chromatin fibres. The 
individual chromosome, the quaternary structure, is 
composed of a cornplcx arrangement of these fibres 
rnaintaincd by rnatrix and scaffold proteins. 

13. Although the maintenance of overall 
chromosome structure is crucial for DNA metabolic 
processes such as condensation, transcription, 
replication, reconibination and repair, it is the DNA 
polymer itself that is the source of cellular information 
and, thereby, physiological control. 

14. The information is encoded in a linear sequence 
of alternating aromatic (nuclcic acid) base pairs. The 
pairing is achieved by a double-stranded helical 
arrangement, where the four bases, adenine (A), 
thymine (T), guanine (G) and cytosine (C), on one 
strand are covalenlly linked to a sugar-phosphate 
backbone and specifically pair (A with T, G with C) 
with the bases on the opposite strand through 
hydrogen bonding. The relatively weak hydrogen 
bonding between base pairs allows unwi~tding of the 
DNA duplex, which is necessary for some aspects of 
DNA processing. In particular, DNA replication 
through DNA polymerase enzyme activity has to occur 
with high fidelity cach time the cell is preparing to 
divide. This fidelity is achieved by urtwirtding the 
DNA and replicating the base seque~tcc on the two 
strands. 

15. The base pair code in DNA is arranged in 
subunits of three bases, termed codons. Amino acids, 
the building blocks of protcin, are specified by codons, 
and a string of codor~s is able to determine the 



554 UNSCEAR 1993 REPORT 

structure and thereby the function of a single protein 
(polypeptide chain). Such a functional string of DNA 
codons represents the basic unit of cellular information 
and hereditary, the gene. Three specific codons act as 
"stop" signals, thereby indicating the point at which 
the gene code is tenninated. W i l e  all others specify 
an amino acid, the code is degenerate in that there is 
rnore than one codon for rnost amino acids, i.e. 61 
coding units determine the 20 natural amino acids. 
Other non-coding DNA sequences associated with a 
given gene act to regulate its activity. In mammalian 
cells it may be estimated that there are approxin~ately 
100,000 genes, each of which depends for its correct 
function on maintaining a constant DNA base 
sequence. Changes in these sequences by base pair 
substitution, loss or addition can cha~rge gene function; 
such changes are ternled genetic mutations. However, 
damage to the DNA does not always result in 
mutations, since cellular DNA repair enzymes are 
often able to restore both damaged DNA base and 
damaged sugar phosphate backbone. 

16. Most cellular DNA does not code for proteins, 
and even allowing for base sequences that act to con- 
trol gene expression, there appears to be much func- 
tional redundancy in the mammalian genome. This 
feature implies that DNA damage in certain chromo- 
some regions will have little or no consequence for the 
cell, while in other regions damage may change the 
activity of key genes, leading to changes in cellular 
properties. Gene expression occurs when a single- 
stranded nucleic acid, ribonucleic acid (RNA), is 
synthesized (transcribed) from the gene. In mammalian 
genes only part of the linear base sequence actually 
codes. The coding segments (exons) are separated by 
non-coding segments (introns), which often constitute 
the major portion of the gene. Consequently, the 
primary RNA transcribed from the whole gene has to 
be appropriately cut and spliced before it is fully func- 
tional. This messenger RNA (mRNA) contains a string 
of codons complementary to those of the gene, and 
these are used by cellular ribosomes to construct the 
specified protein. Transcriptional processes and hence 
gene product availability are closely coordinated in 
cells by a series of interacting feedback loops. 

17. I n  a given mammalian species, all cells contain 
the salnc gcnes; these cells may, however, differ in the 
relative activity of those genes. Developmental pro- 
cesses involve the selective functional activation and 
inactivation of rrrany genes. While a core function is 
maintailred by so-called housekeeping genes, specia- 
lized functions in tissues require the expression of 
appropriate sets of (luxury) genes in certain cell 
li~reages. This reprogramming of the genome has to be 
stably maintained, since such specialized functions 
have to operate throughout the subsequent life-span of 
the cell. It may therefore be seen that this coordinated 
progranlrning underlies cellular and tissue differeatia- 
tion and is hence a central feature of nornlal organo- 
genesis and tissue maintenance. Gene programming, 
which must be initiated early in ernbryogenesis, is 
believed to have its origins in gene activation/ 
inactivation through secondary biochemical modifica- 
tion to DNA, such as DNA base methylation, changes 
in chromatin structure and/or stable protein binding 
[H16, M44]. Growth factors, hormones and cytokines 
also play a role in the mediation of differentiation in 
many tissues. Such stable changes in gene expression 
and cellular properties (phenotypes) in the absence of 
DNA base pair changes are essentially non-genetic and 
are often referred to as being epigenetic. The specific 
rearrangernent of immunoglobulin germ-line DNA 
sequences is known to play a key role in the genera- 
tion of irnmunocompetence in white blood cells; DNA 
rearrangement is not, however, believed to be a major 
mechanism of cell differentiation. 

18. While fundamental knowledge of gene function, 
control and mutation may be traced back to pioneer 
work in micro-organisms [HI, Jl] ,  higher organisms 
have progressively more complex biological problems, 
including cancer developn~ent (oncogenesis). 111 a 
broad histopathological sense, cancer in mammalian 
tissues preselrts itself as a caricature of rronnal cell 
and tissue development. In sorne way, intrinsic bio- 
logical control at both the cellular and tissue level has 
been subverted. Chapter I1 outlines some of the 
theories relating to oncogenesis, particularly those that 
are relevant to its induction by the exposure of 
marnrnalian cells to ionizing radiation. 

11. PRINCIPAL THEORIES OF ONCOGENESIS 

19. During the last decade there has been a tainty exists in the nature and consequences of the 
remarkable increase in knowledge of the roles of chro- genetic/epigenetic events that mediate the inductive, 
mosomal change, of specific cellular genes and of in- promotional and progressior~ processes, in the mecha- 
herited nlutatiorrs in human oncogenesis. However, nisrns and corltributior~ of human genetic susceptibility 
huge gaps remain in the understanding of the problem. and in differences in oncogenic mechanisms following 
In the context of radiation oncogenesis, great uncer- exposure to radiation or chernical carcinogens. 
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A. INDUCTIVE AND DEVELOI'RI ENTAI, recent years, the application of modeni methods of 
I'KOCESSES cell and ~nolecular genetics to the characterization of 

~ieoplasms has led to a significant increase in the 
1. DNA us n principnl turget understandi~~g of Inany of these questions. 

for mdintion llction 

20. The genetic material (DNA) of the cell is ~ I ~ O W I I  2. 'I'l~e single-cell origin of neoplnsio 

to be daniaged following exposure to ionizing 2 2  In order to understand the niolecular mechanisms 
radiation. Many induced DNA base damages have of oricogcncsis and the role of genetic and epigcrietic 
been identified (e-g. [F13]), alld the illduction of DNA 

cl,al,ge, i t  is n,osl imponalll lo first the 
strand breakage in cells has recently been reviewed cellular derivation of disease. Evidence for the 
[W12]. There is conipelling evidence from a range of monoclo~~al origin of neoplasia comes from a number 
in virro cellular studies that the main detrimental of sources. 
effects of radiation derive from its ability to da~nagc 
cellular DNA. First, at the cellular level it has been 
shown through selective radioisotope irradiation Illat 
the cell nucleus contains the principal targets 
determining radiosensitivity (see, e.g. [H2, H3)). 
Secondly, radiation-induced chromosomal damage may 
be quantitatively correlated wilh cell inactivation (see, 
e.g. [J4, Ll])  and, to a lesser extent, mutation [C3]. 
Thirdly, in highly radiosensitive mutant strains of both 
micro-organisms and cultured nlammalia~i cells, there 
is a good correlation between radiosensitivity and 
genetic deficiency in the cellular processes that act on 
DNA damage P I ] .  It has also been shown that the 
induction of DNA double-strand breaks (dsb) in cells 
by the introduction of restriction endonuclease 
enzymes mirnics the chromosomal darnage result i~~g 
from radiation exposure [Nl]  and that there is a 
quantitative correlation between DNA dsb induction1 
repair and cellular radiosensitivity [Rl]. Although 
none of these observations exclude the irivolvemer~t of 
non-DNA targets in some aspects of cellular response, 
they provide strong evidence for induced DNA 
damage as the principal mechanism of radiation action. 
Most of these data relate, however, to radiation- 
induced chromosonie damage and cell inactivation. 
While the evidence is less extensive, in vitro cell 
transformation has been shown to be induced by DNA 
breaks produced in cells by restriction endonucleases 
[B9]: other evidence, outlined in paragraphs 162-165, 
provides additional support for a DNA target for in 
vitro cell transfonnation. 

21. Microbial genetic techniques have also 
established a convincing correlation between the 
capacity of physical and chemical agents to induce 
somatic niutations in DNA and their activity as 
carcinogens (see, e.g. [A2]). This basic somatic 
mutation theory of cancer induction, although defining 
the principal macroniolecular target for radiation 
oncogenesis as DNA, leaves unanswered imporla111 
questions regarding the number of cells that need to be 
~iiutated in order to initiate the process, the number of 
gene mutations that are required, whether specific gene 
niutations in target cells are needed and whether these 
mutations are dominant or recessive in tlieir action. In 

23. In fc~nale mammals, all of whom are hetero- 
zygous for X-chromosome-linked genes, X-chromo- 
some inactivation leads to a mosaic of somatic cells in 
tissues with cells of different clonal origin expressing 
different forms of the same gene product (i.e. iso- 
enzymes), depending on which X-chromosome 
remains active. Neoplasms in female mammals have, 
in the vast n~ajority.of cases, been shown to have only 
a single form of the gene product (i-e. a single 
phenotype), implying that the neoplasm was of mono- 
clonal origin [Fl]. Studies utilizing restriction enzyme 
polymorphisms of characterized and anonyrnous DNA 
sequences, chromosomal markers and oncogene and 
immunoglobulin gene rearrangements have all con- 
firmed the original X-chron~osome biochcrnical studies 
[TI,  W3]. Convincing evidence for the monoclonal 
origin of human and murine colorectal cancer has been 
provided by cytogenetic and nlolecular studies of 
benign arid malignant manifestations of this disease 
[F8, P7]. Most, if not all, malignant human colorectal 
carcino~nas arise from pre-existing benign adenomas 
[S17]. Thus, although normal colonic epithelium is 
polyclonal, adenomas arise within single pockets of 
epitheliurti, indicating that they were initiated within a 
monoclonal population of stem cells [FS, F9]. The 
characteristic cytogenetic and molecular features of 
such adenomas fully supports this contention. In 
addition, early prc-neoplastic haemopoietic cells 
carrying characteristic chro~nosomal rearrangements 
have been shown to convert in a mor~oclonal fashion 
to overt ~iialignancy (paragraph 72); in animal studies, 
the monoclonal origin of chemically induced tumours 
is further supported by the finding of characteristic 
point mutations in ras proto-oncogenes of rodent skin 
papillomas/carcinomas and breast tumours (paragraphs 
188 and 189). Studies on the p53 gene in human 
tumours associated wilh chemical or sunlight exposure 
also support the monoclonal origin of neoplasia 
(paragraph 194). 

24. Overall, it may be concluded that neoplasms with 
double phenotypes are rare and that neoplasia develops 
i~~frequently from a mixed population of normal cells. 
Double pl~enotypes have been recorded in some 
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i~~duced ani~ual neoplasms, usually where high doses 
of a potent carcir~ogerr were employed. This probably 
rellects Ulc coalescence of adjacent primary neo- 
plasms, but there is some cvidcl~ce tlial some double- 
pl~cnotypc polyploid neoplasms niay originate through 
the fusion of two single-phe~rotype cells [TI]. 

25. Despite the co~iipelling cvide~~ce that single 
neoplasms arise from single ancestral progenitor cells, 
solnc caution needs to be exercised with regard to the 
implications for oncogenic nicchanisn~s. Since many 
rounds of cell reproduction and clonal evolution/ 
selectio~r occur between neoplastic initiation and final 
malignancy, the observations summarized above do 
not exclude initiation of a number of target cells, 
polyclonal pre-neoplasia and subsequent predominance 
of a single successful cancer clone. In these contexts, 
models of radiation carcinoge~~esis requiring induced 
damage in more than onc cell have been proposed 
[MI], and it has bee11 argued that radiation-induced 
nlurinc acute rnyeloid leukaernia may not develop, as 
co~lverltior~ally vicwed, through a series of clonal pro- 
gressions v 2 ] .  It is inherently difficult to study clonal 
contribu~ions to pre-neoplasia ill most irradiated tissues 
and the problem is not one that will be easily resolved. 

26. However, these qualifying remarks do not in the 
main detract from the conclusion that the majority of 
neoplasn~s originate from darnage to single cells. In 
principle, therefore, the traversal of a single target cell 
by one ionizing track from radiation has a finite pro- 
bability, albeit low, of initiating ~~eoplastic change. On 
this basis, although only a proportion of induced pre- 
neoplastic cells may convert to malignancy, the initia- 
tion process may be expected to show a non-threshold 
response. This may be contrasted with a hypothetical 
process whereby neoplasia is initiated through daniage 
accumulation in an adjacent set of target cells, pro- 
ducing, for example, a "field effect" in the tissue, 
resulting in aberrant differentiation. The predictions 
arising from this are (a) that a significant proportion 
of benign and malignant neoplasms will be polyclonal; 
(b) that the requirement for multi-cell damage will 
tend to produce a dose-effect relationship having a 
clear low-dose threshold. The current state of know- 
ledge provides little general support for such hypo- 
theses, and in the case of human bladder cancer, 
where field effects have been specifically postulated, 
recent molecular studies show multiple site tulnours to 
be monoclo~~al in origin [S47]. Against this, sonic 
benign neurofibronias have, however, been shown to 
be of polyclonal origin [W6], and threshold-like 
responses have been reported for the induction of 
some ani~nal tunlours by radiation (see, e.g. [05]). 
Related to this are problems regarding the role of 
rnultiple events ("hits"), genomic inslability and 
cellular defense rnechanisrns in neoplastic develop- 
ment. These receive comIne~rt later in the Annex. 

3. Cerietic changes in oncoge~~esis 

27. During t l~e last decade, investigation of the genes 
directly i~lvolved ill neoplasia has been one of the 
~rrost rapid growth areas ill cellular and niolecular 
generics. Conscquci~tly, only a very brief sulrlnlary is 
possiblc (see [Bl ,  B6, B18, H4, H46, S18, S63, W14, 
W20] for reviews). AlUlough the association between 
chro~nosomal change and neoplasia was established in 
the early years of cancer research, the contribu~ion of 
s~~ec i f i c  gcnctic changes to the neoplastic phenotype 
had to await the advent of recombinant DNA 
techniques, wliich allow the identification, isolation 
(cloning) and characterization of relatively small DNA 
seque~~ces from whole genoniic con~plexes. 

(a) Proto-oncogene activation 

28. In this area of research, a major breakthrough 
was acfiieved when it was shown that oncogenic DNA 
sequences (v-one) in an avian virus had related proto- 
oncogene sequences (c-one) in normal avian DNA 
[Sl]. This approach initially identified c-src but was 
subsequently extended to other proto-oncogenes, e.g. 
c-ras (v-ms of rat sarcoma virus) and c-a61 (v-abl of 
Abelsor~ murine leukaemia virus). Using v-onc 
molecular probes, it has been possible to isolate and 
subseque~~tly characterize cellular DNA sequences that 
ellcode a range of oncogenes [Bl]. These and other 
cellular oncogenes have been characterized by other 
experimental approaches: 

(a) by transferring DNA purified or cloned from a 
neoplasm into suitable host mammalian cells and 
eslablishi~~g a correlation between the genomic 
integration of a specific donor DNA sequence 
and the acquisition of a quasi-neoplastic cellular 
phenotype (see, e.g. [C4, G31); 

(b) by identifying host DNA sequences that are 
consiste~rtly and specifically activated by the 
adjacent integration of oncogenic viruses (see, 
e.g. [M3, N21); 

(c) by isolati~~g and characterizing DNA sequences 
that are located in the breakpoint region of 
chromosorual rearrangements cor~sistently 
associated with specific neoplasms (see, e.g. 
[Dl ,  H4, S631); 

(d) by using molecular hybridization techniques to 
idcntify new or~coger~es that have conserved 
cer ta i~~ DNA sequences and are therefore part of 
a large gene family, some niembers of which are 
already known. 

29. The characterization of oncogenes in human and 
animal neoplasms and in in virro cellular systems 
initially leads to the followi~rg broad conclusions: 

(a) altered expression of oncogenes may occur 
through p o i ~ ~ t  mutation [B6, B18], chromosomal 



translocation and juxtaposition with another 
DNA sequence [H4, S631, insertion of relatively 
short and specific viral or genomic sequences 
[N2] or through gene anlplification (generation 
of multiple oncogene copies) (see, e.g. [N7]); 
there is also evidence that epigcnetic 
mechanisms, such as changes in the extent of 
DNA methylation, may also play a role in the 
expression of genes involved in neoplastic 
changes [FD, J5, S191; 

@) these mechanisms are often characteristic of 
particular oncogenes but are by no means 
mutually exclusive; 

(c) the activation of particular oncogenes may 
characterize histopathologically related 
neoplasms, but equally, the same oncogene may 
play different temporal roles in different 
neoplasms [B6]; 

(d) a given neoplasm will often contain structural 
andlor activational changes in a number of 
known oncogenes, and there is evidence for 
oncogene cooperation in the developn~ent of 
neoplastic phenotypes [H12]; thus, long latency 
periods might be explained by the need to 
accumulate such changes; 

(e) oncogene activation often generates a dominant 
phenotypic trait. 

There is an ever-growing list of proto-oncogenes, 
many of which have known chronlosomal locations 
and functions within the cell (see e.g. Table 1); some 
of these are referred to at various points in this Annex. 

(b) Turnour suppressor gene inactivation 

30. It may be argued, however, that despite their 
clear relevance to oncogenesis, dominantly acting 
oncogenes probably reflect only one aspect of the 
whole phenotype, determined in part by early scientific 
methods. In recent years, this view has received strong 
support from cytogenetic and molecular studies, which 
have revealed consistent loss of chromosomal regions 
and genes in a range of human neoplasms (M4, PI ,  
S18, S19, S341. Such specific losses during oncogenic 
development are suggestive of a major role for 
negative regulatory genes and recessive effects in 
oncogenesis. 

31. The loss of negative regulatory signals from 
genes has been suspected for some years to be an 
important aspect of neoplastic development. Such 
genes, often collectively referred to as turnour 
suppressor genes, were originally proposed by 
Knudson to be specifically involved in the hereditary 
predisposition to certain autosomally deternlined 
childhood cancers, in particular retinoblastoma [Kl ,  
PI21 of which 30%40% are of the heritable type. 
Knudson's two hit hypothesis for the induction of such 

neoplasms requires the sequential mutationfloss of 
both copies of a specific suppressor gene. According 
to these proposals, the same mutant gene is involved 
in both filmilia1 and sporadic forms of the neoplasm. 
In the for~ner case, the first nlutation occurs pre- 
zygolically and is thus present in all sonlatic cells of 
the offspring. This is then followed by n~utation of the 
seco~ld gene in target sornatic cells of the affected 
organ. In  the latter case (sporadic neoplasms). both 
mulatio~~s occur post-zygotically in the same target 
sonlatic cell. In general, tumour suppressor genes may 
be viewed as providing negative cellular effects, for 
the purposes of nlaintaini~~g cells in a normal 
proliferative state andlor regulating normal cellular 
differentiation programmes. 

3 2  The positive phenotypic role of oncogenes 
provides strong selection in experimental systems 
(paragraph 28) and was a major factor in their early 
identification and characterization. In contrast, such 
selection is far more difficult to achieve for suppressor 
functions, and as a consequence, research in this area 
did not make rapid progress until recently. 
Nevertheless, there is now persuasive evidence that 
suppressor genes play a normal role in ccll cycle 
control, cell senescence, signal transduction and 
differentiation and that their loss can contribute to the 
developruent of a broad spectrum of neoplasms. 

33. The function of tunlour suppressor genes was 
first experimentally demonstrated in somatic cell 
hybrids produced from the in vitro fusion of normal 
and tunlour cells (NT hybrids) [H29, S18]. In these 
studies, it was shown that genetic contributions from 
normal cells suppressed the neoplastic potential of the 
tumour cells, i.e. the malignant state was recessive and 
subject to negative regulation. As NT hybrids 
proliferated, they often lost chromosomes, and the loss 
of certain chromosomes was accompanied by a 
reversion to a neoplastic phenotype. Thus, tumour 
suppression was seen to be specific to certain 
chromosonles and, by implication, to specific genes. 
Recent technical advances allow the introduction of 
single nor~nal chromosomes into tumour cells, and this 
microcell transfer technique has been used to nlap 
putative suppressor genes to specific human 
chron~osomes (see, e.g. [S34, T31). 

34. The genetic pedigee analysis of cancer-prone 
families has also proved to be a powerful tool in the 
identification of tumour suppressor genes and their 
linkage on the human gcnon~e. Here it is important lo 
recognize that for autosorilal "loss of function" genetic 
traits associated with tumour suppression, the 
appearance of tumours in ofkpring is manifested as a 
dominant trait Although the genes function in a 
recessive fashion at the cellular level, their dominance 
within family pedigrees rellects h e  high probability 
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that, in heterozygous orfspring, the normal gene will 
be lost from a target somatic cell, thus initiating the 
specific tuniour. These losses may, in some tumours, 
be evidenced by specific chromosome deletion events, 
and the identification of 13q deletions in retino- 
blastonia and I l p  deletions in Wilms' tumour (see 
IS18, S191) provided important early clues as to the 
locatiori of the respective tumour suppressor genes. 
This approach has also been extended to familial 
adenomatous polyposis (FAP) [S20] and multiple 
endocrine ncoplasia type 2 [L8], but here allelic losses 
do not always occur in the cliromosonial region that is 
associated with the cancer predisposition locus. 

35. Molecular approaches to suppressor gene 
identification in human tumours have centred on the 
analysis of the loss of specific chromosome regions 
where parental genetic contributions may be identified 
by the presence of DNA restriction fragment length 
polymorphisms (RFLPs); that is, where the two auto- 
soma1 chromosome regions may be genetically distin- 
guished in normal cells of the patient, it becomes 
possible to use molecular analysis to distinguish 
specific DNA losses through the loss of heterozygosity 
in tumours [M4, S191. Thus, consistent DNA losses 
for a set of linked genes in a specific chromosome 
region may be taken as preli~riinary evidence for the 
presence of a tumour-specific suppressor gene in the 
region. This has proved to be an extremely powerful 
technique for resolving subchromosomal losses and 
has provided important information on the position 
and linkage of putative suppressor genes for a range of 
hunian tumour types [S18]. It is becoming increasingly 
clear that many different tumour types are character- 
ized by specific losses, that the same losses are often 
apparent in different tumour types and that multiple 
losses are not uncommon. Parental effects on gene 
loss have also been observed in some tumours (para- 
graphs 58-60), and overall, it is now obvious that the 
loss of suppressor gene function plays a very impor- 
tant role in oncogenesis at both the initiation and 
progression levels [S18, S 191. 

36. From these crucial observations on the 
chromosomal linkage of tumour suppressor genes it 
has proved possible to obtain molecular clones 
representing the RB, WT, p53 and K-REV I genes (see 
[S18, S191) and, more recently, candidate genes for 
human FAP characterized by colorectal carcinoma 
associated with chromosome Sq DNA sequence losses 
[F8, K15, N161. A putative suppressor gene (NF-1) for 
neurofibroniatosis has also been isolated [W6]. 
Table 2 provides a summary of the suppressor gene 
loci implicated in human tumorigenesis. For some of 
these it is now possible to suggest specific cellular 
functions and link these to oncogcnic processes. 

37. For RB and p53 genes, a principal role of the 
protein products appears to be in the control of the 

cell cycle IC10, N23] (see also paragraphs 43-52). In 
the case of FAP, tlie closely linked and structurally 
related APC and MCC genes on Sq were candidate 
determiaants of colorectal carcinogenesis, and it has 
been suggested that they may act in concert to control 
the proliferation of colonic epithelium. Both genes 
were fouud to be soniatically mutated in sporadically 
arising tumours, and APC was found to carry point 
t nut at ions in the germ line of FAP patients [KlS, 
N161. Moreover, the APC gene has been implicated in 
gastric and pancreatic tumours in man [N17] and, in 
the mouse, is also a gcnn line detenninant of gastro- 
intestinal tract cancer [S48]. APC somatic gene 
inactivation is principally associated with point 
mutation or deletion, but in one case of human colon 
cancer, L1 transposon insertion was detected [M46]. 

38. While RB gene function has provided a relatively 
straightforward example of recessive suppressor gene 
function, not orlly in eye tumours but also in other 
tumour types (see, e.g. [L21]), other tumour 
suppressor genes may not operate in such a siniple 
manner, and multiple locus interactions may be a more 
common feature of such genes. There is evidence that 
predisposition to and development of Wilms' tunlour 
is genetically complex [D12, F101, and recent studies, 
noted above, suggest that the phenotypic variation 
between FAP kindreds might be explained by the 
interaction between APC and MCC genes. In addition, 
some uricertainty still surrounds the genetics of the 
p53 gene. This gene has been shown to have the 
properties of a suppressor gene in colorectal carcinoma 
[B19], and its germ line function in Li-Fraumeni 
patients (paragraph 127) supports this contention. 
However, p53 in certain forms has also been shown to 
cooperate with ras in transforming primary rodent 
cells [H17], where it appears to act in a quasi- 
dominant fashion (see also [DlS]). 

39. In this context, the interaction between sequential 
gene losses and gene activation has been most clearly 
demonstrated in human colorectal cancer. Here 
mutations in at least four or five genes appear to be 
required for full malignant conversion, with fewer 
events being required for benign changes [F8, K15, 
N161. There is also evidence that while there may be 
some degree of preference in the sequence of somatic 
cell genetic events in colorectal carcinogenesis, the 
overall accuniulation of such changes may be more 
important [Fa, F l l ] ;  these changes are illustrated in 
Figure 1. Chromosome 5 genes may be APC and/or 
MCC chromosorne 18 losses may involve the DCC 
gene and chromosorne 17 losses may involve thep53 
gene. 

40. The escape from cellular senescence and the 
acquisition of cellular i~nmortality is believed to be an 
important feature of the oncogenic process. Recent 
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studies suggest that cellular scncsccncc is a process of 
quasi-differentiation, which results from recessive 
changcs in growth-inhibiting genes [G8]. The p.53 
gene has been i~i~plicated in the immortalization of 
some murine cells in culture [H39, R151, and a role 
for normal suppressor gene function i n  maintaining the 
senescence process now seerns likely; thus, a loss of 
such genes could be viewed as an integral part of nco- 
plastic developnient. 

41. The immortalization, or life-span extcnsion, of 
cells in vino may be achieved by the introduction of 
viral or cellular oncogenes, and this may be linkcd 
with the function of these genes in controlling cyto- 
plasmic signal transduction and/or cell proliferation 
(paragraphs 43-52). 111 vivo, many oncogenic viruses, 
while eliciting a chronic proliferative response in 
tissues, do not induce one-step oncogenesis, arid 
further cellular mutations are needed. In the case of 
viral hepatocellular carcinoma, p53 mutation appears 
to at least partially nieet this need (paragraph 117). 
Similar conclusions may be formed from the observa- 
tion that many immortalized human cell lines do not 

and non-mutational but stable changcs to gcncs, such 
as DNA methylation. 

(c) Cellulnr proliferative control and  gene 
tn~nscription 

43. Cellular growth and proliferation are controlled 
U~rough the co~istraints of the cell cycle [M27, N121. 
Quiescent cells in the Go phase require a mitogenic 
stimulus to enter an active phase (GI), where gene 
activity is greatly increased. At the end of the GI  
phase, DNA replication is initiated; this replication 
phase is teniicd S. Chromosome condensation, 
initiated at the end of the next (G2) phase and 
proceeding through Uie prophase, is followed by 
assembly of the replicated chromosonie on the mitotic 
apparatus; this M phase, and indeed the whole cycle, 
is cornpletcd when the niitotic cell divides, providing 
the two daughter cells with an equal shaie of 
cytoplas~n and chromosomes. If mitotic stimulation 
continues, the daughter cells enter a second cycle via 
GI: if not, they may fall back into a quiescent state. 

form tumours when transplanted into immunodeficient 
44. The cell cycle is a highly conserved and ordered 

mice (see, e.g. [C17]). Thus while immortalization, or 
process (see [H50, M47, N23, S62]), which like most 

life-span extcnsion, may well involve tumour sup- 
complcx biological events is subject to both positive 

pressor gene changes and be an important step in the 
and negative regulation. At the single-cell level, 

evolution of most tumours, it is not itself an unambi- mitogenesis and DNA replication/condensation need to 
guous marker of tumorigenic potential. occur at opti~nal points in cell development and be 

4 2  In conclusion, it may be seen that both positive 
regulatory signals from activated oncogenes and the 
loss of negative signals from suppressor genes con- 
tribute, in an interactive fashion;to the development of 
neoplasia. As may be anticipated, oncogenes and 
tumour suppressor genes have a normal role to play in 
cell physiology, and it is through lack of or in- 
appropriate expression, relatively minor structural 
change and combined effects that they enable the cell 
to evade the normal constraints of proliferation, 
migration and terminal differentiation and enter a 
phase of neoplastic evolution. The specific role of 
some oncogene and suppressor gene products is 
known. These include growth factor, growth factor 
receptor, transmernbrane signalling protein, 
cytoplasmic message transducer, DNA binding protein 
and a range of regulatory proteins including 
transcriptional factors influencing all these functions 
[A13, B1, B6, B18, H4, H46, S18, S63, W141. It may 
be envisaged, therefore, that in  combination oncogene 
activation events, the loss of regulatory gene functio~~s 
and cpigenetic changes affecting gene activity can 
produce a cascade of inappropriate or defective gene 
expression, thus generating a ~netas~able and grossly 
abnonnal cellular phenotype. These cl~ariges may be 
brought about by a variety of different changes to 
DNA, point mutation, chromosome translocation/ 
insertion, intragenic deletion, chromosomal deletion 

completed "on time", such that chromosomes segregate 
equally to the two daughter cells. Mistimirlg of cell 
cycle events would obviously have adverse physio- 
logical consequences for the dividing cell or would 
create genetic abnontialitics in its clonal progeny. 
Equally, the rate of initiation and progression of 
lleighbouring cells through the cycle must also be 
closely controlled so  that tissue maintenance and 
development proceed without inappropriate clonal 
expansion. 

45. It may be argued, therefore, that the expression 
of cell cycle defects may be related to some of the 
illherent characteristics of oncogenic transformation. 
While this relationship has been suspected for many 
years, it is only recenUy that insights have been gained 
into the molecular and biochemical control of the cell 
cycle and, particularly, the crucial roles played by 
some tumour-associated genes (see [B40, N18, R21I). 

46. Studies with yeasts [M27, N12] initially provided 
evidence that the activity of two classes of proteins, 
cdc-like protein kinases and cyclins, was central to cell 
cycle control. Acting in concert as complexes, these 
proteins catalyse essential steps of cell cycle 
~~rogression directly via phosphorylation of other 
nuclear proteins or indirectly via activation of 
secondary regulators. In general, these controls also 
apply in the case of animal cells p23] .  





A N N M  I:: MECttANISMS OF RADIATION ONCOGliNLSlS 561 

chemical pathways associated with the ccll cyclc is a 
major factor in oncogcnic transformation. In view of 
the tuniorigcnic conscqucllces of RE and p53 germ- 
l i~ lc  n~u ta t io~~s  in man, i t  IIiily also be argucd that, in 
some cases, the loss of ccll cyclc control is intrinsic to 
tuniour initiation. Collcrc~~t n~olccular a~ld  biocl~cniical 
ri~odcls arc ~iow e~ncrgiug U~at explain how the proteir~ 
products of so~iic kcy gcncs of ~ h c  tulnour suppressor 
and proto-oncoger~e typcs i~~tcract  wit11 the other com- 
ponents of the ccll cyclc in ordcr to effect fine control. 
Current models include tumour supprcssor proteins 
with cycliris and transcription factors as the primary 
control switches, with proto-oncogenes fulfilling a 
secondary function. If, for the sake of argument, the 
loss of cell cycle control al~crcd proliferative response, 
together with defective damage response, is regarded 
as a consistently early event in tumorigenesis, then 
irrespective of the physical or cben~ical nature of the 
carcinogenic initiator, it nlay be that rnutatiorial loss or 
inactivation of suppressor genes, such as RB or p53, 
is the most effective route for tuniour initiation. While 
still uncertain, molecular studies on p53 gene muta- 
tions in a variety of hunian solid tumours (see, e.g. 
m30]) provide some support for this, as do the data 
that linkp53 tumour mutations with environmental ex- 
posure to carcinogeru (paragraphs 194 and 223-226). 

(d) Gene dosage, dominant negative effects and 
genoniic imprinting 

54. It may be argued that the sequcr~tial mutation of 
target somatic cells is the most important feature of 
oncogenesis. These changes must occur within an 
evolving clone of cells, and in ordcr to arise with a 
reasonable probability at the early phases of the 
disease, it may be necessary for that clone to be 
expanding at an abnormally high rate. It may be 
expected, therefore, that many neoplasia-initiating 
events will, in appropriate in vivo circumstances, 
provide target cells with some degree of proliferative 
or selective advantage. For dominantly acting 
oncogenes, such as those of the RAS family, a specific 
point mutation may satisfy this requirement [B6, BlS]. 
Similarly, the activation of MYC and ABL proto- 
oncogenes through, for example, chromoson~c-specific 
translocation [H4, N3, N9] could similarly provide a 
one-step growth stirnulus to appropriate target cells. 
For autosomal recessive gcries (tumour suppressor 
genes), the loss of function of one gene copy will, in 
principle, only reduce gene product availability to 
50%. Such a modcrate reduction of gc~ ic  product 
availability as a consequence of this change in gene 
nunibcr (usually ternicd gene dosage) would not 
obviously provide the ;~ppropriate proliferative 
stimulus to the cell. In familial neoplasnis such as 
rctinoblasto~na, the loss of the first RB suppressor 
gene occurs pre-zygotically, thus obviating the need 

for initial clonal c x p a ~ ~ s i o ~ i  (paragraph 31), but since 
RB gene loss also characterizes non-familial 
rctinoblasto~na and ostcosarco~na, tl~cre rcniains the 
corisiderablc problc~ii of c x p l a i ~ ~ i ~ ~ g  apparently 
recessive "loss of functionn genes, which at the 
cellular level may havc s o ~ n c  dcgrcc of do~ninancc. 

55. The problem of si~lglc autosori~al gcne loss and 
phenotypic effect has persisted for sorne years, and 
although it is still to be fully resolved, there are a 
nunibcr of mecllanisn~s that would explain i t  

56. For some autosonial loci involved in 
tumorigencsis, gene dosage (one versus two copies of 
the gene) may be critical, such that loss of even 50% 
of the gene product in a mutated cell will give rise to 
a phenotypic change associated with a degree of 
proliferative/selective growth advantage F8].  In some 
individuals this effect might be emphasized by 
othewise minor structural differences between alleles, 
i.e. genn-line mutations of very low penetrance 
(paragraph 127). Alternatively, particular forms of 
structural gene mutations may produce so-called 
dominant negative effects, whereby an abnormal 
protein detenni~ied by the mutated gcne interferes with 
the function of the normal protein specified by its non- 
mutant honiologuc [H18]. It has bccri suggested that 
such dominant negative effects underlie the oncogenic 
functions o fp53  suppressor gcne niutations (see [DlS, 
W141). Although gene transfer studies indicated that 
in some tumorigcnic cclls wild type p53 is dominant 
to mutatcdp53 [C18], more recent i~lvcstigations show 
that oncogenic fonns ofp53 inhibitp53-regulated gene 
expression, thus providing a basis for the selection of 
p53 mutant cells during tuniorigcnesis [K17]. It may 
be secn, therefore, that gene dosage or dominant 
negative effects can underlie the action of some 
tumour suppressor gene mutations, but considerable 
uncertai~ity still surrounds the implications of single 
allelic mutation for tumour initiation. 

57. A further possible solution to the problem has 
recently emerged from molecular studies on sporadic 
tumours thought to be initiated through suppressor 
gene loss. For sporadic tumours associated with RB 
and other putative tumour suppressor genes (retino- 
blastonia, osteosarcoma, rhabdoniyosarcoma, neuro- 
blaston~a and Wilrns' turnour) it has been observed 
that major chromosome segrncnt loss events occur 
preferentially fro111 the rnatcrnally i~lheritcd chromo- 
some and that mutant paternal loci arc usually retained 
in the neoplasnl (see IF23, H16, R7, R81). These 
results run countcr to the nonnal expectation that in 
sporadically arising neoplasn~s there should be an 
equal probability that somatic ccll gene loss will occur 
from maternal and paternal chromosomes. A process 
termed gcnomic iniprinting [H19, MI41 has been 
i~lvoked to cxplain these fisdings. 
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58. Genomic imprinting is a poorly understood 
epigenetic process by which differential expression of 
certain autosonial chromosomal rcgions is imposed in 
somatic cells of the offspring following some fonn of 
differential chromosonlal niodification of male and 
female gametes. In such situations the successful 
enibryonic/neonatal developlnent of tile offspring is 
Uiought to be dependent upon the inheritalice of equal 
parental genetic contributions for that chron~osonlal 
region. The molecular mechanisms of such imprinting 
effects are not well understood, but current proposals 
[B41, H16, R8] include the differential methylation of 
DNA in imprinted regions, such that the activity of the 
hypomethylated genes inherited from one parent 
significantly exceeds that of the hypermethylated 
genes inherited from the other. Thus, some 
developmentally associated autosomal recessive genes 
do not make equal phenotypic contributions to the cell. 

59. On the basis of this hypothesis and for the 
examples cited in paragraph 57 it may be seen that an 
inactivating mutation in the more active paternally 
derived suppressor gene of the target somatic cell 
could reduce gene product availability to a level that 
deregulated cellular proliferation/differentiation and 
resulted in the excessive clonal expansion of pre- 
neoplastic cells. This expanding clonal population 
canying the first suppressor mutation may then 
complete sufficient cell divisions to allow for the 
probability of spontaneous loss of the second, less 
active suppressor gene copy of maternal origin. 
According to the hypothesis [R7, R8], this second 
mutational event greatly increases the probability that 
the cell clone will progress towards malignancy. 

60. Although an imprinting effect on gene mutability 
has also been suggested for the RB gene in the 
initiation of osteosarcoma [TS], the above hypothesis 
does account for Ihe molecular findings in sporadic 
tumours, and if it is a more general phenomenon, there 
may be important implications for radiation 
oncogenesis. Specifically, an increasing numbcr of 
potentially imprinted chromosomal regions and genes 
involved in differentiation and development are being 
identified in man and the mouse [B41, C19, H19, 
H52]. The involvement of negative regulatory genes in 
liormal cell differentiation and development may mean 
that some potential tumour suppressor genes are 
imprinted in specific tissucs and, therefore, the loss of 
one copy may be sufficient to initiate neoplastic 
change. This, together with the finding of a DNA 
deletion mechanism for radiation niutagenesis 
(paragraph 154), implies that radiation may be an 
efficient "single eventn initiating agent for certain 
neoplasms associated with the loss of tumour 
suppressor gene function. However, the whole process 
of imprinting remains poorly understood. The recent 
observation of imprinting-like effects on the 1(9:22) 

translocation in lluriial~ chronic n~yelogenous 
leukacmia and N-MYC anipliSication in neuroblastoma 
indicates that such clfects may also extend to certain 
proto-oncogene activation events [F23, H40, R161. 

(e) Cl~romosomul fragile sites 

61. Clirolnoso~iial rearrangement and deletion is a 
major feature of oncogenic development, and there is 
an ongoing debate as to the significance of specific 
sites of chromosomal instability (fragile sites, c-pa) 
lH2.5, H26, L9, M5, S21]. These sites, classified 
according to their frequency in the human population 
and their inducibility by different chemical treatments 
of cells, have been suggested as possible predisposing 
factors in oncogenesis. Some Gagile sites are also 
believed to be preferential targets for the clastogenic 
action of DNA-damaging agents, including ionizing 
radiation [Yl]. Despite statistical analyses showing no 
overall association between common fragile sites and 
cancer-associated chromosome breakpoints Ff48, 
S211, an association with rare and distamycin A 
inducible fragile sites rernains, particularly with 
respect to certain leukaemias [H20, L9, S21]. Overall, 
it appears that the expression of DNA damage is non- 
uniformly distributed within the mammalian genome, 
that certain highly recombinogenic sequences are 
preferentially involved in induced chromosomal 
changes and that certain classes of these may 
contribute towards oncogenesis. 

62. The lnolecular structures of fragile sites are not 
known, although it seems likely that they represent 
certain reiterated (repeat) DNA sequences that may 
recombine at a high frequency. In this context, it has 
been suggested that interstitial teloniere-like repeat 
sequences may be highly recombinogenic [H21]. 
These DNA repeat sequences, in their nom~al terminal 
position on chroniosomes, buffer against chromosomal 
erosion and instability during DNA replication [MIS, 
M29, S221. However, in some lower organisms, 
teloniere-like repeat (TLR) sequences are highly 
recornbinogenic; it is this feature, together with limited 
chromosonle aberration and mapping data, that initially 
prompted tile speculation that, when located in 
interstitial sites, they may represent a subclass of 
mammalian c-fra [H21]. Further support for telomere 
sequence instability has come from both microbial 
[K18] and in viao n~an~malian cell studies p19],  but 
other investigators [I21 failed to find an association 
between a specific human c-fro, FRA2B, and a TLR 
sequence array located in the same chromosomal 
region. 

63. Cytogenetic evidence of telomere-associated 
chron~osomal instability has been obtained in studies 
with some human leukaeniias (see, e.g. [S35]), and 
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chromosome break Ilealing mechanisms involving the 
de novo addition of telomeric sequences have been 
developed from studies with lower eukaryotes (see, 
e.g. [H31]). Under certain circumstances it appears 
that these DNA repeat sequences are subject to 
considerable modification in somatic cells, perhaps 
reflecting their structure and/or the lack of telonierase 
cnzylnes, which can act to extend tlie repeat arrays 
[B20]. This apparent instability is not, however, 
restricted to somatic cells, since studies in the mouse 
clearly show the arrays to be hypervariable within 
mouse strains, a feature that might be explained by 
their capacity to initiate DNA recombination and DNA 
replication slippage or as a consequence of the repeat 
sequence modification by telomerase, which is 
believed to occur during gametogenesis [S36, S371. A 
possible factor in teloniere-like sequence instability is 
the unusual secondary structure that these sequences 
adopt in vitro [B20, B42, K19]. Such secondary 
structures, if they were to occur in vivo, might also 
contribute to the fragile site properties suggested 
above. The contention that such sites may be 
particularly prone to radiation-induced breakage and 
rearrangements and that some such events are involved 
in radiation oncogenesis is supported by recent studies 
on the nature of the chromosome 2 deletions and 
rearrangements that are believed to initiate murine 
myeloid leukaemogenesis (paragraph 183). Alpha- 
particle-induced chromosomal instability has recently 
been demonstrated in murine haemopoietic cells 
[K25], but this has yet to be specifically linked with 
fragile site expression or neoplastic change. 

64. Telomeric DNA sequences are also believed to 
play a role in cell senescence [G8], and it has been 
shown that the ageing of human fibroblasts is 
accompanied by telomeric shortening [H22]. This may 
be viewed as increasing inherent chromosomal 
instability and could be a factor in age-related 
carcinogenesis. There is no doubt that the current 
intense interest in the involvement of telomeric and 
other genomic repeat sequences (see, e.g. [BIO, B42, 
K20, S491) 1 chromoso~nal fragility and 
rearrangement will yield data of direct relevance to 
molecular mechanisms of chromosomal instability and 
their role in oncogenesis. 

4. hlultistnge cellulnr development in 
oncogenesis 

65. The concept of multistage oncogenesis, originally 
proposed by Berenblum and Schubik in 1948, has 
been a most valuable and durable concept. In modem 
developments of this theory, oncogenesis is divided, 
albeit imprecisely, into three phases: initiation, 
promotion and progression. 

(n) Tunlour initiution nnd other enrly events in 
oncagenesis 

66. The initiation of oncogenesis may be most 
simply viewed as one or more stable cellular events 
arising spontaneously or induced by exposure to a 
carcinogen, which predisposes carrier cells to 
subsequent neoplastic conversion. In the case of 
neoplasms induced in man or experimental animals by 
single acute doses of a carcinogen, the agent is 
assumed to act as an initiator by damaging a specific 
cellular target in a stable and irreversible fashion [B6, 
B18, Y2]. Throughout this Annex it is argued, on the 
basis of animal and human data, that specific somatic 
mutations in target genes are initiating events for 
neoplasia. 

67. In the preceding Section, cytogenetic and 
molecular findings on suppressor gene mutations and 
proto-oncogene activation were discussed in respect of 
their possible roles in oncogenesis, including initiation. 
In subsequent Sections, data from experimental studies 
will be discussed, with an emphasis on the molecular 
nature of induced initiating events. Here it is sufficient 
to emphasize that at low doses of ionizing radiation, 
it is knowledge of the induction of early initiating 
events that may b e  most important to the under- 
standing of radiation effects. That is not to say 
however that radiation plays no part in the other stages 
of oncogenesis. 

68. In principle, it appears that neoplasia may be 
initiated either through proto-oncogene activation or 
suppressor gene inactivation. Thus, a multiplicity of 
induced somatic mutations may contribute towards 
human radiation oncogenesis, and even for a single 
histopathological form of neoplasia, there may be a 
number of possible initiating events, albeit with 
different probabilities of contributing towards overt 
malignancy. The necessity for a single clone to 
accumulate further somatic mutations before malignant 
conversion must be rate-limiting and implies that only 
a minority of initiated cells progress beyond the pre- 
neoplastic phase (paragraph 219). 

69. At this early phase, aberrant pre-neoplastic 
clones may be lost through, for example, metabolic in- 
sufficiency, non-specific cell selection, the suppressive 
effects of neighbouring cells, terminal differentiation, 
cell senescence, programmed cell death (apoptosis) or 
cell surveillance mechanisms. Thus, the capacity of an 
initiated cell clone to expand in a relatively undiffer- 
entiated state may be viewed as a crucial aspect of the 
early phase of the disease (paragraph 54). In this 
respect, the manifestation of benign tissue dysplasias 
(e.g. papillomas, adenomas and hacmopoietic hyper- 
plasia) may be viewed as clonal expansion, limited 
perhaps by a con~bination of the factors noted above. 
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70. Specific ~ ~ i i ~ l i p l ~ s  of 11111iour-initiati~~g mutations 
associated wilh RAS, RB, 1V, p53, NF-1 a ~ ~ d  APC 
genes arc discusscd clscwhcrc in this AJIIICX, and the 
cvidc~ice that mutation o l  tllcsc genes in appropriate 
norliial target cells prcdisposcs to malignant convcr- 
sion is rclativcly strollg. For other tunlour mutations it 
is not yet possiblc to conclude t11;it they i~ritiatcd the 
tumour, only th;~t they arc presclll at an carly prc- 
neoplastic phasc, before full cl i~~ical  progression of 
disease is n~aoifcstcd. 

71. In hurna~~ ncoplasia, particularly lcukaemias and 
lymphomas, carly phases of neoplastic dcvelopn~cnt 
are frequently associated with consistent chromosonial 
rearrangements, such as the 9:22 translocation in 
chronic n~ycloid leukacrnia (CML), the 5q-deletion in 
myclodysplastic syndrome and the 14:18 translocation 
in follicular lymphoma [ H l l ,  S63]. In such cases the 
progression of early iridolcrit disease is usually accom- 
panied by the selective clonal expansion of neoplastic 
subpopulations containing further chromosomal abnor- 
nialitics. In general, in both haemopoietic and solid 
tumours, the more advanccd and aggressive the dis- 
ease the greater the degree of chromosomal change. 
Tables 3 and 4 illustrate consistent chroniosonial chan- 
ges recorded in hunian Icukacmias/lymphomas and 
solid tumours, respectively (see [S45]). In  the case of 
h e  9:22 translocation in CML it has been established 
that a BCR-ABL fused gene is produced at the trans- 
location brcakpoint; this has tyrosine kinase activity, 
which produces a stablc mitogcrlic stimulus to tile cell. 
Of particular note arc observations of different forms 
of BCR-ABL fusion in acutc and chronic myelogcnous 
leukaemia and a likely correlation between mito- 
gcnicity of the BCR-ABL gene product and the relative 
aggression of the two mycloid ricoplasrns (see [G24, 
N91). For the 14:18 trarislocatior~ in follicular 
lymphoma, molecular studies show that a ncwly 
recognized proto-oncogene BCL-2 is uprcgulated by 
juxtaposition with an active immunoglobulin hcavy 
chain gene (see [Ng]). It has recently been established 
that such overexprcssio~i of BCL-2,  rather than being 
niitogenic, serves the purpose of blocking progranmed 
cell death [H23] and extending the in vh*o life-span of 
B-cells (see also [El I]). Thus, ccrtain gcne activation 
events in tumorigencsis do not simply increase pro- 
liferation rates but instead block or prolong the normal 
differentiation pathway. Olhcr examples of chromo- 
somal translocations in acutc B-cell and niyeloid 
ncoplas~ns are thc t(15; 17) in sonic acutc myclogenous 
lcukacniia (i~~volving the PML end rctinoic acid 
receptor genes), the t(1:19) in  pre-B ALL (involving 
the PBX and E2A gcncs) and the t(17;19) in B-ccll 
ALL (involving the HFL aud E2A gc~lcs) (scc [ElO]). 
111 addition, the I lq brcakpoint gene thought to be 
involvcd in t(4;lI) and t(9:ll) acute leukae~iiias has 
significant hornology to thc trx transcription factor 
gcne of Drosoplrila ID131. 

72. Characteristic cl~romoso~nal rcarrangcnicnts arc 
also seen ia I I U I I I ~ I I  T-cell 1c11kacmi;is; many of Ulcse 
i~~volve  specific sites on cl~romoso~~ics 7 and 14. In 
peripheral ly~iipl~ocytcs of at;ixia-lclaagicctasia, c l o ~ ~ a l  
rcarraagcn~ents o l  this type 11;ivc hccri obscrved in a 
~rurnbcr of ~)aticr~ts s l lowi~~g  110 otllcr cvidc~icc of 
nialignaacy. Alll~ougl~ olic~l prcscnl at rcl:itivcly high 
frequencies, tllcsc cloncs tlo 1\01 usually convert to 
frank lcukaeniia: in a few cases, however, nialignant 
progression of thcsc clorics Ilas bccn observed (see 
[T6]). Molecular studics have now cstablishcd that 
many of these rcarrangc~ncnts in T-ccll neoplasms 
involve vcry spccific recombination between T-cell 
receptor (TCR)  gcncs and othcr chroniosonial regions 
encoding transcription factors such as HOX 11 (see 
[H32, R31). The activation of these factors U~rougb 
TCR translocatio~i will tc~id to alter the developnicntal 
programmcs of T-ccll precursors and could explain the 
early clonal expansion observed in some ataxia- 
tclangicctasia patients. A more co~iiplete discussion of 
many of the chromosomal events noted here is 
provided by Solon~on et al. [S63]. 

73. In  any co~~sidcration of the nicchanism of low 
doses of radiation to i11iti;itc oncogcncsis it is 
important to attanpt to establish the relative 
probability with which a s i ~ ~ g l e  ionizing track will 
i~~tersect a given DNA targct, causing a tuniour- 
initiating mutation. This is co~rsidercd in the following 
for gain-of-functio~~ and loss-of-function ~iiutations. 

74. Activation of proto-oncogenes through gain-of- 
function  nuta at ions appears to occur via two principal 
rneclia~iisms. For proto-o~~cogc~~cs  such as RAS, the 
DNA base-pair (bp) changes required for activation 
are very restricted, and hence the molecular targct (for 
direct effects) will bc small, pcrhaps o~lly -10 bp [B6, 
B18]. For t l ~ c  gene-specific chromoson~al 
translocalions ilivolvi~ig the juxtaposition of proto- 
o ~ ~ c o g e ~ ~ c s  such as ABL, BCL-2 and HOX 11 with 
othcr rclativcly specific activating encs, the niolecular ri 
targct may be larger, pcrhaps 10--lo4 bp [H4, H32, 
R3, S63). However, for these events it may in 
principle be necessary to daniagc DNA at two specific 
sites rather than one, thus effectively reducing ovcrall 
target size. Relative to thc size of the whole genome, 
-lo9 bp, such gain-of-function, gene-activating 
mutations would sccln thcrcforc to present \'cry srnali 
targets for si~lglc-track radiation ac t io~~.  Nevertheless, 
OII a targct-size hasis it  h;is bccn proposcd that the 
primary e v c ~ ~ t  in human CML call bc a radiation- 
induced BCR-ABL tr;ir~sloaitio~~ [H41]. 

75. This s i tua t io~~ Illiiy be ro~~tmsted with the loss-of- 
function ~uutations cl~nraclcristic of the tuniour 
suppressor roles of gc~lcs such as RB, IVT, APC and 
p53. Loss-of-functioa of lulllour suppressor genes may 
occur tlirough point 111utatio11, small intragcnic dcletion 
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or larger deletions spanning whole cl~romoson~c 
segments (-lo7 bp) IH30, S18, W141. I l e  priacipal 
liniit to the size of the DNA deletions associated with 
sulqwcssor gene rnutatio~~ will be the dcgrce to which 
the ccll can susli~in viability followi~~g substantial 
genetic losses. Sincc this will vary with d ~ c  location of 
h e  targct gene in relation to csscr~tial DNA sequences 
and, correspondingly, with t l ~ c  g c ~ ~ c t i c  background of 
the cell itself, i t  is impossible to prcdict more 
precisely the targct sizcs for tl~cse deletions. It should 
also bc noted that in the case of d o r n i ~ ~ a ~ ~ t  negative 
effects, such as those postulatcd for p53, deletion of 
the whole gcne may not be effective (paragraph 56). 

76. In spite of thcse uncertainties and qualifications 
made in paragaphs 158 and 159, this simple bio- 
physical argument would predict that radiation-induced 
loss-of-function mutations may dominate the spectrum 
of potential initiating events for carcinogenesis. On the 
basis of the figures given above, the probabilities 
between "lossn and "gain" events may differ by 
perhaps two orders of magnitude. It remains to be 
seen how realistic thcse estimates might be, but some 
support for this argument has conlc from molecular 
studies on radiation-induced somatic cell mutation 
(paragraph 154). 

77. It may be concluded that turnour-initiating 
niutations probably vary in fornl, but on the basis of 
relative target sizes, i t  secnls likely that tumour 
suppressor gene mutations nlay be the predominant 
form in radiation oncogcnesis. Alone, such initiating 
events in normal targct cells will not be sufficient lo 
produce a malignant phenotype, which would require 
both clonal expansion of initiated cells (promotion) 
and the accumulation of further epigcnctic and genetic 
changes (promotion plus progression). The point of 
malignant commitment in a developing neoplasm is 
therefore difficult to specify; indeed, there may not be 
an "all or nothingn transition but rather an increasing 
probability that pre-neoplastic cells will bypass normal 
cellular constraints and convert to frank neoplasia. 
Consequently, while oncogenesis may bc operationally 
subdivided into initiation, pron~otion and progression, 
these definitions grossly simplify a genetically 
complex process of ccll development U~at will vary 
between neoplasms. 

(b) Turnaur promotion 

78. In expcrimc~~tal animal systems, promoters are 
identified as agents that, a l o ~ ~ e ,  have low oncogenic 
potential but that arc able to greatly enhance h e  yield 
of neoplasms induced by prior exposure to a sub- 
carcinogcnic dose of an initiator [ C l l ,  S2, Y2]. 
Agents that strongly promote oncogenesis generally do 
so at low concentrations, but in contrast to initiators, 

repeated or chronic exposure is usually necessary. A 
third distinguishing feature is that, unlike initiation, 
pro~rlotional effects arc usually reversible. In thcse 
respects prornolion has the properties of a11 epigc~~ct ic  
process, involving ~~lctastable cl~angcs in gcne 
expression and ccll ular/tissuc responses that have 
dramatic consequences for the initiated ccll and its 
clonal progeny. In the rllajority of cxpcrimcr~tal animal 
systems, initiation and promotion procedures produce 
an increase in prc-neoplastic lesions or benign 
neoplasms, and for nlost promoters there appear to be 
no dramatic effects on oncogenic progression. The 
whole question of carcinogcnic interaction between 
radiation and chemicals, il~cluding initiation/promotion, 
has been discussed in dcph by Strcffcr el al. [S2] and 
Trosko et al. [T12]. 

79. Neoplastic proniotion following ionizing 
radiation has been studied in both experimental animal 
systcms and in vitro transformation systcms w6, K10, 
W, S2, T121. However, much of the detailed know- 
ledge of nlechanisms of promotion has come from 
chemical initiation/proniotion studies with rodent skin 
carcinomas [ C l l ,  Y2], coupled with detailed bio- 
chemical investigations on the cellular consequences 
of promoter exposure [N5, N14, T11, T12, W4]. 

80. The nature of promoter action has, until recently, 
been obscure. The term promoter is an operational 
definition encompassing a diversity of chernical 
entities ranging from the classical phorbol esters 
through phenobarbital and bile acids to growth factors, 
hormones and ill-defined dietary components. How- 
ever, tissue wounding and stress IS231 should also be 
included in any broad definition. Clearly, not all these 
factors will operate in all tissues, and it is likely that 
a range of biochcrtlical pathways can be involved. It 
is through studies with the phorbol esters, such as 
TPA(12-o-tetradeconylphorbol-13-acetate), ditcrpenes, 
indole alkaloid and polyacetate promoters, that an 
understanding of certain aspects of promotional 
mechanisms has emerged. High affinity receptors for 
these promoters have been identified in mammalian 
cells [N5, W4]. In the case of TPA, that receptor, or 
part of it, is the calciunl- and lipid-dependent enzyme 
protein kinase C. 

81. Protein kinase C, through its ability to phos- 
phorylate and activate a range of cellular proteins and 
induce the expression of cellular genes, plays a crucial 
role both in signal transduction across ccll membranes 
into the cytoplasm and il l  subscqucnt cellular respon- 
ses. In this rcspcct, protein kinase C is ar tbe 
crossroads of a nu~nbcr of biochemical pathways that 
are known to mediate cellular proliferative response to 
hormones, growth factors and cytokines. Promoter- 
mediated activation of protein kinase C will tend lo 
enhance these pathways through a cascade of protein 



pl~osphorylation and gene expression events, a princi- 
pal outcome of which will be a disturbance in tissue 
homeostasis. Although diverse in their structure, most 
tun~our promoters share the basic property of inducing 
a degree of tissue hypcrplasia and inflammation; this 
histopathological feature probably slenls from the 
disturbance of tissue homeostasis. 

82 Endogenous promotior1 is likely to play a far 
greater role in human oncogenesis than extrinsic 
chemical factors, and in this respect it is important to 
recognize that protein kinase C is normally stimulated 
by increasing cellular diacyl glycerol (DAG) levels 
through lipid tunlover [NS]. Since DAG levels have 
been shown to be increased following the action of a 
variety of cellular growth factors and cytokines (see, 
e.g. [M16, M17]), it follows that these factors 
probably play a major role in oncogenic promotion. 
This view is also consistent with observations 
indicating that the promotional wounding response in 
Rous sarcoma virus tumorigenesis is mediated by 
transforming growth factor-I3 [S23]. 

83. However, i t  has become increasingly clear that 
tunlour promotional pathways are not solely mediated 
through the biochemical pathways involving protein 
kinase C and that changes in cellular com~nunication 
and oxidative metabolism [C21, T11, T12] may also 
occur in response to exposure to many tunlour 
promoters. 

84. The maintenance of tissue homeostasis, which 
requires cells to establish a critical balance between 
proliferation and differentiation, is known to involve 
not only responses to high molecular weight systenlic 
factors (growth factors and hormones) but also lower 
molecular weight ( ~ 1 , 0 0 0  daltons) ions and meta- 
bolites that are exchanged between neighbouring cells 
linked by so-called gap junctions at cell n~embranes 
[L14]. In facilitating cellular commurlicatior~ and 
biochemical coupling, these junctions are believed to 
play an important role in the local coordination of cell 
pro1 iferation. 

85. The establishment of gap junctions is detem~ined 
by a family of conserved mammalian genes, the 
activity of which appears to be controlled by both 
systemic factors and intracellular processes mediated 
through signal transduction pathways. A critical link 
between gap junction cornrnunication and oncogenesis 
was established by the observation of the stable loss of 
coupling in many tunlour cells (K13, T12j. However, 
such losses in tulnour cells may often be selective, in 
Ihat tumour cells remain coupled to each other but 
lose the ability to communicate with normal cells 
IN13, Y7]. 'Illus, it became possible to postulate that 
the signals exchanged between normal cells 
(hornologous coupling) adequately regulate certain 

proliferation/ differentiation responses but that the 
selective loss of heterologous coupling allows tumour 
cells to become more autonornous and less receptive 
to tissue regulation. 

86. Tlie relevance of cellular communication in 
tunlour promotion became obvious when it was shown 
that a wide range of turnour promoters had the capa- 
city to induce transient dysfunction in gap-junction- 
mediated processes [M30, N14, Y7]. Additional 
studies show such inhibition of coupling to be part of 
the ~ ~ o r ~ u a l  proliferative response in tissues, in that 
inhibition occurs when cells are drawn from a quies- 
cent phase in order to complete tissue growth or 
repopulation [PlO]. It seems likely, therefore, that in 
some tissues gap junction fom~ation and loss is a 
secondary compoacnt of the complex cellular machi- 
nery that drives the cell cycle (paragraphs 48-50). 

87. Thus, albeit in a transient fashion, the inhibition 
of gap junction communication by promotional stimu- 
lation nlay be viewed as a means whereby one layer 
of cellular proliferative control is removed; this would 
tend to elicit a mitogenic response in all undiffer- 
entiated stem-like cells in tissue. The magnitude of 
that response may not, however, be uniform, in that 
cells carrying tu~nour-initiating mutations in genes 
central to cell cycle control, such as RB, might be 
expecled to respond most strongly. The involvement 
of tumour-associated mutatior~s affecti~rg cell adhesion 
proteins, e.g, DCC (deleted in colon cancer) [Fl l ] ,  in 
gap-junction mediated processes is also possible. 

88. The potential complexity of tumour promotion 
n~echanisnis is further increased by the finding that 
some, but not all, promoting agents induce bursts of 
oxidative nletabolism in exposed cells, which lead to 
the generation of short-lived, free chemical radicals 
[C21]. Such radicals are highly reactive within the cell 
and are able to induce damage in a range of 
n~acromolecular structures, including cell membranes 
and chroruosomes. 

89. 111 the case of TPA exposure, it has been 
established that induced radicals such as superoxides, 
peroxides and arachidonic acid metabolites are able to 
attack cellular DNA, inducing a range of cytogenetic 
abnor~nalilies [C21, D11, P l l ] .  On the basis of these 
observations i t  has been proposed that TPA-generated 
chemical radicals act at an early stage of prornotion 
(stage 1) and convert carcinogen-initiated cells to a 
state in which they are more sensitive to proliferative 
stimulatio~~ (stage 2 promotion) [F15]. 

90. I s  the mouse skin papilloma/carcinoma system, 
TPA has bee11 shown to be a "complete" promoter in 
that it fulfils both stage 1 and stage 2 promotional 
requireme~~ts; in colrtrast, the related phorbol ester 
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RPA fulfils o~nly sL~gc 2 rcquircnic~nts, i.e. it is not 
clastogcnic. The innporta~~cc of chro~~loso~t ic  daniagc 
in the stage 1 convcrsio~n phase was fuflhcr cstablishcd 
by studics showing that at low doscs ~ h c  alkylatirng 
clastogcrnic agent, mclhyl ~nctlnanc sulphonatc actcd 
synergistically with RPA to cffcct coni~)lcte prornnotion 
[F16]. Since UIC convcrsio~n shgc  of pro~tnotiorn 
involvcs chromosonnal damagc, i t  may ccntrc on 
charngcs in gene activity or chroniosomnl instability; 
the specificity of such cvc~nts has not, I~owcver, been 
establ ishcd. 

91. The cytogenctic observations notcd above requirc 
that a much broadcr vicw be taken of the involvement 
of genetic changes in the promotional phases of onco- 
genesis. The boundary bctwccn initiation and promo- 
tion is becoming increasingly artificial, defined only 
by the tumour systcm under consideration, the 
physico-chemical nature of the insult applied and the 
cellular niechanisrii bcing sought. Hcrc i t  is sufficicnt 
to say that, mechanistically, both initiation and prorno- 
tion probably involve a combination of genetic and 
epigenetic cellular cvcnts and together thcy drive a 
clonal population of cclls through a prc-neoplastic 
phase to a point whcrc malignant co~nversion is 
assured. Perhaps they differ most clearly in thc 
temporal requircnnc~nts for phcnotypic changc and, on 
current belief, the larger co~~tribution that stable 
mutagenic changc makes to the i~nitiatio~n process. 

92. Ionizing radiation is a powerful clastogcn and 
would certainly induce ninny of the forms of cyto- 
genetic damage currently associated with the con- 
version stage of tumour pronnotion. What may be 
questioned is the cxtcnt to which radiation might 
induce the epigcnctic cha~nges associated with stage 2 
promotion. As notcd below, i t  sccnis that, in general, 
radiation acts as only a weak promotor of neoplastic 
change. 

93. Through its ability to damage tissues and induce 
a mitogenic response in rcpopulating cclls, radiation 
could be regarded as a stage 2 promoting agent. Such 
effects will, howevcr, only be significant at relatively 
high doses, where substantial ccll inactivation has 
occurred. Thus, it may be argued that for radiological 
protection considerations, this form of promotional 
activity is of minor irnportancc. This view may be 
tempered, howcvcr, by rcccnt cvidcr~cc of upregulation 
of protein kinasc C and proto-o~ncogenc gene products 
by relatively low doscs of radiation [S50, W7, W21], 
and it will be i~nportant to establish whether such 
biochemical rcsponscs extend to other promotional 
processes, particularly, perl~i~ps, those deterniirni~ng 
intercellular communication. 

94. Recent expcriniental studies usi~ng the niouse 
skin papilloma/carcinoma system havc highlighted 

sonic of thc difricultics laccd ie i~pproaching the 
question of ilntcractioo bctwccn radiation and other 
carci~nogcnic agcnls. Hcrc it l~as  been shown that beta 
irradiation induces rcsistarlce to chc~~nically induccd 
papillomi~ but not carci~nonla forniatiorn [M31], These 
obscrvatio~ns may i~nply (hilt  rijdiatio~~ indn~ccs a DNA 
rcpair process that acts diffcrcntii~lly o ~ r  tllc cl~c~nically 
i~tduccd lcsior~s driving pro~notion-dcpc~~dcrnt and - 
indcpc~ndcnt skin carcinogcncsis. Howcvcr, given thc 
complexity of t h ~  p r o ~ ~ i o t i o ~ ~ i ~ l  processes described 
hcrc, oUier explanatior~s should not be excluded. In thc 
same cxpcrimer~tal systcm, chro~nic beta irradiation 
lacked action as a complctc or stage 2 tumour 
proniotcr but did show wcak but positive action in 
stage 1 promotion [M37]. 

95. The suppression of cellular transformational 
processes by so-called anticarcinogc~u or antipromo- 
ters has been studied using in vuro transformation 
systems. Protease inhibitors, such as antipain and 
chymostatin, appcar to strongly inhibit radiation 
transformation in an irreversible fashion, suggesting 
that thcy may act at thc level of DNA damage modifi- 
cation [KlO]. However, since such inhibitors also 
suppress the promotional activity of TPA, there may 
also be i~~volvemcrnts in ccll surface receptor-promoter 
biridi~ig processes or the subsequent protein-kinasc-c- 
mediated lnessage tralnsduction process. Other chemi- 
cal factors, such as retinoids, ascorbic acid, lympho- 
toxin and vitamin E, havc also been shown to havc 
anticarcinogcnic and/or antipromotional activities (see 
[Cll, K10, T20, YS]). Some of these factors may also 
act in vh~o  [Cll, C15, C16, L15j. In the case of 
d-limoncne it has bccn suggcstcd that i~iduced changes 
in the intracellular location of GTP-binding proteins 
such as p21ra rniight underlie the anticarcinogcnic 
action [C27]. 

96. While no single molecular mechanism of anti- 
promotion may exist, at the cellular level, promotional 
processes are most consistently characterized by the 
transient loss of intercellular communication. Relevant 
to this is recent evidence showing that strongly 
antipromoting agents such as retinoids markedly 
increase intcrccllular cornniu~nication [H48, M451. In  
virro antipromotion by ascorbic acid may, however, 
involve oxygen radical re~rioval from cells [YlO]. 

97. In conclusion, the promoter cnhanccnicnt of 
appropriate biochcniical pathways in carcinogcn- 
initiated cclls call be viewed as interacting with the 
stable biochcrnical sequelae of the initiating cvcnl in 
a target cell in a llnallrlcr that elicits a supranonilal 
prolilcrativc response. Such a mechanism, depending 
on the strength of t l ~ e  prornotcr and the duration of 
cxposure, would tend to establish i~nitiatcd clones ill 
their host tissucs rapidly and efficiently, thus 
increasing the frequency and proliferative capaci~y of 
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pre-neoplastic lesions. Until these transient changes are 
stabilized through perhaps further clonal mutations, 
they are, in principle, reversible. Assuming gap junc- 
tion dysfunction to be a pivotal feature of promoti011 
IT121, then upregulation of junction formation could 
be regarded as an important mechanism of antipromo- 
tion [H48]. On the basis of current experimental 
knowledge, this may be achieved using exogenous 
agents such as retinoids but, in vivo, e~idogenous 
processes involving the regulation of tumour sup- 
pressor genes and other cell cycle control factors may 
be expected to be of greater importance. 

(c) Malignant progression 

98. During the life history of a neoplasm there is 
often a progressive tendency towards increased 
malignancy. This is most frequently seen as a stepwise 
change in both tumour histopathology arid aggression 
[F3, N3]. In the case of solid tumours, an extended 
blood supply niay be recruited; subsequently, nieta- 
static properlies emerge, allowing the neoplasm to 
spread to distant sites. Phenotypically, neoplastic 
progression appears to be the most complex of the 
three phases, and considerable histopathological, 
cellular, cytogenetic and molecular variation may be 
seen, even within a single progressing neoplastic 
clone. Importantly, progression through clinically 
defined phases is generally, in the absence of clinical 
intenlention, irreversible. This, together with other 
features discussed later, is suggestive of sequential 
somatic mutation and consequent selective clonal 
proliferation. 

99. Although the histopathological manifestations of 
neoplastic progression have been well-documented 
[F3], it is only recently that some understanding has 
been gained of the underlying cellular and molecular 
mechanisms. The apparently stepwise transitions that 
characterize the progression from benign pre- 
neoplastic lesions to aggressively metastatic neoplasms 
are thought to represent clonal evolution and selection 
processes driven by genetic and epigenetic cellular 
changes [K6, N3, N9, S19]. 

100. At the cytogenetic level these changes are often 
evidenced by secondary chromosomal translocations, 
deletions or duplications. Some of these, particularly 
those appearing at low clonal frequency, probably 
represent "cytogenetic noise" and may be regarded as 
neutral. Others appear more consistently in dominant 
clones and are likely to involve the activation, 
amplification or loss of specilic genes. These may be 
viewed as positively contributing towards clonal 
selection, dominance and, thereby, neoplastic 
progression. Examples of consistent secondary 
cytogenetic changes in huntan neoplasms are the 8:14 

translocation iu some cases of acute lyniphocytic 
Ieukaemia (hWC oncogene activation), the trisomy of 
chromosome 7 in advanced melanoma (ERB B gene 
dosage?) and the appearance of homologously staining 
r eg io~~s  and double-minute chromosomes in neuro- 
blastoma (N-MYC a~nplificatiol~) [HI 1, N3]. Secondary 
mutations potcetially releva~il to r~eoplastic progression 
do not always involve cl~ro~nosomal change, and in 
some ~~eoplasnis, RAS mutations are believed to occur 
during progression and contribute towards tumour 
aggressiol~ (see, e.g. [ R l l ,  V2)). Such studies have 
also highlighted the genetic polyrnorphisrns in tumours 
associated with genoniic instability [Rll] .  The poly- 
clonal evolution of tuniours may also be studied using 
experinie~~tal molecular markers; for example, using 
plasrnid-transfected inouse fibrosarcoma cells, it has 
been possible to identify individual clones that have 
acquired properties associated with preferential 
metastasis [ES]. 

101. Secondary chrornosonial changes and oncogene 
activation events have also been characterized in a 
number of animal neoplasms induced by ionizing 
radiation or chemical carcinogens and have received 
comnient elsewhere in this Annex. Animal models of 
neoplastic induction are also beginning to demonstrate 
the possible roles of induced DNA da~nage in onco- 
genic progression. Neoplastic progression in chemi- 
cally initiated murille skin has been shown to be 
enhanced by treatment with radiation [Bll]. This 
observation may be consistent with the specific losses 
from chro~nosorne 7 that have been shown to contri- 
bute to the progression of rnurine skin carcinomas 
[B12, B29]. 

102. Studies of this type should extend the knowledge 
of differences il l  the genetic events that mediate 
neoplastic initiation and progression and should 
ii~dicate the potential co~itribution of physical and 
chemical agents in the two phases. In this respect, it is 
important to recognize that in the case of protracted or 
fractionated exposures, ionizing-radiation-induced 
cellular damage may, in principle, contribute to both 
neoplastic initiation and progression. Parallel but more 
complex co~isiderations apply in the case of combined 
exposure lo radiation and chemical carcinogens [S2]. 

103. Tl~erc is growing evidence that neoplastic 
progrcssio~~ may be greatly i~lfluenced by the acquisi- 
tion, at a relatively early stage in h e  process, of 
intrillsic ge~ io~n ic  instability. Benign lesions usually 
contain few cells with mitotic abnormalities, but these 
cells usually increase in frequency as the neoplasm 
progresses. This is often accompanied by increases in 
ploidy, chroriiosornal breakage, non-disjunction and 
sister chroniatid exchange [S13], i.e. all the features of 
the dcvelop~iient of abnormalities in DNA metabolism. 



104. Wlrile the mcclranis~ris u~rdc.rlyi~~g these 11utativc 
defects arc still obscure, the conscqurnccs are crucial 
to the understanding of rrcoplastic progression. I~rtrin- 
sic chron~osomal iastability will greatly increase the 
frcqucncy of spontaneous and induced genetic and cpi- 
genetic change witlri~r the cvolvirig neoplastic cloac. 
This provides the dynanlic hcterogcncity at the cellular 
level that is the hallmark of clonal neoplastic progres- 
sion. Loss of ccll cycle control, established during 
earlier pliascs of the neoplastic proccss (paragraphs 
43-53), may play a role in the ge~ictic instability that 
characterizes tumour progression. I t  is also possible 
that mechanisms of gcnomic instability involving the 
cxprcssion of recombinogenic sites and telomerc-likc 
repeat scqucnccs in DNA may contribute to this pro- 
cess: for some human Icukacmias thcrc is somc cvi- 
dence for telomere sequence instability [S35] (para- 
graphs 61 and 64), and one fonn of heritable colon 
cancer is characterized by widcsprcad instability of 
dinuclcotide repeat sequences (see paragraph 122). 

105. The principal phenotypic characteristic of the 
malignant progressio~l of many tunlours is the ability 
to spread (metastasize) from the primary tumour mass 
and to establish secondary growth foci (metastases) at 
other sites. Figure I1 provides a schematic reprcscnta- 
tion of the steps involved in the spread of tumours. 
Such tumour dissemination requires primary tuluour 
cells to acquire a range of new properties, particularly 
those that determine the relationship between the 
tumour and its host tissues (see [A4, D5, D6, F3, F5, 
H33, H42, K2, I(5, L5, M, N6, S14, V3, V4)). Mcta- 
stasizirrg cells are first required to invade normal 
tissues and penetrate blood and lymphatic systems. 
Subsequently, penetrating cells need to be able to sur- 
vive passage in these circulatory systems, exit the sys- 
terns and then establish themselves in surrounding nor- 
mal tissuc. To what extent have experimental approa- 
ches succeeded in resolving the complex cellular and 
molecular processes involved in ~nctastatic growth? 

106. The molecular strategies so successful in 
identifying proto-oncogene and turnour suppressor 
gene activities in earlier phases of the neoplastic 
process have not proved to be wholly satisfactory 
when applied to metastatic mechanisms. While transfer 
of activated ras oncogenes to cell lines such as 
C3HlOT'A and 3T3 has apparently resulted in one-step 
metastasis [E6]. the conlplcxity of the process in vivo 
makes i t  highly unlikely that invasive properties could 
simply emerge through single gene mutations. It may 
be, therefore, that dircct approaches to the idcnti- 
fication of metastasis genes using such atypical rodent 
cell lines will tend to give a misleading irnprcssion of 
the process. 

107. Indirect approaches have compared ge~ie 
activities in primary and metastatic tumours of the 

salnc origin or type. Using these strategies some 
evidence for M S  gene activation during metastatic 
~)rogrcssion has cnlcrged (see, e.g. [V2]), but for 
tunlours in sure i t  lras proved difficult to obtain clear 
corrclatio~ls between levels of RAS gene activity and 
the i~lvasive capacity of the turnour. Indeed in some 
studies with human colonic tumours, directly conflict- 
ing results have bcen obtained [H33]. Similar conflict 
is evident in rcspect to FOS gene activity in somc 
cxpcrilncntal nlamnlary tumours. Oversll, with the 
cxccption of corrsistcnt MYC gene amplification in 
certain solid tu~riours (small cell lung carcinoma and 
ncuroblastorna) arid HER-UNEUgene amplification in 
many rnammary turnours, here is a marked lack of 
correlatiori betwccri known oricogerie activation events 
and clinical staging criteria [H33]. There is somc 
evidence that the activity of the protein kinase C gene 
[ G l l ]  is one determinant of the metastatic proccss, 
but, again, the available data do not allow sirnple cor- 
relations to be established. However, although general 
correlations between metastasis and tumour gene 
activity have yet to be established, some comment is 
possible on specific aspects of the problem. 

108. The initial stcp in metastasis is the attachment of 
the primary tunlour cell to the extracellular stromal 
tissue matrices and basement membranes [LlO]. 
Cadherin proteins are believed to play a role in cell 
adhesion, and iin inverse correlatio~~ has been 
suggested betweell E (epithelial) cadherin expression 
in tumour cells and the loss of cellular differentiation 
associated with increased nictastatic properties [H42, 
S511. In addition, so-called integrin glycoproteins are 
also believed to act as ccll surface receptors for 
cellular attachnlcnt, and it has been shown that many 
meta-stasizing tumours strongly express these 
molecules at cell surfaces [C22, W1.51; there may also 
be a relationship betwccn cancer development and the 
synthesis of certain extracellular matrix proteins such 
as tenasci~r [K27]. Following such attachment, tumour 
cells then use a variety of proteolytic enzymes to 
digest the matrix in order to penetrate normal tissues; 
of particular current interest is Ihe involvement of 
metalloproteinases (MP) in this process. The activity 
of these enzymes is regulated by a specific tissue 
inhibitor, TIMP, which has bcen shown to have anti- 
metastatic activity [S38], and an importarrt role for 
TIMP in suppressing malignant phenotypes is now 
suspected [H33, H421. A specific protease encoded by 
tlre transirr geric is also known to be expressed during 
the skin papillo~na to carcirlonla progression in the 
 nou use [B l l ] .  The metastatic behaviour of some 
turnours has bec~r linked to the expression of variant 
CD44 glycoprotei~r (see [H42]). The finding that CD44 
serves to activate both B and T lymphocytes has led 
to the suggestion that ~ninlicry of lymphocyte 
behaviour may be an important aspect of the meta- 
static proccss [A8]. 
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109. More recently, the invasive characteristics of 
human breast carcinoma have been direclly linked to 
h e  expression of a n~et;~lloproteinasc ternled stronie- 
lysin-3 [B21]. Of particular iniportance is the obser- 
vation thnt this matrix-digesting enzyme is expressed 
in stronlal rather than tuniour cells, with strornelysin-3 
gene expression being confined to tissue surrounding 
only invasive mammary tumours. Thus, the acquisition 
of metastatic properties appears to involve the specific 
local sti~nulation of normal breast tissue through 
signals received from the tumour; these data provide 
one of the clearest examples of the intinlate relation- 
ship between norrnal arid tumour cells during tunlour 
progression. 

110. Such interactions are also a crucial aspect of 
tumour blood supply recruitment. Once a solid tumour 
has expanded beyond a few millimetres diameter, i t  
becomes necessary for the tumour mass to be served 
by new blood vessels. Blood supply recruil~iient from 
normal tissues (angiogenesis) is known to be an active 
process mediated by the secretion of angiogenic 
factors such as fibroblast growth factor, epidennai 
growth factor, transforming growth factor arid angio- 
genin from the tumour [F17]. In some cases, other 
cytokines produced by infiltrating leucocytes are also 
believed to play a role. 

111. Cell to cell colnrnunication through the 
establishment of gap junctions has been shown to be 
selectively lost in many progressing tumours, and the 
expression of connexins have been analysed in a rat 
liver tumour system [S65]. Communication between 
normal cells is believed to be part of the regulatory 
mechanism for cell proliferation, and its loss may 
result in the relaxation of the conuols that restrict 
invasive growth. Since a number of oncogenes have 
been shown to downregulate gap junctiorr forniation 
[Tll], the appearance of activated forms of these 
genes may enhance tutnour progression via the loss of 
cellular communication. 

112. Other phenotypic changes, such as increased cell 
mobility, may also contribute towards the metastatic 
spread of tumours. The molecular signals that increase 
turnour cell mobility and thereby promote invasiveness 
are poorly understood. Secretion of autocrine mobility 
stimulating factor has, however, been shown to cor- 
relate with h e  invasive properties of human bladder 
carcinoma [G12], and a so-called scatter factor 
involved in epithelial cell motility has been shown to 
be identical with hepatocyte growth factor, the 
receptor of which is coded by the MET proto- 
oncogene (see IH421). Some genes involved in the 
ccllular control of metastasis have been isolated by 
cDNA procedures based on the over- or underex- 
pressiorr of certain mRNA species in metastasizing 
tunrours. Of particular note is the chromosome 17 

encoded g e ~ ~ e  NM23, which appears to function as a 
nietastasis suppressor [L22, S39]; the loss of NM23 
exprcssio~r lras been correlated with poor survival in 
breast caricer [L23]. 

113. In co~rclusion, from a clinical viewpoint, the 
acquisition of ~nctastatic properties is perhaps the most 
critical aspect of the neoplastic process. Since much of 
the lethality of human malignancy derives from 
secondary metastatic growth, tunlour progression is a 
major dctcr~iiining factor in the judgement of tissue 
weighting in radiological protection. For example, skin 
tumours, most of which only rarely metastasize to 
distant sites, have low lethality, and this is reflected in 
a mucl~ lower tissue weighting than that given to 
breast or lung where, largely as a consequence of 
secondary growths, the lethal fraction is very much 
higher. Clearly, an understanding of the cellular and 
molecular mecha~iisrn of the metastatic process will be 
of long-term value in making illformed judgenients on 
such weighting factors. 

114. In spite of the difficulties experienced in 
resolvi~rg the complex mechanisms involved, some 
specific aspects of the metastatic process arc now 
becoming clearer. DNA and gene transfer studies have 
yet to provide broad guidance on tumour gene 
involven~ent, but the overall approach remains valid: 
some studies (e.g. [R13]) do show promise; cell 
hybridization [C23] and cDNA screening procedures 
are also proving to be valuable [S39]. However, 
perhaps the most critical aspect of the metastatic 
cascade is the complex interaction between invasive 
tunlour cells and the surrounding stromal structures 
and cells. In this area significant progress is being 
made in understanding the underlying mechanisms; it 
is to be hoped that this will also contribute to the 
design of more effective therapeutic procedures. 

5,  Viral involvement 

115. Viruses are believed to irrfluence the appearance 
of neoplasms in experimental animals and man by a 
number of different mechanisms [N2, 01, P13, W16, 
231 and, worldwide, may account for around 15% of 
cancer incidence in man [Z3]. Viral oncogenesis is 
currently believed to proceed via the following routes: 

(a) through suppression of host systems for the 
eli~nil~atio~r of tumour cells (e.g. avian 
reticuloe~rdotheliosis and feline leukaemia virus); 

(b) by sti~nulating cell proliferation through the 
specific ioteraction of viral and cellular proteins, 
either transiently or in a persistent manner (e.g. 
human papilloma virus and cytomegalovirus); 

(c) through the transduction of acquired and 
activated viral oncogenes and growth-regulating 
genes to host cells (e.g. Rous sarcoma and 
Epstei~r-Barr viruses); 
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(d) through site-specific intcgration into the genome 
of host cclls, resulti~rg in the activation or 
inactivatio~l (inscrtioaal mutagcnesis) of critical 
host gelies (e.g. avian Ieukaeniia i111d hepatitis B 
viruscs). 

The molecul;~r mcchanisms of some of tllcse processcs 
have been studied in detail, but while both DNA and 
RNA viruscs have bccn iniplicated in the actiology of 
a number of human arrd animal neoplasms (c.g. ano- 
genital cancer, skin cancer, livcr cancer, leukaemias 
and lymphonias), the overall extent of viral involve- 
ment in human oncogenesis remains uncerlain. Also, 
in many instances i t  is clcar that the viral component 
of disease reprcscnts only part of a more complex 
picture involving interaction with other risk factors 
(Table 5). 

116. In recent years a close association between 
certain human viruses and specific host genes has 
become apparent, and the following cxamples serve to 
illustrate some of the mcchanisms currently believed 
to operate in human viral oncogenesis. 

117. First, a tra~lsfonning protein (E7) of human 
papilloma virus 16 (HPV 16, associated with anal and 
cervical papillomas) has becn shown to bind the Rb 
suppressor protein; a second HPV 16 protein (E6) 
complexes with the p53 suppressor protein in the cell. 
Thus, the transforming potential of this virus may be 
mediated by dual inhibition of tumour suppressor 
activity [W9]. Secondly, human cyton~egalovirus 
(HCMV) infection, possibly associated with Kaposi's 
sarcoma and cervical cancer, has been shown to lead 
to upregulation of cellular FOS, JUN arrd MYC proto- 
oncogenes. This occurs prior to the onset of viral 
protein synthesis and may be mediated by a hit and 
run process, whereby the interaction of viral particles 
with cell surfaces triggers cellular proliferation [B13]. 
Thirdly, the Epstein-Barr virus (EBV) gene BCRFl 
has been shown to be hon~ologous to the cytokine 
synthesis inhibitory factor gene IL-10, suggesting that 
this oncogenic herpes virus uses a captured cytokine 
gene to enhance its survival in the host, thus poten- 
tiating its oncogenic propertics in respect to Burkitt's 
lymphoma [M18]. Fourthly, human T-lymphotrophic 
virus (HTLV) has been shown to be associated with a 
unique form of adult T-cell leukaeniiaflymphoma 
(ATL), with the two main foci of infection being in 
Japan and the Caribbean (see IB351). The mechanisms 
of  T-cell oncogerlesis following HTLV infection are 
uncertain but may involve a combination of immuno- 
suppressive effects [J6, K23) and T-cell proliferative 
dysregulation elicited by virally encoded proteins such 
as the products of the tax and rer genes 1231. Finally, 
hepatitis virus and aflatoxin B1 (a mutagenic food 
contaminant) appear to be strongly interactive factors 
in the induction of human hepatocellular carcinoma 
(HCC), which is prcvalcnt in southern Africa and 

eastern Asia [B22]. The insertional mulagenesis of 
host genes by hepatitis B virus has bccn demonstrated, 
and recent evidc~rce strongly suggcsts that the atla- 
toxin c o ~ ~ ~ p o n c n t  of risk derives frorii the i~rduction of 
target livcr cell mutations that inactivate the p53 
tumour suppressor gene [B23, H34]. The still uncer- 
tain role of gerni-linc retroviral clenlents in human 
tumorigenesis has bccn reviewed reccnly [L24]. 

118. Thcse observations provide evidence that the 
oncogenic potential of many human viruses derives 
from their capacity to provide a chronic growth 
stimulus to cells, often by the interaction of viral 
oncoproteins with cell cycle control proteins [N28], 
but that direct mutational damage may underlie the 
action of other viruses. The apparent synergy between 
hepatitis B virus and a specific environmental DNA 
damaging agent (aflatoxin BI), noted above, together 
with data on retroviral involvement in some radiation- 
induced animal neoplasms (see paragraph 180) and the 
inducibility of virus-like elements in mice by radiation 
[P14], suggests that viral processes may well syner- 
gistically influence a component of human radiation 
oncogenesis; there is, however, only preliminary 
evidence for this in rcspcct to laryngeal carcinoma 
associatcd with papilloma virus infection (see [W16]). 

B. HUMAN SUSCEPTIIIILITY 
T O  RADIOGENIC CANCER 

1. Homozygous deficiencies in DNA repair, 
cell inactivntion and chroniosome breakage 

119. There is increasing awarcness of the strong 
influence of gem-line gene mutations in human onco- 
genesis (paragraphs 31-34). In addition to the familial 
traits associated wilb specific DNA sequence loss and 
organ-specific neoplasms (e.g. retinoblastoma, Wilms- 
aniridia, multiple endocrine neoplasia and familial 
adenomatous polyposis), there is, in the context of this 
Annex, the most important problem of cancer suscepti- 
bility through deficiencies in DNA metabolism [C12, 
F1, H5]. The clearest example of this is found in the 
genetically complex autosomal recessive trait xero- 
derma pigmentosum (XP). In this genetic disorder, 
defects in the repair of DNA photoproducts appear to 
be causally linked with a high incidence of skin 
neoplasia in thc sun-exposed regions of affected 
patients [B14, C12]. Hurrian and rodent genes involved 
in the rcpair of UV-induced damage have been 
isolated and characterized (see, e.g. [T13, V7]), and 
there is much new information on the cellular and 
molecular mechanisn~s of UV carcir~ogenesis (see, e.g. 
[A6, B361). A detailed description of these 
mechanisms is, however, outside the scope of this 
Annex. 



572 UNSCWR 1 

120. For ionizing radiation, direct links between the 
epidemiological, genetic and nicchanistic aspects of 
oncogenesis are less well cstablislled. However, 
potentially rclcvant DNA repair genes arc now being 
idcatified arid isolated (see, e.g. [ K l l ,  TlS]), and 
studies on the autosoma1 rccessivc human genetic 
disorder ataxia-tclangicctasia continue to provide 
potentially important infor~tiation on the association 
between cellular radioscnsitivity, DNA repair 
deficiency and cancer proneness (G7, G13]; a 
candidate gene for ataxia-telangiectasia group D has 
rcccntly bccn isolated [K29]. 

121. Cellt~lur rudiosensXvity - cell irzuctivu(ion. 
Although largely restricted to the inactivation of 
cultured skin fibroblasts, in virro clonogcnic 
techniques have highlighted the rclativcly wide range 
of low-LET cellular radiosensitivity in the normal 
h u n i a ~ ~  population [A3, A12, C13, L l l ] .  These data, 
for both acute and chronic exposures, show that only 
cells from ataxia-telangieclasia and Nijmegen break 
syndrome (NBS) hon~ozygotcs clearly fall outside the 
nornlal range of radiosensitivity arid that patients with 
a variety of other putative DNA repair deficiencies are 
cont.~ined within the relatively broad normal 
distribution. Cell inactivatio~~ is, however, only a crude 
surrogate for overall cellular radiosensitivity and 
obviously fails to rcllect the gc~ictic complexity of 
oncogenic processes. The lack of correlation between 
intrinsic radiosensitivity in fibroblast and 
T-lymphocyte cell s t r a i~~s  also casts some doubts on 
the predictive value of studies on cell inactivation 
[G15]. Consequently, the data cited can only be used 
to provide comment on a single aspect (DNA damage 
and repair) of the problem; they should not be used 
alone as an indicator of the distribution of ncoplasia 
susceptibility in a radiation-exposed human population. 
In spite of these reservations, the overall approach has 
yielded much useful information (see [A12, G91). 

1 22. Chrornosornal rudimensifivity and jragile sites. 
The quantitative estimation of radiation-ieduced 
chromosomal abnonnalities also identifies ataxia- 
telangiectasia and NBS homozygous genetic disorders 
as being abnon~~ally radiosensitive [T6, T7]. While 
these data are somewhat more relevant to oncogenesis 
than cell inactivation, here again it may be argued that 
Uley are of limited value to radiological protection. 
This view may, however, be tc~npered by recent 
observations suggesting that a range of hu~nan 
disorders predisposi~~g to cancer are characterized by 
cell-cycle-dependent chron~osonial radiosensitivity 
[S24]. This is a potelltially important observation lhat 
demands furtller study. The potential relevance to 
oncogenesis of' specific chromosomal sites of fragility 
and enhanced recombination is discussed in paragraphs 
61-64. For both ionizing radiation and chemical agent 

exposure of cells, tl~crc is growing evidence for the 
expression of cliro~noso~ual sites of preferential 
induced breakage; in some studies an association with 
fragile sites and cancer-specific cl~roniosonie 
breakpoiats lias also bccn suggested [D7, M19, S25, 
S26, Y 11. Of particular note arc the proposed mutagen 
sensitive sites (MSS) of hu111a11 chSq, which at the 
cytogenctic levcl, appcar to correspond to the 5q 
breakpoiaLs that characterize myelodysplastic 
syndromes (MDS) [M20, Yl]. Since these myeloid 
disorders and l~coplasn~s are believed to be 
significantly radiogenic [M21, R9, V5], confirmation 
of 59 breakpoint co~~cordance for MSS and MDS 
would bc of sonic importance. Losses from the 5q 
region in MDS are now believed to centre on the 
interferon regulatory factor-1 gene [W24]. Recent 
studies on site-specific chromosomal brcakpoiuts in 
radiation-induced n i u r i ~ ~ e  acute niyeloid leukaemias 
(paragraphs 182 and 183) add support to the 
contention that heritable predisposition to breakage at 
fragile sites on certain chromosomes may influence 
susceptibility to radiation leukaemogenesis. The most 
striking example of geno~nic instability associated with 
human cancer predisposition is, however, provided by 
hereditary non-polyposis colorcctal cancer (HNPCC), 
which is deter~il i~~ed by a 2plS-16 locus [P16]. This is 
believed to account for 4%-13% of all colorectal 
carlccrs in industrial natior~s and is therefore more 
common than FAP, which accounts for around 1% of 
such cancers. Contrary to nornlal expectations based 
on the HNPCC locus being a tumour suppressor gene, 
HNPCC tumours do not show characteristic DNA 
losses in the 21115-16 region [A16]. Instead, such 
tumours exhibit widespread alterations in short 
dinucleotide (CA), repeat sequences suggestive of 
genornic instability mediated through a dorninant 
defect in a DNA replication factor. Such instability 
can be viewed as a means whcrcby mutation rates for 
(CA),-associated genes are elevated, thus enhancing 
tumour dcvclop~nent. The finding of an excess of 
other tulnour types in HNPCC kindreds i~~dicates that 
such mechanisms may not be restricted to colonic 
ncoplasrtis. 

123. Although not associated with oncogenic 
processes, the recent characterization of the X-linked 
fragile site (FRA X )  mutation associated with heritable 
mental retardation in man allows some comment on 
the ge~~e t i c s  of cl lro~~~osorne fragility. The FRA X 
mutation confers not only X-chromosome fragility in 
somatic cells but also appears to be unstable in germ 
cells and subject to structural modification that is 
depcndc~~t on its parental route of i~lheritance [02,  
Y8]. This feature appears to contribute to the bizarre 
ge~tetics of FRA X i1111eritance arid expression [R17, 
S53] and, if it were to apply to cancer-related fragile 
sites, would tend to disguise the underlying genetic 
basis of familial predisposition. These FRA X data also 
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highlight the potential i~nportancc of DNA rcl)ciit 
S C ~ U C I I C C S  and c l ~ r o m o s o ~ ~ ~ : ~ l  instability for c c r t i ~ i ~ ~  
disease stales [R171, a theme that is ecllocd clscwhcrc 
in t l~is Annex. 

2. Heterozygous crrri-iers of genetic traits 

124. Whilc the overall picture of hunlan g c ~ ~ c t i c  
influc~lces on canccr susccptibility is bcco~iling clcarcr, 
the information available is based largcly on studies 
with highly penctrating dominant  nuta at ions arid 
ho~~iozygous mutations at autoso~ai~l loci. The 
frequency of such clearly recognizable disorders in the 
population is low, and while thcre are obvious 
implications for affccted individuals and their families, 
the ovcrall contribution to canccrs in thc populalio~~ 
may be relatively small. In contrast, for autosonla1 
recessive traits, the frequency of carrier heterozygotes 
will be much higher. In the case of the ataxia- 
tclangiectasia disorder, epidcrniological studies point 
towards increased risk of spontaneous neoplasms, 
particularly breast cancer [P2, S4, U2], and i t  is 
possible that such carriers of the ataxia-telar~giectasia 
mutation represent a human subpopulatio~~ at increased 
risk of radiation-induced neoplasia. 

125. Similar considerations may apply to the farnilial 
traits associated with organ-specific neoplasia. 
Cytogenetic and nlolecular studies wilh these imply 
that cancer proneness is often associatcd with the loss 
of one germ-line copy of a tunlour suppressor gene. 
The spontaneous loss of the other copy in a targct 
somatic cell would then explain the elevated Gequcllcy 
of organ-specific neoplasia and the apparent 
phenotypic dominance of these traits. An explanation 
that demands the reduction of target gene nur~ibcr in 
cells from two to one also implies that certain tissues 
of affccted individuals would be at a considerably 
elevated risk of radiatiou-induced ncoplasia. Sonle 
aspects of therapy-related neoplasia in familial cancer 
patients have been discussed [SS, U3]. Although the 
paucity of data precludes detailed analysis, there is 
evidence of an i~icreased yield of thcrapy-related 
second tumours in familial retinoblastonla patients 
[E12], an obsenlation that is consistent with the known 
involvcn~cnt of the RB gene in the iriitiatiot~ of 
tunlours other than rctieoblastonla, including 
osteosarcoma [T5]. With respect to radiogenic 
neoplasms in dominant fa~nilial traits, intriguing 
observations have also been made with basal ccll 
nevus syndro~ne (BCNS), where there is unambiguous 
evidence of radiotherapy-induccd nlultipie skin 
neoplasms [SS]. Although there is evidence for post- 
irradiation rcpair/recovery defects in BCNS cells (see 
[A3, L11, N21 I), the disorder may be hcterogcnous. 
and at this stage of knowledge i t  is not possible to 

directly 1i11k cellular repair observations with the 
cli~lical ~na~lifcstatior~ of riidiogenic skin carcinoma. 

126. The frcquer~cy of known highly penctrating 
llu~llan ~nonogcnic diseases that are possibly associated 
with clcvatcd susceptibility to radiation oncogcnesis is 
low. Examplcs of UIC estimated frcquencics of 
occurrence of sonlc of these canccr-prone human 
r~iutatiolis arc listed in Table 6. Conscquendy, in t e m ~ s  
of the \vhole population, the highly pc~lctrating 
~~lutatioris do not appcilr to present a significant 
problem for risk estimation. Howcvcr, more frequent 
mutations, such as ataxia-telangiectasia heterozygotes, 
(estimated frequency of -I%), who show illcreased 
incidences of breast cancer, wilh a relative risk of 6.8 
clainlcd in one study [PZ, S4, S661, together with a 
possible but still contentious increase in radio- 
sc~lsitivity [S64], could make significant contributions 
to population risks. 

127. However, it is most important to recognize that 
cancer is esserltially a nlultifactorial genetic disease 
and that genes determining cancer susceptibility will 
differ markedly in the probability of expression 
(pcnetrance), as measured by the appearance of one or 
more tumours in members of families carrying the 
appropriate nlutations. The often-cited retinoblastoma 
(RE) and Wilms' tumour (147) gene mutations are 
highly penetrating and express as bilateral childhood 
tumours in a high proportion of carriers. Mutations of 
lower penetrance have been suspected for many years. 
However, since they tend to express, perhaps as single 
adult tumours, in many fewer carriers, they also would 
be much more difficult to detect in the population, 
even if they occurred. overall, at a higher frequency. 
This view has received some support from the finding 
of relatively low penetrance p53 germ-line lnutations 
in rare cancer-prone Li-Fraumeni syndrome (LFS) 
patients [S41] and mutations associated with 
predisposition to breast and ovarian cancer [H35, K21, 
S521. One of thcse breast canccr genes, BRCAI,  
encoded on chromosome 17, is strongly associated 
with early onset disease and appears to act as a 
tumour suppressor. Such heritable forms of breast 
cancer may account for around 5% of the total in 
industrialized countries. Since one in ten women 
develops breast cancer in her lifetime, perhaps as 
many as or~e in 200 carry genes that predispose to this 
neoplasm [K21]. Howcvcr, with Uic exception of 
BRCAl most of these mutations are probably of low 
pcnetrance. In the case of p53, cancer predisposing 
germ-line mutations arc by no means restricted to LFS 
fanlilies [M38, TI71 and include one family showing 
abnormal expression of wild-type p53 protein [B30]. 

128. Recent observations on the effects of gcnomic 
imprinting on the expression of tunlour suppressor 
genes (paragraphs 57-60) are also relevant to patterns 
of heritable tulllour susceptibility. Gcnomic imprinting 
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may be considered to he a process whereby the domi- 
nance of mutant g c ~ ~ c  cxprcssio~~ is ~nodificd accordi~~g 
to whrll~cr it  is inl~critcd fro111 the mother or UIC father 
(H19, M43, S27]. 111 tllc case of imprinted cancer-sus- 
ceptibility gcncs, UIC expected Mc~lde l i a~~  patterns of 
tumour incidc~~cc in :~ffcctcd fan~ilies will tend to be 
distorted, dcpcnding critically on parental routes of 
inllcritancc. An illustratio~~ of the inl~eri~?nce pattern 
of a human disease wilh imprinting effects is shown in 
Figure 111. The term nlatcr~~al imprinting is used to 
imply that there will be no phc~lotypic expression of 
the abnormal allele whcn transn~ittcd fro111 the mother. 
and paternal imprinting is used to imply that there will 
be no phenotypic expression when transniitted from 
the father. Because there will be a phenotypic effect 
only whcn the gene or the chromosome segment in 
question is transmitted from one or Ibe other parent, 
there are a nuniber of unaffected carriers. There are 
equal numbers of affected rnales and affected females 
or of unaffected male and unaffected female carriers 
in each generation [HI91 (see also Annex G, 
"Hereditary effects of radiation"). 

129. In addition to the imprinting-like effects seen for 
the IZB- and WT-related gencs in man, it may be that 
this process influcnccs the expression of other tunlour 
suppressor and growth-factor gc~lcs with known or 
suspected involvement in oncogencsis [C23, F23, 
H191. The inherita~~ce pattern for familial glomus 
tumours in man has been shown to be consistent with 
inlprinting [V6]; clinical manifestations, including 
neoplasia, in h e  human Bcckwith-Wicdennann syn- 
drome are also believed to involve imprinting effects 
mediated by paternal inheritar~ce of bolh copies of a 
region from the short arnl of chronioson~e 11 (paternal 
disomy/niaternal deficiency) (see [L16]). It may be 
reasonably predicted that other less-well-defined 
"cancer families" will, in detailed studies, show 
pcdigree distributions indicative of imprinting-like 
effects. The observation of parent-of-origin effects on 
leukaemogenic translocations Itlay also have 
implications for Ihe genetics of haemopoietic 
neoplasms [ H a ] .  

130. In conclusion, based on the frequency of the 
known highly penetrating mutations, it  might be 
concluded that genetic susceptibility to cancer is 1101 a 
major factor in the forrnulation of radiation risk 
estimates. However, the increasing appreciation of 
partial effects in hetcrozygotes, the variable penetrance 
of mutations, and cpigenctic modifying factors should 
sound a note of caution on this conclusion. 

131. An overall genetic contribution to cancer risk in 
tile human population of around 20% has been sug- 
gested (see [B24]). Although considerable uncertainty 
exis& this suggested value implies that as knowledge 
accrues it should be possible to begin to consider 

isdividui~l risk. For future epidcn~iological 
i~~vcstigation of ~)clssiblc genetic effects on radiation 
carci~~ogcnesis i t  will he i a ~ p o r t a ~ ~ t  to selectively 
consider fan~ili;~l I~istory of ncol)lasia along will1 other 
relevant factors, s11c11 ;IS age of onset in relation to age 
at exposure. 111 this spccific context, although other 
cxplaaatio~rs are ~)ossiblc, tile recent arid unexpected 
findings of an elevated relative risk of early o ~ ~ s c t  
breast cancer anlong t l ~ c  survivors of Ibe atomic 
bombings in Japan [WO] 1nig11t accord with the appa- 
rently high genetic component of this disease (see 
paragraph 127). I t  sllould be emphasized, however, 
that [he full establ ish~ncr~t of such relationships 
d e m a ~ ~ d s  extensive investigations of fattiilial cancer 
incidences and, wl~ere possible, ~nolecular analysis of 
relevant g e m -  line DNA sequences in order to ascer- 
tain the carrier status of the affected individual. If 
progress in this most important area of human genetics 
can be maintained, it nlay be necessary to modify 
current views on the expected distribution of induced 
cancers in human populations. 

3. Systenlic factors 

132. Although Ulcrc is, at present, a paucity of 
infonnativc data, the ide~~tification of initiating events 
for the principal radiation-iaduced neoplasms is of 
critical ilnporta~~cc for the further development of 
mechanistic models of oncogcnesis and the validation 
of dose-effect relationships. Armed with knowledge of 
the target cell and llle initiating event, it may be 
possible to rnake infonned judgements on the effects 
of post-irradiation repair processes, on dose rate and 
on radiation quality effects. However, since oncogenic 
processes involve far more than initiation, it is of 
considerable importance to gain a further under- 
standing of the factors that influence the expression 
and development of neoplastic change, i.e. age, sex, 
dietary and honnonal factors. In this context, animal 
models of radiatio~~ oncogencsis can be of great value 
in gaining a broad understanding of these factors (see, 
e.g. [F2]), and there is also valuable information to be 
obtained from human population studies. 

133. Hontioaal status is known to be a major factor in 
the appearance oftumours ie breast, ovarian, testicular 
and prostate tissues in rnan and may also be impli- 
cated in the progression of other hor~nonc-sensitive or 
horn~onc-producing tumours, such as those arising in 
adrenal a ~ ~ d  thyroid tissues (L17, M32]. Since, how- 
ever, honnol~cs and other cytokincs play a ubiquitous 
role in the developme~~t and ~~~a in tc r~ance  of all tissues, 
their action should not be considered to be restricted 
to the tunlour types noted above. On current know- 
ledge and with few cxccptio~~s, Lhe principal oncogenic 
role of such systen~ic factors centres on their action as 
tumour pro~noters or co-carcinogens [M32]. 
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134. The influence of systcmic endocri~lc factors in 
human radiation oncogcncsis is most strongly cvi- 
dericed by age- and sex-related cffccts on brcast 
canccr incidence [Ul]. Thcsc observatio~~s imply that 
hormonal status is a major deternii~~ant of thc 
devclopnient of tliis neopl;~sm arid that initiated cclls 
may remain dormant in breast tissues for long periods. 
Ccllular and molecular studics oudincd elscwherc 
(paragraph 189) support this contention and are also 
broadly consistcnt with currcllt vicws on the mccha- 
nisms of neoplastic promotion and progression (para- 
graphs 78-114) that are believed to mediate oncogene- 
sis. Cellular interactions involving hornlones and 
growth factors are also known to influcricc neoplastic 
yicld in experimental systcnis through promotional and 
selection processes; there can bc IitUe doubt that such 
effects are crucial to neoplastic yiclds in man and may 
be determined by physiological changes deriving from 
both genetic and environmerital influences. 

135. Diet is thought to be a significant factor in car- 
cinogcnesis, with fat intake perhaps the niost important 
determinant of cancer in different human populations 
[C15]. Promotional mechanisms centred on dietary 
lipid effects on the activity of endocrine systems, on 
prostaglandin synthesis, on immune functions and on 
bile acid production have been proposed for some neo- 
plasms and may be supported by epidemiological and 
animal studies [C15]. Althougli cellular and molecular 
data relating directly to thcse proposals have yet to be 
presented, it may be relevant that the promotional 
pathways involving protein kinase C are known to 
involve cellular lipid tunlover (paragraph 82), and it is 
possible that their activity is influenced by lipid or 
lipid metabolite availability in tissues. Non-genotoxic 
chemicals present in the diet or in the cnvironmcnt 
have also been proposed as factors in hurnan carcino- 
genesis [C16]. Through their capacity to elicit a 
chronic proliferative stimulus to cells, it is possible 
that many of thcse may act as relatively non-specific 
tumour-promoting agents: the role of i~~duced  mito- 
genesis and endogenously induced DNA damage in 
the initiation of oncogenesis has also bccn considcred 
(see, e.g. [AlO, A1 1, C161). Although somewhat out- 
side the scope of this Anncx, the rate at which cells 
are believed to sustain and repair e r~doge~~ous  DNA 
damage, in relation to that small amount of additional 
damage induced by a low dosc of radiation, has 
receivcd detailed comment [B43, B44, L27, S66, 
W27] and is of considerable importance to the 
relationship between DNA repair and radiatiori 
carci~logcnesis (sec also paragraphs 154-159). 

136. The possible cellular mechanisnis of anti- 
tumorigenic agents, such as retinoic acid, have bee11 
outlined in paragraphs 95-97. Animal studies, parti- 
cularly with the mouse skin papilIoaia/carci~io~lia 
system, clearly demonstrate the anti-tuniorigenic action 

of rctirioic acid in vi~vo [R14], and recently, the 
rc t i~~oic  acid trcalmcnt of tumour-sensitive traosgc~lic 
mice carrying an active germ-line copy of a v-ras 
ollcogcne has bcen shown to dramatically delay or 
even conipletcly inhibit the appearance of promoter- 
induced papillonias k15] .  

137. Honnorie pro~~iotion (paragraph SO), incrcasing 
g c ~ ~ o m i c  illstability (paragraph 104) and intrinsic 
progressional processes (paragraphs 98-1 14) have bccn 
rncntioncd as possiblc factors in age-rclated 
carcinogcncsis. Also, for familial tumours such as 
rctinoblastoma and somc brcast and colon tumours, 
early onset of induced malignant discase would, for 
genetic reasons, be anticipated. For the early onset 
(childhood) acute lymphocytic leukacmia, howcver, a 
different mechanism may opcrate; it has been 
proposcd that this diseasc rcsults from two sequential 
mutations in haemopoietic target cells [G6]. The first 
of these is postulated to occur in ulero, whcrc rapid 
ccll proliferation is required for haemopoietic 
development, and U I ~  second during the neonatal 
period, when a clonal population of thcse cells is 
expanding in response to a primary antigenic stimulus. 

138. Anillla1 niodels provide the basis for quantitative 
in vivo studies on radiation oncogenesis and dose- 
effect relationships (see, e.g. [E2, M I ,  M2]), and 
spontaneouslinduced ratios for malignancy strongly 
influence views on the choice of radiological risk 
models (i.e. relative vs. absolute risk) (see, e.g. [S12]). 
M e r e  therc is a paucity of human cpidcmiological 
data, as in the case of leukaemogcncsis by bone- 
seeking alpha-emitters, animal studies can provide the 
preliminary data. For exanlple, the filldin of induced 
acute mycloid leukacmia in low dose z'R~ exposed 
mice at a higher frequericy than that of osteosarcoma 
may have important implications for human radiation 
risk estimates (H9, HlO]. The inhomogeneity of dose, 
which is inherent in bone-seeking and other 
iritcrnalizcd radioisotopes, highlights a major systemic 
uncertainty in radiation oncogenesis, i.e. the identity 
and in vivo distribution of target cells for oncogenesis. 
The pattcrri of isotopc distribution and decay in 
relation to organ specific target cclls is probably thc 
major dctcrminant of oncogenesis by these isotopes, 
yct very little is known about target ccll identity atid 
even less about distribution. 

139. In conclusion, the highly interactive multi-step 
nature of oncogenesis demands that systemic factors 
will greatly ir~fluence the probability that a carci~iogen- 
initiated cell in tissue will complctc all steps and givc 
rise to an overt malignancy. Positive factors such as 
dietary and hor~~ional/growth factor-mediated promo- 
tio~ial mechanisms may tend to drive the process 
forward, while tcnninal cellular diffcrcntiation, pro- 
grammed ccll death, cellular commu~~ication, cellular 
surveillance and dietary/cndogenous anti-oncogcnic 



compounds niay restrict or ever1 abrogate tu~nour 
developnient. Any specific judgement on the proba- 
bility that a single tumour-initiated stem cell will 
progress to nialignancy requires a greater knowledge 
of the complex ii~terplay between these factors t11a11 is 
currently available. In general, however, i t  seems 
certain that t l~e ~~cgalive factors greatly outweigh the 
positive and that, although only crudely estimated, 
perhaps less than one in a n~illion initiated cells 
con~plete the full transition to overt n~alignancy 
(paragraph 21 8). 

4. Immunodeficiency and 
cell surveillance mechanisms 

140. Some human genetic imniunodeficiency diseases, 
such as the Wiskott-Aldrich syndrome [P3], are 
characterized by susceptibility to certain neoplasms. 
However, the role of host immune-response in o n c e  
genesis is a problem that has yet to be satisfactorily 
resolved (see, e.g. (S431). In the context of oncogenic 
mechanisnis, some specific coniment is necessary. 

141. In the case of oncogenic DNA viruses, such as 
Epstein Ban virus (EBV) that carry transforming 
genes, there is evidence that immune func~ions 
efficiently suppress oncogenesis [P4] and that EBV- 
carrying lympho-proliferative disorders normally only 
develop where there is evidence of host immune 
deficiency. It has been suggested [K2] that the rather 
unusual spectrum of human neoplasms that develop in 
the case of inherited or acquired immuno-deficiency 
reflects the involvement of oncogenic DNA viruses in 
tumour actiology. In such cases the expression of 
"foreignn viral genes in neoplastic cells could be seen 
as providing specific targets for host inlnlune 
functions. Viral oncogenesis often depends on the 
persistent proliferation of the virus in host tissues 
(paragraphs 115-118), and this is obviously influenced 
by the degree to which the host is able to mount an 
effective imniune response against the highly specific 
"non-self" viral proteins. 

142. For oncogcnesis mediated by the insertion of a 
viral sequence close to cellular oncogenes the situation 
is less clear. The target gene nlay be activated by the 
insertion of only a short, non-coding viral sequence 
(the viral long terminal rcpcat or enhancer) [J2]. This 
would not tend to generate imniur~ogenicity in h e  cell. 
If, however, the whole viral genome were inserted, the 
expression of virally encoded proteins could elicit an 
immune response to eliminate the carrier cell [K2]. 
The activation of normally silent transposons has been 
demonstrated in human testicular tumours [B34], and 
ia one case of colon cancer h e  target APC gene had 
been inactivated by transpositional insertion (M461. 
The implication of such activational and insertional 
events for imrnune response is however uncertain. 

143. 111 t l~e  case of o r ~ c o g c ~ ~ e  activation by endo- 
genous proccsscs, i.c. cl~romosome translocation, gene 
amplification or point n~ubtion,  either normal or 
minimally modified protc i~~s  have been seen to be 
expressed (paragrapl~s 28 aud 29). Cl~aenicric fusion 
protcins (paragrap11 71 and Table 1) arc a possible 
excel)tio~~ to this. Conscquer~tly, such mechanisn~s 
would aot, in genrrill, provide slrongly antigenic gene 
products to act as high-affinity "non-sell" targets for 
B- and T-cell mediated irr~rriune mechanisms. This 
conclusion accords with the low immunogenicity seen 
in most spontaneous neoplasms [K2]. Oncogenic pro- 
cesses associated with gene losses would not obvi- 
ously have any direct consequences for conventional 
inlmunc response. 

144. T-cell mediated immune recognition depends on 
the precise presentation of antigens on target cell 
surfaces tlirough Ule action of proteins, collectively 
termed the major histocompatibility complex (MHC), 
and there is evidence that during the course of their 
devclop~nent many tu~nours develop antigenic deter- 
minants that can elicit irn~nune reactions. Tumour 
antigens have been characterized in a range of human 
arid aniriial tumours [G14], but the contention that they 
are capable of sti~ilulating an effcctive immune 
reaction may be questioned. Melanoma probably repre- 
sents the best antigenically characterized human 
tunlour, i111d around 40 different tumour antigens have 
been identified using monoclonal antibody techniques. 
These include antigens of MHC, pigment, growth 
factor receptor arid cell menibranelmatrix origin p36] .  
A feature of these antigens that illustrates the central 
probler~i of tumour inimunology is that none are truly 
tumour-specific; all are expressed, albeit in some cases 
weakly, by other normal tissues. The lack of speci- 
ficity of the vast majority of tumour antigens may well 
underlie the apparent failure of T- and Bcell mediated 
imnlune systems to mount an effective response to 
neopli~stic cells arising in tissues. As noted above, the 
virally-associated human turnours represent a clear and 
wholly understandable exception to this. 

145. Thus, while T- and B-cell mediated immune 
systc~ns may under some circumstances modify the 
develop~nent of non-viral human tumours, clear evi- 
dcnce that they have the capacity to eliminate early 
pre-neoplastic cells in tissues is lacking. Indeed, if 
such efficient syslenls were to be available, it would 
be necessary to seek explanations as to why such cells 
can rcalain dorrna~~t  in tissues for long periods prior to 
promotional stin~ulatioa by systemic factors such as 
honnoacs (paragraphs 78-97). Also, from an experi- 
mental point of view, an explanation is needed for the 
fact that very large studies with mice, genetically 
deficient in T-cell immunity, have failed to provide 
any evidence of elcvatcd tunlour susceptibility (see 
[B25, S421). 
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146. Immunodeficiency is a characteristic feature of 
the ataxia-tclangiectasia human genetic disorder [RlO]. 
Wlile the inlnlune defect in the disease may contri- 
bute to the increased frequency of lymphoreticular 
neoplasia in ataxia-tciangicclasia, chromosomal 
rearrangements that are characteristic of the predomi- 
nant T-ccll leukaen~ias suggest that the underlyi~~g 
delect in DNA metabolism resulting in misreconibina- 
tion of T-cell receptor genes [R3] may be a more 
important determinant of neoplasia incidence. 

147. There is also evidence that the skin plays a 
significant role in the body's immune systcnl and that 
hngerhans' cells in skin originate in bone marrow 
and are irnmunocompetent [S28]. With regard to 
immune effects in carcinogencsis, it has been shown 
that in~n~unosuppressed patients show an excess of 
squamous cell carcinomas [K7], and clinical observa- 
tions have led to suggestions that a depression of the 
cell-mediated immune function in skin, as a conse- 
quence of UV-sensitivity, may contribute towards the 
incidence of skin neoplasia in XP patients [B14]. 

148. While there is relatively good understanding of 
the nature and extent of T- and B-cell mediated 
immune reactions, the same is not true of the potential 
defence mechanism provided by natural killer (NK) 
cells; these appear to recognize abnormal cells without 
MHC involvement and are far less discriminating in 
their action than T-cells [B2]. Recognizing certain cell 
surface receptors that are not necessarily antigenic, 
NK cells bind and then secrete membrane-perforating 
proteins that lead to target cell lysis [Y3]. Thus cells 
misplaced in tissues, cells over-expressing certain 
membrane proteins and/or cells with co~~for~natior~al 
membrane changes may be eliminated. The accidental 
elimination of normal cells by NK cells is known to 
occur [Y3], and this relatively low specificity of action 
may provide NK cells with a capacity to eliminate 
pre-neoplastic cells showing characteristic changes at 
membrane surfaces. In this general context, NK cells 
have been shown to exert selective inhibitory effects 
during post-irradiation hacmopoicsis [P8], and a regu- 

latory role for lymphoid cells in selectively preventing 
the self-rcnewal and accumulation of early neoplastic 
cells has also bee11 proposed [G4]. 

149. The overall extent of NK or NK-like ccll 
function in the elimination of tumour cells and the 
development of malig~lancy in man remains uncertain. 
However, in animal systenls it has been shown that the 
transplantation of cloned NK cells to NK-dcficicnt 
host mice leads to resistance to radiation-induced 
thymic ly~tlpholtia and the inhibition of lung nodule 
developr~lent following implantation of nlelanoma 
tumour cells [W17]. The selective activation of NK 
cells has also been shown experimentally to inhibit 
tumour ~iletastasis [H37j. The implications of these 
observations for radiation carcinogenesis in man 
re~naiil to be established, but they do provide evidence 
for the existence of cell-mediated processes that 
dcfcnd against tumour growth and metastasis [H38, 
Y3]. In spite of this, their apparent lack of specificity 
poses questions on the overall efficiency of their 
scavenging capacity. 

150. In conclusion, it has been argued that with the 
exception of a possible viral component, T- and B-cell 
mediated immune response may not play a major role 
in moderating human radiation oncogenesis. However, 
specialized immune functions in certain organs and the 
existence of non-immunogenic cell surveillance 
mechanisms imply that a proportion of early pre- 
neoplastic cells may be eliminated before they become 
established. Other nlechanisms defending against 
tumour induction or development, including DNA 
repair, programmed cell death, terminal differentiation 
and phenotypic suppression, are noted in other 
Sections of this Annex. Together, these will reduce the 
probability that a specifically damaged target cell will 
progress to hank malignancy. An estimate of this 
probability, while of considerable importance to 
radiological protection, is extremely difficult to make. 
Nevertheless, in paragraph 219 a first approximation 
calculation is illustrated. 

111. EXPERIMENTAL INVESTIGATIONS OF CELLULAR 
AND MOLECULAR MECHANISMS OF RADIATION ONCOGENESIS 

151. Given the complexity of the cellular genetic 
events involved in oncogenesis, how should the princi- 
pal questions regarding the nlecha~~isms of radiation 
oncogenesis be framed? With a view lo exploring 
experimenlal strategies, these questions may be 
grouped as follows: 

(a) what is the nature of radiation-induced initiating 
events? Is DNA tile principal cellular target, and 

if so, what is the effect of post-irradiation DNA 
repair on the fate of these potentially initiating 
lesions? 

(b) what is the identity, distribution and radio- 
sensitivity of target cells for the major induced 
neoplasms? 

(c) what are the consequences of an initiating event 
to a given target cell, and how does this event 



ir~teract with or determine promotional or pro- 
gressional events in order to give rise to the 
overtly neoplastic cellular phenotype? 

(d) in what ways do genetic, hormonal and/or envi- 
ronmental factors affect the expression of initial 
oncogenic damage and the subsequent progres- 
sion towards malignancy? 

(c) how closely can experin~entally derived data on 
oncogcnic change be related to other biological/ 
biophysical effects of radiation and, crucially, to 
in vivo human oncogcncsis. 

152. Unanlbiguous allswers to most of the above 
questions are not yet possible. The questions serve 
here only as a franiework for discussion. Nevertheless, 
some specific comment is possible froni both in vitro 
and in vivo approaches to the problem. 

A. EPIDEMIOLOGICAL STUDIES 

153. Epiderniological studies of human groups 
exposed to low-LET radiation show that a range of 
neoplasms are represented in excess and, broadly, that 
these do not differ markedly from those arising 
spontaneously in the population (see, e.g. [Ul]). That 
is not to say that different tissue sensitivities or 
characteristic mechanisms do not occur for radiation 
oncogencsis but rather that no unique neoplastic signa- 
ture of human radiation exposure is, as yet, apparent 
(paragraphs 223-227). This may be contrasted with the 
organ-specific neoplasms that characterize exposure to 
certain chemical agents, e.g. asbestos and mesothe- 
lioma, vinyl chloride monomer and hepatic angio- 
sarcoma, benzene and leukaemia and aflatoxin and 
hepatocellular carcinoma (B22, TI61 (paragraphs 91- 
93). The basis of these observations, although 
uncertain, may be associated with the evidence that, 
through energy deposition and chemical radical 
interaction in DNA, radiation is able to induce a 
diversity of genoniic lesions, ranging from damage to 
single bases to gross DNA deletions and rearrange- 
ments. Again, this may be contrasted with s o n ~ e  
chemical agents, which have characteristic chemical 
specificities in their interaction with DNA and also 
target certain organs (paragraphs 188-203). Thus, the 
epidemiological characteristics of radiation onco- 
genesis would be explained, if the spectrum and 
distribution of induced cellular initiating evenb was 
not grossly different from that arising sponlaneously 
and if low-LET radiation sirnply i~lcreased the 
frequency of the commonly occurring neoplasms, 
albeit with different levels of excess in different target 
organs. Although attractive in its simplicity, h i s  hypo- 
thesis may need to be modified in the light of 
molecular information on i~iduced so~natic cell nluta- 
lion. As noled later in Chapter IV, the physiological 
and bioche~nical processes gover~~ing the uptake, 

distributio~~ and cxcretioil of radioactive isotopes can 
lead to dose-inlioniogcncity and, subsequently, organ- 
specific neoplasia. There is lirnitcd information on 
such carcinogenic effects in man [Ul ,  U2); and 
Annex F, "111fluencc of dose and dose ratc on stocha- 
stic effects of radiation" summarizes some of the 
releva111 animal clata. 

IJ. MOLECULAR STUDIES 
OF MU'I'AGENESIS AND REPATR: 
POSSIBLE IMPLICATIONS FOR 

NEOPLASTIC INITIATION 

154. If, as iniplied in previous paragraphs, the 
majority of neoplasms are initiated through gene- and 
cell-specific somatic niutalion, then the molecular 
characteristics of radiation-induced gene mutation may 
be informative. Detailed studies of radiation-induced 
mutatio~~ at the HPRT, APRT, TK and DHFR loci of 
~nam~nal iar~  cells show that the principal mechanism of 
radiation-induced mutation is through gross genctic 
change, usually DNA deletions [El, H7, M6, M33, 
N20, S29, T2, T8, Ul l ] .  These data in no way 
excludc radiation niutagenesis through point mutation, 
which has been convincingly demonstrated at the 
APRT locus [G5, M33], but rather suggest that ioni- 
zing radiation is a relatively weak point mutagen. The 
molecular analysis of spontaneously arising somatic 
cell mutanls suggests that point mutation may be the 
predominant spo~~taneous mutagenic event, allhough 
spontaneous deletion mutants have also been charac- 
terized [M33, S29, T2]. 

155. It is, however, important to recognize that most 
of these data relate to mutation induction in a limited 
selection of genes and, generally, at relatively high 
doses and dose rates (see [T8]). In recent studies, it 
has been show11 that fk mutations in a murine 
(L5178Y) cell line are induced in a dose-rate-depen- 
dent fashion but, apparently, with an increase in the 
proportion of tnultilocus mutations correlating with 
decreased dose ratc [E4]. In this study, niutations at 
the lrprt locus, which are thought to be single-locus 
events, showed no such dose-rate dependence. In con- 
trast, olher studies (see IF22, M221) show that induced 
lrprr rnutation rates decrease with dose rate or dose 
fractionation. It has also been demonstrated [M22] that 
the specific fraction of full lrprt gene deletion in 
Chinese hamster ovary cells is not altered by post- 
irradiation rcpair processes, suggesting that DNA 
repair acts with equal fidelity on the majority of 
pote~~tially niutagct~ic lesio~u (see also h i e x  F, 
"I~~fluence of dose and dose rate on stochastic effects 
of radiation"). This latter study also provided prelinii- 
nary evide~~ce for Iyrt breakpoint hot spots in the 3' 
segment of the gene. Since oxygen concentraliori is 
k11ow11 lo aSfect Lhe spectrum of radiation-induced 



ANNM E: MECHANISMS OF RADIATION ONCOGENIiSIS 579 

DNA lesions, it may be an additional and important 
variable, particularly for DNA base damage that might 
give rise to point mutations. 

156. There is growing evidence that spontaneous and 
radiation-induced gene deletions in cultured 
mammalian cells may involve preferential DNA 
brcakage at certain short repeat sequences [M33, M39, 
M491. The mechanism for the induction of such 
deletions remair~s uncertain but could include the 
induction of DNA double-strand breaks, followed by 
recombination and/or replication slippage past 
secondary DNA structures produced by the pairing of 
the repeats [M33]. The potential iniportance of this 
mechanisnl for oncogenesis is evidenced by the 
finding of similar short, direct repeats at the 
breakpoints of deletions in the RB gene in human 
retinoblastoma, and it also appears that the repeat 
sequences involved in gene deletions vary according 
to the locus that is being studied [C25]. The catalytic 
properties of such repeat sequences, while still to be 
fully resolved, could therefore be a significant factor 
in the relative radiosensitivity of different tunlour 
genes and, through this, could be a determinant of the 
inducibility of the neoplasms with which they are 
associated. At present the information available is 
largely restricted to small intragenic deletions, and i t  
is of some importance to determine the relevance of 
the DNA deletion n~echanisn~ noted above for the 
gross chron~oson~al losses that characterize some 
radiogenic neoplasms [B42]. 

157. A similar picture with respect to gross genetic 
damage also emerges from nlolecular studies on the 
nature of Ihe DNA-repair defect in radiosensitive 
ataxia-telangiectasia human cells. These data imply 
lhat misrepair of DNA double-strand scissions may be 
the major determinant of ataxia-telangiectasia 
radiosensitivity and that the misrepair takes the form 
of DNA deletion and/or rearrangement around the site 
of the scission [C6, D2] (see also Annex F, "lnfluence 
of dose and dose rate on stochastic effects of 
radiation"). Some of the uncertainties about the 
relevance of this misrepair mechanism for the ataxia- 
telangiectasia phenotype have been resolved by the use 
of a DNA repair assay utilizing cell-free extracts 
[G16, N151. Here it has been shown that, whereas 
nuclear extracts of normal and ataxia-tclangiectasia 
cell lines do not differ markedly in the efficiency with 
which they rejoin enzyme-induced double-strand 
breaks in plasmid DNA, they do differ in the fidelity 
with which certain fonns of breaks are repaired; from 
the data presented it appears likely that the nature of 
the DNA sequence at the breakpoint may influence 
repair fidelity. Such in virro approaches may have 
considerable potential for resolving the molecular 
mechanisms of oncogenic initiation and could, for 
example, be used as model systems to explore the 

importance of double-strand breaks and DNA repcat 
scque~~ces  in the induction of DNA deletions in cloned 
turnour suppressor genes such as RB, APC and p53. 
Honiologous recombinatio~l is thought to be involved 
in sonle cases of tumour suppressor gene niutagenesis, 
and model in virro approacl~es to this mechanism and 
its induction by radiation have been described [B31]. 

158. DNA ruisrcpair niay also result in the appearance 
of DNA trarlslocations as well as deletions, and it is 
relevant chat the predoniinant, spontaneously arising 
T-cell neoplasms in ataxia-telangiectasia patients often 
involve specific chron~osomal rearrangenlent [T6] 
centred on incorrect recombination of DNA sequences 
associated with the assembly of mature T-cell receptor 
genes [MI. Owing to the apparently small DNA target 
involved, the efficient induction of such precise 
translocations by radiation may be questioned 
(paragraphs 74 and 75). It may be, however, that as a 
consequence of specific recombination affinity, 
radiation-induced molecular damage outside the target 
sequence may catalyse site-specific misrecombination 
[B42]. Again, this problem could, in principle, be  
approached using in vitro molecular strategies. 

159. Overall, the above molecular studies may be 
used to argue that radiation-induced somatic cell 
mutations associated with the initiation of oncogcnesis 
are, perhaps, more likely to be specific DNA deletions 
and/or rearrangements than point mutations. However, 
there is insufficieat evidence to be dogmatic about this 
inlportant aspect of or~coger~ic initiation, and it may be  
lhat the genomic domain within which a target gene is 
located is a major determinant of the predominant 
molecular mechanism of induced genetic change. It 
may also be oversimplistic to view mutagenic mecha- 
nisms as the principal deterniinant of oncogenesis. A 
significant factor in the emergence of an established 
neoplasm will be the degree of proliferative advantage 
and/or selection associated with early pre-neoplastic 
events. Thus, while ionizing radiation may be a weak 
point mutagen for a given gene, the selective advant- 
age conferred to a target cell by a specific point 
mutation in that gene may in some circumsta~~ces 
outweigh the relatively low overall frequency of such 
mutations induced within the target cell population. In 
conclusion, recent attempts to relate specific mutations 
in radiation-associated human tumours to the 
n~utagenic action of ior~izi~lg radiation [VlO] highlight 
the pressing need for more detailed infonnation on the 
n~cchanisms of radiation mulagenesis and repair. The 
induction of cellular repair by low doses of ionizhg 
radiation has been demonstrated in certain experi- 
~ n e ~ ~ t a l  sysicms, but the irnplications of this for 
oncogenif processes remain obscure (see Amex F, 
"lnnuence of dose and dose rate on stocl~astic effecls 
of radiation"). 
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C. IN VITHO STUDIES dose-rate effect for high-LET radiations (see [C14]). 
WITH CEI,I,UIAR S YSTEhIS Overall, UIC relative si~nplicity of Ulcsc systenis is 

a l~j )ea l i~~g,  but their direct application to quantitative 
1. Conventionill systems aspects of 11u1n:ln radiological risk is perhaps prcma- 

lure. Some of these aspects are discussed in Annex F, 
160. The early work of Rcznikoff ct al. [R2] provided "Influence of dosc and dosc rate on stochastic effects 
strategies and techniques for the dcvc lop~ne~~t  of in of radiatio~~". 
11iiro oncogenic cell transformation systems. These 164. Mechanistic studies of in virro cell transfonna- 
clonogcnic systeas, such ;IS that based on C3HlOTE 

lion illdieate that initiating e v c ~ ~ t s  may, in some instan- 
cells, seek to characterize and quantify radiation- 

ces, be i~~duced at a surprisi~~gly high frequency in an 
illduccd changes in quasi-nornial cells that ~nimic or irradiated population of C3H10T44 cells [K3]. Evi- 
arc associated with neoplastic cellular phenotypes, e.g. dcncc has also been presented that, at low doses, 1 2 5 ~  
loss of contact inhibition, growth in semi-solid incorporated into DNA is extremely effective at 
'ledium IH61. The positive and negative arguments illducillg the trallsformation o[ BALB/3=3 cells [L18]. 
the relevance of these in vitro techniques to onco- 

Indeed, at levels producing only -30 decays per 
ge"es" in "'0 ha'' been di'c"'~' [''It and it is cell, ale higll blefonnation frequency obselved (104 
sufficient here to make only a few tFncra1 points per survivillg implies that only a small 
about in Ihe of oncogenic llulllber of ullspecified DNA sites need to be damaged 
mechanisms. to convert the cell to a neoplastic phenotype. Similar 

161. First, irrespective of the detailed cell biology of 
the systen~s, in vitro studies that relate radiation expo- 
sure to the induction of a clonogenic, neoplasia-asso- 
ciated cellular phenotype should be viewed as being 
potentially informative. Secondly, the characteristics of 
the established rodent cell systems allow rapid assay 
of the transfomlcd phenotype and ready manipulation, 
for the purpose of addressing questions of dose effect, 
dose rate, radiation quality, post-irradiation repair and 
tumour promotion. Also of great potential benefit is 
the possibility that such techniques could be applied to 
cultured human cells. 

162. For the induction of the in vifro transfornied 
cellular phenotype there is compelling evidence that 
the principal target is genomic DNA. The gross mor- 
phological cellular changes that signal transformation 
may be produced by DNA-mediated oncogene transfer, 
and there is a good correlation between the ability of 
the given agent to induce ccll transionnation and its 
capacity to induce DNA-damage (see also paragraphs 
20 and 21). In addition, there is evidence that in virro 
transformation progresses by at least a two-step 
process and that many agents and conditions that 
il~fluence in vivo oncogcnesis have parallel effects on 
in vitro cell transformation [H6, K10, W]. 

163. There remain, however, rnany uncertainties 
regarding the true relevance to in vivo or~cogenesis of 
quantitative and qualitative studies with many existing 
in vifro systems. The pri~~cipal in vitro cellular sys- 
tems are based on immortalized rodent ccll lines, and 
quantitative, radiation-induced transforniation of nor- 
mal human diploid cells has yet to be convi~icingly 
demonstrated. In the established rodent ccll systems 
there has been considerable controversy on the shape 
of dose-effect curves [L2], on the i~ifluellce of radia- 
tion quality and, reccatly, 011 the existence of a reverse 

c o ~ ~ c l u s i o ~ ~ s  are also emerging from in vivolin vitro 
studies wilh rat mamniary and thyroid clonogcns [CS]; 
such high-frequency induction is, however, difficult to 
reconcile wilh the overall picture of specific gene 
targets for neoplastic initiation that is emerging from 
studies with human tumours. The molecular mecha- 
nisms underlying this process remain obscure, but 
establishing the generality of such high frequency 
induced events is of obvious importance. The molecu- 
lar aspects of the radiation-induced transformed 
phenotype have been studied using DNA-mediated 
gene trausfer techniques, a ~ ~ d  although doniinantly 
acting tra~isformir~g DNA sequences have been shown 
to be carried by overtly transformed C3HlOT44 cells, 
lheir identity has yet to be fully established [B3, K22]. 
The presence of unidentified transforming sequences 
has been demonstrated in post-irradiation mass 
cultures of C3HIOT'h cells [L2], and recently, DNA 
transfer techniques have been successfully employed 
in Ihc niolecular cloning of a transforniing gene from 
a radiation-induced C3HlOT'h transformant F20]; it 
rcniairs to be seen l~owcver whether this gcnc repre- 
sents the principal target for radiation-induced 
initiation of C3HlOTE transformation. In addition, 
myc o ~ l c o g c ~ ~ c  rcarrangernellt has been characterized in 
a radiation transfornicd C3HIOTX clone [S6] and myc 
and r f  gcnc cxpressio~~ has been shown to be 
increased in anolher such bansfomled clone [L25]. 

165. M i l e  it is possible that the identification of 
chariictcristic gene activation events in in virro trans- 
formed cells may allow com~rient on the broad mecha- 
nisn~s of radiation oncogencsis, i t  is more likely that 
such ide~~lification will be of greatest value in the 
understantli~~g the systems themselves. With conven- 
tional rodent it1 vi~ro transforrnation systems, doubt is 
likely to remein about the true significance of single 
cell it? virro response to the more co~l~plex interactive 
processes that mediate in vivo oncogenesis. 
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2. Novel systenis 

166. While quantitative and qualitative data fro111 
conveotional ccll transfornlation systems will continue 
to be useful, more attention is now being focused on 
Uic potentially n~ore  rclevant systems that utilize 
human cells, cclls of epithelial origin and cells frorii 
hacnlopoietic tissues (see IC91). It is alrc;~dy apparent 
that the conventiorral criteria for in vitro cell 
transforniation, i.e. loss of contact inhibitions/focus 
formation, growth in semi-solid media, i~nnlortaliza- 
lion and relatively rapid progression to an overtly 
oncogenic phenotype, do not apply generally in 
cellular systcms. Cellular and molecular studies of 
human neoplasms strongly suggest that different 
trarisfonnational processes may operate in different 
ccll lineages, and this should be reflected in the in 
vitro systems that are employed. The nlost significant 
progress that could be anticipated would be the design 
of in vitro cellular systems that were linked, by 
cytogenetic and rnolecular studies, to specific in vivo 
neoplastic and prc-neoplastic conditions. It cannot be 
expected that such systems will be sirnple or quantita- 
tively precise [H13], but they should reveal more 
about oncogenic mechanis~ns than the currently 
favoured systems based on rodent fibroblast cell lines. 

167. New developments in  it1 vitro cell transformation 
have recently been reviewed [C9], and it is sufficient 
here to highlight a few of the nlost important findings. 
Studies with human diploid fibroblasts have been 
discussed by McCorniick et al. [M9], with particular 
emphasis on the lack of clear evidence for i~~duced 
malignant transformation in these cells. The 
immortalization of human fibroblasts, unlike that of 
cultured rodent cells, appears to be a very rare event 
and probably represents a rate-limiting step in the 
pathway towards malignancy. It has bcen shown, 
however, that a rare, radiation-induced, immortalized 
human fibroblast strain may be transformed lo a fully 
malignant pbenotype by the introduction of an 
activated H-ras oncogene [N8, Nl l ] .  I n  a series of 
subsequent experiments [M40] it has been shown that 
intermittent in vitro exposure (total dose 28 Gy) to 
gamma rays over 50 passages rcsultcd in the 
immortalization of hurilan fibroblasts but that final 
malignant conversion could not be demonstrated until 
the 547th passage (2.800 d in culture). These studies 
provide a clear dcmo~lstration of the multi-step nature 
of in vuro malignant transformatio~r in human 
fibroblasts and, un~ortunately, the difficulties that are 
faced in obtaining quantitative estimates of induced 
transformation with these cells. 

168. A human hybrid cell system has also been 
developed in order to quantify radiation effects on a 
putative tumour suppressor gene encodcd on chromo- 
some 11. The quantitative, cellular and rnolecular 

aspects of this system are currently under ir~vestigatio~i 
[R4], and good progress niay be anticipated. Although 
based on inimortalized strailrs of human cells and used 
so far for characterization and chcn~ical carcinogcncris 
studies, niarrirnary epithelial [S54], kidney epithelial 
[T18], ski11 kcratinocyte [B7, F6, R18, R19], colonic 
c~~itlielial IW25] and urinary epithelial cell [R5] 
systc~ns also show irrtercsti~ig potential for bolh 
mechanistic and quantitative studics. 

169. Cytogcnctic and molecular studies of chen~ically 
transfomied variants of the SV-HUC human uro- 
epithelial cell line havc been particularly rewarding 
[K15]. It lras been shown Uiat chromosome 3p dele- 
tions are characteristic of the high-grade carcinomas 
produced in transplanted nude niice following in vilro 
chenlical transformation. What is particularly note- 
worthy is that loss of heterozygosity for 3p encodcd 
DNA sequcoces have been reported in a variety of 
human carcinomas, thus for the first time providing a 
putative link between in vitro i~~duced cellular damage 
and carci~rogenesis in vivo. An extension of this 
approach to radiation-induced transformation should be 
encouraged, but it should be recognized that, at  
prcsent, the assay system as developed does not lend 
itself to detailed quantitative studies and that the viral 
inlniortalization process niay influence the transforma- 
tional response. 

170. Novel cell trarisfonnation systclns that include in 
vivo and in vitro phases have been developed for 
mammary [C5], thyroid [M23] and tracheal [T9] 
tissues of rodents. In the mamniary system, trans- 
plantation of dissociated mamniary tissue to subcuta- 
neous fat pads has allowed the quantification of 
differentiatirig mammary clonogens and, through this, 
esti~nates of radiosensitivity. A tissue-dependent post- 
irradiatiolr repair process has been characterized, as 
has the induction of dysplastic (pre-neoplastic) lesions 
resulting from radiation damage to clonogens. The 
proniotional effects of elevated prolactin and gluco- 
corticoid deficiency are evidcrit in thcse studies, and 
it is also apparent that neoplastic initiation is a 
relatively common cellular event [C5]. 

171. A fiit pad transplantation technique also underlies 
the in vivo in vitro studies on thyroid carcinogenesis. 
The radiation induction of prc-neoplastic lesions was 
shown to be dependent on hormonal status (thyroid- 
stimulating honnone), and again, initiating events were 
observed at a surprisingly high frequency [CS]. Cell- 
cell interactions havc been shown to influence strongly 
Ihe cxprcssio~l of oncogenesis in both mammary and 
Uiyroid systems. Sinlilar findings have been made 
using an in vivo in vitro rnodcl of trachcal epithelial 
transforlnation in the rat [TlO]. Here, direct cell-cell 
contact in tissues and a diffusible factor from cultured 
cells have bcen shown to suppress the expression of 
early oncogenic changes. In the case of in vitro 
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suppression tlie factor is believed to be transforming 
growth factor D (TGF D), which niay exert its effect 
through the induction of terminal differenti;~tion [TlO]. 
Thus, the emergence of initiated cells and their 
subsequent proliferative advantage niay depend on 
their ability to escape Croni TGF B mediated terniinal 
differentiation. 

172. Despite the increasing knowledge of tlie complex 
interactions between growth promoting and inhibitory 
factors in the regulation of haeniopoicsis and 
associated cell lineage di fferentiation p 8 ,  M241, 
transformation systems for cells of haemopoietic origin 
are at a relatively early stage of development. How- 
ever, the availability of growth factor-dependent 
haeniopoietic cell lines p 9 ,  G10, S30] and their 
oncogenic transformation by specific haeniopoiesis- 
related genes [B15, L12] are providing powerful tools 
with which it may be possible to relate transforliiing 
events in vuro to those that characterize haemopoietic 
neoplasms in vivo. In the case of osteosarcomagenesis, 
an in vkro system for murinc mandibular condyles is 
being developed to study the cellular and molecular 
evcnts that mediate skeletoblast differentiation and 
oncogenic transformation [S15]. In this system it has 
been shown that fos expression precedes the in virro 
osteogenic differentiation of cartilage cells [C28]. 

D. IN VIVO STUDIES 

' 1. Geneml exper in~et~tnl  strategies 

173. It has been argued in previous paragraphs that 
the most plausible molecular form of neoplastic initia- 
tion is specific gene mutation that predisposes appro- 
priate target cells to subsequent malignant conversion; 
studies with familial human neoplasms have also 
shown that, under some circumstances, it is possible to 
gain detailed information on the identity of tumour- 
initiating events in man. However, the central problem 
for cellular and molecular studies using inducing 
agents and experimental animal systems is that during 
the post-irradiation latent period, a number of 
genetic/epigenetic changes will have accumulated 
within the evolving neoplastic cell population, and 
many of them will be represented in the final 
malignant clone that is available for study. What 
criteria can be used to deterniine which of these 
changes was induccd by the carcinogen and is 
therefore the initiating event? 

174. Two main experimental strategies have evolved 
to approach this crucial question: 

(a) to use molecular techniques to search for 
consistent molecular change in specific genes of 
the induced neoplasm and attempt to relate any 
characteristic DNA changes to the known DNA- 

dalriaging properties of the iriducirig agent; 

@) to ide~ilify carididate initiating events as consi- 
stcllt ~nolecular and/or chromosomal changes in 
tllc overt induced neoplasnl and subsequently 
trace the induction of these evelits back to the 
immediate post-treatment proliferation of cells in 
the target organ. 

175. The first strategy has been effectively employed 
in b e  putative identification of ms proto-oncogenes as 
principal targets for early evcnts in chemically induced 
mammary, liepatic and skin carcinonlas in rodents 
(paragraphs 188 and 189). In general, the success of 
this approach to clicn~ical oncogenesis depends on the 
induced initiating events being base-pair specific 
changes in a restricted set of codons of a known gene 
(see, e.g. [B37]). In this case the chemical specificities 
of the carcinogen will be immediately apparent and 
infornlative. The relative lack of DNA damage specifi- 
city following exposure to ionizing radiation niay 
mean that this strategy is less appropriate to radiation 
oncogenesis. Consistency of molecular genetic change 
in a given neoplasm infers a major contribution of that 
change to the success of the malignant clone but need 
not be informative on the stage in clonal evolution at 
which the change took place. Point mutation within a 
limited set of ras gene codo~ls has been demonstrated 
in radiation-induced murine lymphomas [D3, D4, 
N191, but alone, these data arc insufficient to identify 
ras activation as an initiating event for this neoplasm. 
More recently, however, it was shown that K-ras 
codon mutation spectra in tumours induced by gamma 
rays are different from those in tumours induced by 
neutrons [S31]. These data were used to argue that 
differences in physical properties between the two 
radiation qualities might influence mutational spectra 
and hence that K-ms activation might represent an 
initiating event for radiation lymphomagenesis. There 
is, however, some uncertainty in the biophysical 
interpretation of these data, and it remains possible 
that ras mutations play a greater role in the 
development of lymphoma than in its initiation. Even 
greater problems of interpretation surround other 
observations of structural and functional changes in 
oncogenes of radiation-induced animal neoplasms 
(paragraphs 179-187). In no case is it possible to be 
confide~~t about the identity of the radiation-induced 
inilialing event (e.g. [F4, S71). In this area, however, 
the implementation of polymerase chain reaction tech- 
niques (PCR) for rapid gene mutation analysis [E8, 
Rl l ]  during early post-irradiation cell proliferation 
periods may be expected to have a major impact on 
future research. 

176. The second experirnental strategy has been 
somewhat more successful, particularly in providing 
comment on the status of characteristic chromosomal 
changes in radiation-induced haemopoietic neoplasms. 



ANNEX C: MITI IANISMS OF KN>IA'IlON ONCOGENESIS 583 

177. Trisonly of chromoso~ne (ch) 15 is a character- 
istic cytogcnctic fca~ure of radiation-induccd murille 
Ulynlic lymphoma. Cytogerietic studics of pre-neo- 
plastic animals strongly suggest that the appcarancc of 
the extra ch15 copy is associated with tllc later stages 
of neoplastic developme~~t. In Co~ItriiSt, the early 
appearance of a ch 1:s translocation i n  a significant 
proportion of prc-neoplastic animals suggests that this 
is a better candidate for a lymphoma-initiating cvent 
[M7]. There is, as yet, no information regarding the 
involvement of specific genes in either of these 
chron~osomal changes. 

178. The deletion and rearrangement of ch2 is a con- 
sistent feature of radiation-induced acute niyeloid 
leukaemia in the mouse [B4, B16, H81. Using an in 
vilro irradiation and transplar~tation technique, similar 
ch2 rearrangements were characterized in rapidly 
proliferating haemopoietic cell clones within five days 
of irradiation, and it was coricluded that these nlay 
represent candidate initiating events for murine acute 
niyeloid leukaemia [B16, S8]. More recently, a strong 
statistical concordance has been established between 
radiation-induced ch2 breakpoints in irradiated muririe 
haemopoietic cells and those in acute niyeloid leukae- 
mia [B16]. In addition to strengthening the link 
between ch2 delctionfrearrangement and lcukaemic 
initiation, these data also suggest that induced 
breakage may occur at specific radiation-sensitive sites 
on this chromosome. Stable chromosori~al changes 
have also been recorded in irradiated and repopulating 
haernopoietic cells in the rat [M35]. 

2. Molecular studies 
of induced ani~ilal  neoplasms 

179. The molecular aspects of radiation oncogenesis 
in animal models of thymic lymphoma, myeloid leu- 
kaemia and osteosarcoma have recently bccn reviewed 
[J2] and are outlined here briefly, together with some 
observations on rodent skin, mammary and lung car- 
cinogenesis. This whole area has also been explored in 
a number of reccrlt syniposia (see [B28, E71). 

180. Thymic lyrphorna. Studies of thyniic lyrtipho- 
magenesis in mice have provided evidence that an 
indirect mechanism is involved [K4]. I t  has been 
repeatedly shown that thymic lymphomas may develop 
from immature lyn~phoid cells present in non-irradia- 
ted thymuses that are subcutar~cously grafted into splil- 
dosc-irradiated, thyniectomized recipients [K4, M8]. 
Since weakly leukaeniogcnic activity is often present 
in cell-free extracts of primary lymphomas and its 
potency increases with serial passage, a viral role in 
lymphomagenesis was suspected [L4]. Although 
recombinant retroviral complexes have been repro- 
ducibly detected in radiation-induced lymphomas [J2], 

the spccific role of these and their derivation from 
gemi-line ecotropic provirus rcliiains unccrtain (J2, 
N41. Some evidence for proviral illduction by radiation 
and integration into coninion gcnomic domains in 
lynipho~nas and derivative ccll lines has recently beer1 
obtai~icd, but the genes within these domains are not 
~ I I O W I I  132, S551. The weight of evidence now tends to 
favour a rolc for provims in lymphoma dcvelopn~cnt 
rathcr than initiation, and there are studies that iniply 
that radiation lcukacmogeriesis in NFS mice does not 
involve C- and B-type rctrovimses [03]. Indeed, 
recent evidence suggests that infection by activated 
viruses is not necessary to explain the indirect 
inductio~i of radiogenic lymphomas [S56, S57]. It has 
been proposed that thc dcpletion of T-cell precursors 
in the bone marrow, together with the depletion of 
thymic lymphocytes, is sufficient for regenerating 
thymus cells to undergo pre-neoplastic changes, 
possibly due to an aberrant expression of genes 
involved in the growth and differentiation of thynius 
cells [M50, S56, S571. 

181. It has been shown that the injection of syngeneic 
bone marrow cells into split-dose-irradiated mice can 
prevent lymphoma development, possibly as a 
conscqucnce of the rapid repopulation of recipient 
thynius by donor lymphoid cells [K4, S9]. Overall, it 
may be concluded that complex cellular processes 
inediatc radiation lymphoriingenesis and that dircct 
radiation damage to target cells may not be a 
prerequisite for the appearance of oncogenic events. In 
this respect, four interactive factors nlay be invoked: 

(a) activation of potentially leukaemogenic virus 
from germ-line provirus and subsequent 
reco~nbination to yield more potent virus; 

@) thymic involution and regeneration, giving a 
population of virus-susceptible cells; 

(c) impairment of cell surveillance mechanisnis; 

(d) impairment of bone nlarrow and thymocyte cell 
function, leading to reduced thymic repopulation 
and altered gene expression. 

In addition, codon mutations in N- and K-ras 
oncogenes, T-cell growth Pdctor changes together with 
spccific chromosomal rearrangements have been 
detected in radiation-induced lymphomas, and some of 
these have been suggested as early events in lympho- 
magenesis (paragraph 175, IN191); in contrast, recent 
data tend to argue against the involvement of p53 
mutations in radiation-induccd and chemically-induced 
lynlphonlas [B33]. Attempts to characterize and isolate 
target cells for radiation ly~uphoriiagenesis arc also 
undcr way (M261. 

182. Acrrfe rnyeloid leukaernh. There is little 
evidence to suggest that radiation-induced murine 
acute myeloid leukaemia proceeds via an indirect 
(viral) nlcchanism. In contrast, the specific deletion/ 
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rearrangement of chromosome 2 is a consistent cyto- 
genetic feature of induced nlurine acute myeloid 
leukaenlia [B4, B16, H8, H44], and evidence has been 
obtained that ch2 rearrangenlent is iltduced directly by 
x rays in multipotential haemopoietic cells, in some 
cases generating a cellular phenotype associated with 
preferential haemopoietic recruitnlent and/or prolifera- 
tive advantage [B16, S8]. It has also been shown that 
ch2 events may be observed in bone marrow cultures 
cstablisbed from irradiated mice long before the 
anticipated appearance of acute myeloid leukacmia 
[T4] and that the induction of ch2 rearrangement is an 
early step in leukaemogenesis but is not sufficient for 
the development of nlyeloid malignancy [H27, H28). 
Preliminary evidence for deletion of the homeobox 
gene, hox 4.1, and activation of the cytokine gene, 
interleukin-1B (II-14, has been obtained in some ch2- 
rearranged acute myeloid leukaemias [BS, S10, Sl l ] .  
However, the evidence presented for the involvement 
of these genes in leukaemic initiation was not 
compelling, and more recently, detailed molecular 
analyses of the 11-1 genomic region on ch2 failed to 
provide evidence of the structural rearrangements 
predicted in acute myeloid leukaemia [S32, S33]. In 
these analyses it was found, however, that some acute 
myeloid leukaemias show very similar methylation 
pattern changes in the If-1 region, and it was 
suggested that these may be associated with certain 
forms of ch2 rearrangement and deletion. Other 
studies have shown that the ch2-encoded his-1 locus 
is involved in virally induced myeloid leukaemia in 
the mouse and may represent another candidate gene 
for the initiation of acute myeloid leukaemia [A9]. 

183. Cytogenetic studies with radiation-induced 
rnurine acute myeloid leukaemias and irradiated 
normal haemopoietic cells have yielded evidence that 
ch2-encoded fragile sites are involved in leukaemo- 
genic initiation [B16]. These investigations also 
suggest that the interstitial ch2 sites in question have 
a strong recombination affinity with the terminal 
(telomeric) ends of other chromoson~es, implying that 
they may indeed be teloniere-like repeat sequences 
(paragraphs 62 and 63): it was also suggested that the 
expression of these sites might be influenced by 
genomic imprinting. More recently, interstitial 
telomere-like sequences of an inverted repeat form 
have been cytogenetically mapped close to the relevant 
eh2 breakpoints, and h e  use of telomeric sequences as 
molecular probes has provided some evidence that 
germ-line variation at certain telomere-like repeat 
sequences may be associated with genetically deter- 
mined leukaemogenic radiosensitivity in the mouse 
(S431. Following these studies, it  has been suggested 
that the telomere sequences at ch2 fragile sites may 
promote the formation of recombinogenic secondary 
DNA structures that are bigilly radiosensitive [B32]. 
Finally, while ras mutation is not a common feature of 

murine nlyeloid Ieukaemias, the activation of N-rtls 
has been reported in radiation-induced myeloid 
leukaemias i n  the dog [G17]. 

184. Oslrosarcotna. Although weakly oncogenic 
viruses have been isolated fro111 radiation-induced 
murille osteosarcomas, there is no evidence for com- 
mon gcnorr~ic insertion sites nor is there an obligate 
requirement for such viruses in osteosarcomagencsis 
[J2, V8]. A non-essential role for such viruses in 
oncogenic progression appears, perhaps, to be more 
likely. Molecular studies have revealed the amplifica- 
tion of a ch15 domain encoding c-myc and the Mlvi-1 
proviral integration site in up to 30% of 224~a-induced 
osteosarcomas, and evidence for altered expression of 
K-ras, myc, sis, abl, bas and fos has been reported in 
sonic tumours [J2, S59]. Structural and/or expressional 
cilanges have also been reported in the p53 gene of 
some osteosarcornas, but to date, there is no evidence 
for consistent structural changes in the retinoblastoma 
(rb) gene [J2, S581. Although specific comment on the 
status of these molecular changes in radiation osteo- 
sarcomagenesis is not yet possible, the human 
evidence of RB and p53 gene involvement in the early 
phases of the human neoplasm [C29, T5] demands 
further studies wilh murine osteosarcomas. 

185. Skin carcinomas. Ionizing radiation indues  
skin carcinomas in both the mouse and the rat [J3, 
S7], but little is known of Ule molecular mechanisms 
involved. Recently, it has been shown that the 
activation of K-ras and myc oncogenes is frequently 
observed in primary rat skin carcinomas induced by 
ionizing radiation [S7]; the status of these changes in 
the oncogenic process remains uncertain, but myc 
seems most likely to function relatively late in skin 
carcinogenesis [G18]. In nlurine studies it has been 
shown that the gene encoding the transin protease is 
overexpressed in carcinomas but not in benign 
papillomas. It was inferred from these observatio~~s 
that transin gene expression might be involved in 
neoplastic progression by enhancing tumour invasive- 
ness [Bl l ] .  

186. Mammary carcinomas. The induction of 
mammary carcillomas in mice has been studied by iso- 
lating mammary epithelial cells at intervals following 
irradiation in vivo and subsequently selecting clonal 
cell lines in vifro. After low in virro passage, isolated 
cell lines produced normal ductal outgrowth in trans- 
planted mice, but with increasing passage cells became 
increasingly tumorigcnic and invasive. Chromosomal 
abnormalities and myc (but not ras) gene expression, 
increased with passage and tumorigenic potential. On 
the basis of studies on rb  and p53 gene expression it 
was suggested that alteration of expression of tumour 
suppressor genes might be an early event in the 
oncogenic transformation of mammary epithelial cells 
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[E7]. This in virro system l~as  also bee11 used to 
investigate the acquisition of a~igiogenic activity in 
irradiated niarlilriary cells and its ter~iporal relationship 
with tumorigenic potential [U12]. Although ras proto- 
oncogene involvcnient in clicr~iically induced 
mamliiary carcino~lla in rodc~tts is becoming ullder- 
stood (see [G19]), the situation regarding ionizitig 
radiation has not been resolved. 

187. Lung carciriornas. Lung carci~iogenesis has 
been studied in a number of animal species [M41], 

and in contrast to tile situation in l ~ u ~ i i a ~ l s  i t  seems at 
present unlikely U~at either the rb or p53 gene plays a 
niajor role in induced lung neoplasia [G20, M411. 
Studies on ras gene chaligcs in pluloniuni-induced rat 
lung tunlours imply tl~at the activation of this gcnc 
may be a relatively early cvent in t l~e  generation of 
pro1 iferative pulnionary lesions [S60], while in the 
dog, the expression of the epidernial growth factor 
receptor gene was elevated in a significatit proportion 
of lung tumours and proliferative foci arising after 
exposure to plutoniu~~i [G21]. 

IV. COMPARATIVE ASPECTS OF ONCOGENESIS BY 
RADIATION AND CHEMICALS 

188. It has been suggested that ionizing radiation may 
principally, but not exclusively, initiate oncogenesis 
through niechariisms involving DNA deletion andlor 
rearrangement. While many chemical agents also 
induce gross (chromosomal) damage in mammalian 
cells, the mechanisms of induction are fundamer~tally 
different from those of radiation [C3, E3]. In addition, 
molecular studies of induced somatic mutation show 
the majority of chemical agents to act principally as 
point mutagens [S29, T2]. Although the mechanisnis 
of chromosome aberration induction by radiation and 
by the majority of chemical agenls differ in terms of 
cell cycle dependence, the gcnomic distribution of 
damage and the DNA repair/reconibination processes 
involved, there may not be niajor differences in the 
final stable fornis of many induced chrornosomal 
changes in surviving cells. It should be emphasized, 
however, that the distribution of these changes within 
the genorne may be expected to be differel~t for radia- 
tion and chemical agenrs. In spite of these uncertain- 
tics it appears that the major ~iicchanistic difference at 
the cellular level between radiation-induced and 
chemically induced oncogencsis is likely to centre on 
their relative efficiencies for the induction of 
neoplasms that are principally initiatcd through point 
mutation and activation of proto-oncogenes. Chemical 
and physical carcinogenesis has been reviewed 
recently [H46], and the strongest cxperimenlal 
evidence for the existcrlce of such an initiating 
mechanism for chemical otlcogencsis comes from 
studies of ras proto-oncogene activation in some 
rodent neoplasms. In many chemically induced skin, 
mammary and hepatic turnours, codon-specific point 
mutations responsible for ras activation correspond to 
those predicted by the luiown base-pair-specific 
mutagenic action of the agent used as the initiator, i.e. 
ras niutation appears to be the initiating event [B6]. 

189. Recent studies [Kg] have extended these 
observations by showing that followirig nitrosomethyl- 
urea exposure, ras activatilig events may be detected 
in nornial rat manilnary glands only two weeks after 
lreatnient, i.e. at least two months before the onset of 
overt neoplasia. It appears, therefore, that these 
specific chemically induced somatic mutations remain 
dormant in tissue until promotional, hornlone-mediated 
proliferalive responses mobilize ras activated cells and 
allow them to progress towards neoplasia. Broadly, 
these and other data, e.g. [B37, M42, S61], although 
currently limited to only a few neoplasms and chemi- 
cal agents, identify carididate initiating events as point 
mutations and further strengthen the link betwecn 
mutagenic and oncogenic mechanisms. However, other 
studies indicate that ras activation is not the only 
potential initiating event for rat mammary carcinomas 
and that different initiating mechanisms may have 
different carcinogen dose and promotional dependen- 
cies [Z l ,  221. Although still at an early stage of 
development, molecular studies on in vifro transformed 
cells are also consistent with the existence of different 
molecular mechanis~ns for radiation and chemical car- 
ci~~ogenesis [C9]. However, for molecular events in a 
given iicoplasm that follow initiating damage, i.e. 
those contributing towards neoplastic progression, 
radiation-induced and chcrnically induced neoplasms 
may be expected to share some common genetic 
changes [N7]. 

190. Two major issues emerge from the suggested 
lr~echa~iistic differences that rnay distinguish radiation 
and chc~l~ical  oncogcnesis. First, since different neo- 
plasrns may depend for their initiation on different 
forms of n~olecular damage to Ihe potentially onco- 
genic DNA sequence, e.g. point mutations rather than 
DNA rearrangement or deletion, then differences in 



the predominant induced neoplasias following human 
exposures to radiation and chemical carcinogens may 
be expected. Secondly, if radiation and chenlical 
agents induce characteristically different spectra of 
initiating lesions, then different genetically deterniined 
post-exposure cellular DNA-repair processes will tend 
to operate to modify and/or remove that damage. 
Since the efficiency arid fidelity of these repair 
systems will be a significant determinant of induced 
oncogenesis, the above differences in repair imply that 
human genetic susceptibility to induced neoplasia by 
radiation and chemicals will not necessarily corrcs- 
pond. Although this speculation is broadly supported 
by the lack of cellular cross-sensitivity between radia- 
tion and chemicals in the majority of human genetic 
diseases showing hypersensitivity to DNA damaging 
agents [A2, F4, H5], the mutations in these disorders 
will not be fully representative of those having effects 
on ~nutagenesis and oncogenic initiation. This is an 
important problem in human cancer susceptibility, of 
which there is insufficient knowledge. 

191. Tomatis [TI61 has reviewed those chemical 
agents that are known to have carcinogenic activity in 
man, and among these are agents for which exposure 
would occur occupationally (e.g. asbestos, aromatic 
hydrocarbon derivatives and vinyl chloride monomer), 
medically (e.g. cyclophosphaniide and phenacetin) or 
environmentally (e.g. aflatoxins, nitrosamines, soots, 
tars and oils). The majority of these agents do not act 
directly but require specific endogenous biochemical 
modification in order to generate the carcinogenic 
species (see [H46]). 

192. Certain workers in the plastics industry arc 
occupationally exposed to vinyl chloride monomer 
(VCM). The enzyme-mediated activation of VCM (the 
procarcinogen) to carcinogenic metabolites such as 
chloroelhylene oxide and 2-chloroactelaldehyde occurs 
principally in the liver. Such activation produces 
tissue-specific exposure to the direct carcinogen and in 
the case of VCM produces a very clear excess of the 
rare hepatic neoplasm, angiosarcoma, in exposed 
workers [B8]. 

193. Occupational exposure to aromatic hydrocarbon 
compounds, in particular benzene, has been associated 
with lhe development of haemopoietic neoplasms 
[T16]. Most polycyclic aromatic hydrocarobons, such 
as bcnzo(a)pyrene (BP), are not directly carcinogenic; 
however, through the action of cytochrome P450- 
linked mixed function oxidases and cpoxide hydrases, 
BP may be converted to active carcinogens, such as 
BP 7,8-dial,-9,10 epoxide (see [W18]). Studies with 
the mouse skin papilloma/carcinoma system suggest 
that the carcinogenic action of this diol epoxide deri- 
vative centres on its capacity to form adducts on the 
guanine (G) residues of DNA. Misrepair of these 

adducts results in base-pair substitutions at G residues, 
and these have been linked with the rus proto-onco- 
gene activation events that are believed to initiate 
mouse ski11 carci~rogcncsis (see paragraphs 188-189). 

194. As noted earlier, anatoxin B1 (AFB), present in 
some fungally co~~ta~ninated foods, is associated with 
the prcvalericc of human liver cancer in parts of 
southcni Africa and eastern Asia [B22]. AFB is 
mctabolizcd, principally it1 the liver, by the mixed 
oxidase erlzyme system to produce several products, 
including a highly reactive 2,3-epoxide derivative. 
This reacts with the 7 position of guanine residues in 
DNA and represents a major DNA adduct in the liver 
of AFB-exposed rats (see [W18]). The importance of 
this reaction for human liver carcinogenesis has 
recently been demonstrated by molecular studies on 
tumour DNA from hepatocellular carcinoma (HCC) 
patients from regions where the disease is prevalent, 
probably as a consequence of AFB contamination. 
These studies revealed that the G-T base substi- 
tutions at codon 249 of the p53 suppressor gene, 
which might be predicted from AFB epoxide action 
dominated the p53 mutational spectrum observed 
[B23, H34]. As well as highlighting the importance of 
p53 suppressor gene mutations for the initiation of 
HCC, these studies provide the first clear links 
between environmental carcinogen exposure, pro- 
carcinogen activational processes and gene-specific 
tumour mutations in man. An essentially similar 
approach with thep53 gene has been used lo study the 
involvement of specific UV photoproducts in sunlight- 
mediated human skin carcinogenesis [B36]. In essence, 
the specific form of p53 mutation in HCC and skin 
tumours is providing a signature of human AFB and 
UV exposure, respectively, [H46]; the potential impli- 
cations of these data are discussed in paragraphs 221 
and 222. However, it should be noted that in the case 
of the mouse, liver carcinogcnesis following chemical 
cxposure may not be associated with consistent p53 
mutation [G20]. 

195. The p53 point mutations observed in HCC and 
other solid tumours [C31, H30, H46, L13] also serve 
to illustrate the point that the initiation of oncogenesis 
by chemical agents is in no way restricted to proto- 
oncogene activation but may also occur via the 
mutation of tumour suppressor genes. In such cases, 
the expectation is that those mutations will tend to 
cluster in the regions of the gene specifying certain 
active sites in the protein product. Detailed analyses of 
p53 gene mutations in human tumours by polymerase 
chain reaction techniques have provided ample 
evidence of this [H30, L13] (Figure IV). In the 
distribution illustrated in the Figure, the horizontal axis 
represents the 393 codons of the human p53 gene 
from N-terminal p H 2 )  to C-terminal (COOH) ends. 
The vertical bars represent the relative proportion of 
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niutations that occur at eacli codon of ll1ep53 gene, as 
sequcrlced froni 94 different primary tu~nours, xcno- 
grafts or cell l i ~ ~ e s  derived froni turnours (brain, breast, 
colon, oesophageal and 1u11g turnours and neurofibro- 
sarcomas, ostcosiirconias, rl~adomyosarcomas and 
T-cell lymphomas). The higl~est percentage is at 
position 273, which accounted for 13% of all mula- 
lions [L13]. Tuniour types a11d p53 mutations have 
been tabulated [C31, H301, and further infomiation on 
tumours of the thyroid and cervix is available [C30, 
11, K241. Some studies show that p53 mutation can, 
however, arise at the malignant conversion stage of 
oncogenic development indicating that p53 mutational 
spectra will not always be iriforniative on carcinogenic 
initiation. Nevertheless, current p53 mutational 
analyses have been most informative, and the same 
approach will doubtless yield important irifonnation on 
the mutational damage sustained by other tumour 
suppressorgenes, such as APC [KlS ,  N16], thought to 
be involved in the initiation of other tun~ours. 

196. Since many cnvironn~ental chemical carcinogens 
are subject to specific cellular activation andtor 
degradative processes, human genetic heterogeneity 
with respect to these processes may be an important 
factor in detcrniining the specific dose of the car- 
cinogen to target cells [A7, W19]. These activation/ 
degradative processes will also affect the dose of the 
carcinogen to different target tissues and thereby 
influence the speckurn of induced neoplasms. 

197. For external radiation, the induction of 
potentially oncogenic cellular lcsions may be viewed 
as a more direct and genetically less cornplex process 
influenced principally by Uie LET and the penetrative 
properties of the radiation, by DNA metabolic func- 
tions in target cells and, particularly for high-LET 
radiation, by biophysical factors such as the aoss-  
section of the cellular rlucleus of target cells and by 
the packaging density of the DNA. If, as implied, a 
significant genetic detern~inant of the radiation initia- 
tion of oncogenesis resides in the activity and fidelity 
of DNA repair processes, then it may be that there is 
a greater degree of human genetic variation in cancer 
susceptibility following exposure to low-LET radiation 
than there is following high-LET radiation. This 
speculation derives fro111 observations of the apparent 
lack of (correct) cellular repair following high-LET 
irradiation of cultured hunian cells. If high-LET 
induced genomic lesions are inherently difficult to 
repair correctly [C8], then less genetic variation and 
less i~~flucnce of repair functions niay be aaticipatcd in 
the hunian population. The ~ilain qualification to this 
speculation is that it is based on studies of radiation- 
induced potentially lethal l c s i o ~ ~ s  and may not apply in 
full to potentially ~nutage~iic or oncogenic damage. 

198. In contrast, for intenial radiation, the chemical 
and biochemical properties of the isotope will deter- 

 nine in vivo nietiibolie routes for uptake, transport, 
distribution and excretion (see, e.g. IPS]). All these 
processes will have genetic dctcrminnnts, and in this 
respect, or~cogcnesis by isotopes taker1 into the body 
lias some parallels wid1 cl~cmici~l oncogenesis and niay 
be subject to a greater degree of genetic heterogeneity 
than predicted for cxtcn~al radiation. 

199. For radon, a co~nbination of physical, physico- 
chemical and physiological factors will interact to 
determine radon inhalation, its concentration in 
respiratory compitrtments and the subsequent dose 
distribution in tissues. The active carcinogenic species 
following radon exposure is, however, likely to be the 
daughter nuclides in  the decay chain. Hence, the 
underlying mechanism of radon carcinogeriesis will be 
subject to a series of complex interactive factors 
involving riot only initial radon uptake and distribution 
but also the biokinctics and half-lives of the radon 
daughters (see Annex A, "Exposures from natural 
sources of radiation"). 

200. More straightforwardly, some alpba-emitting 
actinides have a high affinity for specific glycoproteins 
present on bone surfaces and niay indeed be bound by 
metal transport proteins. Consequently, the greatest 
radionuclide deposition and, thereby, accumulation of 
alpha-particle dose often occurs at active endosteal 
bone surfaces. Metabolic factors therefore deterniine 
that the principal somatic cells at risk are osteogenic 
cells at bone surfaces and haetnopoietic cells in peri- 
pheral marrow close to bone surfaces. Clear evidence 
for radium-induced osteosarcornas has been obtained 
in both man and experimental animals. However, 
alpha particles from some actinides deposited in bone 
appear to be only weakly leukacmogenic [H9, H10, 
S161. It is possible that this latter observation reflects 
the hypersensitivity of rilultipotential haemopoietic 
cells to the lethal effects of track traversals by single 
alpha particles, in which casc there will be a low 
probability of survival for irradiated target cells; 
equally, however, the spatial rclationsliip between sites 
of deposition of radionuclides and large1 cells and the 
alpha-particle track LET may also be critical [B26, 
S16]. In this latter context it is important to recognize 
that alpha-ernifling actinides distribute differently 
between bone volunle and bone surface, and it is, 
therefore, not appropriate to gericralizc on the in vivo 
dose to different target cell populations. 

201. In the casc of radionuclides taken up in 
particulate form, tlie action of macrophages in the 
engu lh ie~~ t ,  dissolution and nuclide redistribution in 
tissues is of pri~iic importance. These factors will 
undoubtedly influence the relationships between dose 
and target tissues IS46j. In human patients receiving 
colloidal alpha-emitting thorolrast as a contrast 
medium, distribution of dose to tissues will have been 
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subject to cell-mediated effects. In these patients there of relative risk fro111 radiation and chemicals will not 
is evidence of both Ule accu~nulation of the isotope in be an easy lask. A report of the  United States National 
liver and a dramatically increased risk of liver cancer Council on Radiation Protection and Measurements 
[Ul ,  U21. Studics have been initiated to relate p53 [NlO] considers in detail the comparative aspects of 
niulations in thcse tumours to potential radiation the carci~iogenicily of io~~izing radiation and 
induced darnage [W26]. chemicals, and i t  is clear from Illat report and the out- 

202. I t  should, however, be stressed that riiany of the 
argumcnls presented l~ere relate to genctic and physio- 
logical effects on the i~litiation of oncogcnesis. Genetic 
and physiological hctcrogcneity with respect to promo- 
tional and progressive processes in tumour develop- 
merit must be of irriportance to the overall incidence of 
induced neoplasia in the population and could indeed 
be the dominant factors. The relative roles of radiation 
and chemical agents in these processes are noted in 
paragraphs 78-1 14 and discussed in detail elsewhere 
(see, e.g. [S2, T141). Here it is sufficient to suggest, 
that for a highly interactive multi-step disease such as 
cancer, it is only possible to generalize on the relative 
roles of radiation and chemical agents in the steps that 
may currently be defined on the basis of incomplete 
mechanistic knowledge. Better knowledge should 
make the task somewhat easier, but it is important to 
recognize the current extent of ignorance. 

line prc-..e~~ted here that the deterniination of relative 
risk froni radiation and cheltiicals is not at all straight- 
forward. For radiation and those chemical agents with 
known mechanisms of action on DNA, it may bc 
possible to make some assessments on the basis of 
molecular dosimetry. In such cases the abundance of 
initial mutagenic/carci~~o&enic lesions in the DNA of 
cells of the target organ following exposure to a 
carcinogen may provide a crude experimental indicator 
of potency. However, it should be recognized that for 
this strategy to have a firm scientific base, it is 
necessary to know the different spectra of mutagenic 
lesions and their repair/misrcpair characteristics and, 
perhaps niosl importantly, to have a much better 
understanding of the mccllanistic differences that 
characterize the oncogenic processes that drive the 
induction of different neoplasms. In such a future 
experimental approach to comparative carcinogenicity 
it will be essential to be able to relate animal and in 

203. In conclusion, the niechanisms of oncogenic virro data to man. In this respect, it should be noted 
initiation by radiation and chemicals differ substan- that the current quantitative knowledge of human risk 
tially and may be subject to different genetic and from exposure to ionizing radiation greatly exceeds 
physiological factors. Consequently, the determi~ratioli that for any chemical carcinogen. 

V. FUTURE PERSPECTIVES 

204. It will have become obvious that although some 
understanding of the mechanisms of radiation onco- 
genesis is beginning to emerge, the complexity of the 
whole process is such that rapid progress on a broad 
front should not be anticipated. Nevertheless, it should 
be noted that the main component of understanding 
has come within the last decade and owes much lo the 
application of modern methods of cell and molecular 
biology. It may be that the best prospects for the 
future lie in the strategic implementation of these 
modern methods, with particular emphasis on the full 
integration of radiation oncogenesis research into the 
continually expanding field of cancer biology. A few 
of the many potential growth points and future needs 
in research on radiation oncogenesis are briefly 
discussed in the following Sections. 

A. 1 MI'1,ICATIONS OF ADVANCES 
IN REIATED RESEARCH 

discussed in other Sections. Of particular note is the 
a~iticipatcd availability of molecular probes for genes 
that deterniine human sensitivity to radiation and other 
genotoxic agents (e.g. [Fl ,  G7, H45, K11, K28, T151). 
When available, these will find use in the elucidation 
of hu~iian genetic heterogeneity with regard to radio- 
sensitivity, with the final prospect of identifying 
subpopulations that may carry elevated risks of onco- 
genesis. In this context, the identification and mole- 
cular cloning of tumour genes associated with cancer 
susceptibility (Table 6 )  is also of crucial importance. 
Studies on the latter have largely focused on the domi- 
nantly expressing genes of high penetrance, such as 
RE, WT and APC, but the prospect of identifying less 
evident genes of low penetrance, which may be more 
frequent in the population, is probably of grcater 
iniportance. In addition to increasing the knowledge of 
o~~cogcnic mechanisms at the human population level, 
such infor~natio~i may have significant social and 
economic iniplications. 

205. During the last few years much progress has 206. The characterization of genes involved in 
been made in elucidating mechanisms of DNA-repair marn~nalian DNA repair and radiosensitivity may also 
and niutagenesis; some of these advances have been provide the means of identifying (or of generating 
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through gc~letic manipulatio~r) radiosensitive, DNA- 
repair deficient mutants of the mouse. The availability 
of such mutant strains would provide a very powerful 
tool for deL7iled whole animal studies on the rela- 
tionship between DNA-repair and oncogenesis. Recent 
studies imply that severe co~nbined in~mur~odeficie~~t 
(scid) micc may have an i~~llerent defect in DNA 
me~bol i sm that confers cellular radiosensitivity [B27, 
F12, MIO]; mouse mutants of this type could provide 
valuable models for radiation oncogenesis studies. In 
a similar way, genetically manipulated mice (trans- 
genic~)  carrying germ line copies of activated onco- 
genes (see, c.g. [HIS, H24, L26, M11, R20, V91) may 
also have an important future role to play in under- 
standing the mechanisms of radiation oncogenesis. In 
this context, genetically engineered murine models of 
retinoblastonla and o fp53  deficiency in micc may be 
particularly valuable [D14, Wl l ] .  Other so-called 
turnour suppressor gene "knock-out" mice will doubt- 
less be available in the near future. 

207. Recenlly, important advances have been made by 
the successful long-term repopulation of the haerno- 
poietic systems of scid irnmunodeficier~t micc with 
engrafted human haemopoietic cells [KB, M12, M131. 
These scid-human chimaeras may provide the means 
for studying haemopoietic and leukaemogenic response 
in an experimental animal system. This general 
approach, i.c. the use of mouse-human chimaeras, may 
become an iri~portant focus of future studies on human 
radiation oncogenesis, in that it may allow the study 
of a range of transplanted human cells in murine host 
tissues. 

208. On a more practical note, two relatively recently 
developed techniques may have application in the 
direct assay of radiation-associated somatic cell 
changes in radiation-exposed human groups. First, a 
novel technique now allows small samples of human 
blood to be assayed for the frequency of certain 
somatic mutations; this technique has been employed 
to examine residual HPRTand glycophorin gene muta- 
tions in atomic bomb survivors in Japan [AlS, H14, 
H49, L7]. The technique may have broader application 
[U13], particularly if it becomes possible to identify 
gene-specific protein variants associated with haemo- 
poietic neoplasms and to use flow-sorting techniques 
on blood samples in the same way as recently 
described for glycophorin A locus variants in bomb 
survivors [K9]. Secondly, a very powerful molecular 
technique, polymerase chain reaction (PCR) (see, e.g. 
[E8, F7, R1 I]), now allows rapid and specific gene 
analysis in samples comprising very few cells 
(conventional methods require much larger samples). 
If specific genomic changes associated with the 
initiation of human haemopoietic neoplasms are 
identified, this tech~~ique could, in principle, be 
employed in conjunction with new autonlatcd 

cytogenctirs [P6] and it1 silrr chromosome hybridiza- 
tion to detect pre-lcukacnlic conditions in radiation- 
exposed individuals. 

209. Future molecular approaches to the detection of 
prc-neoplasia may  lot l~owever be restricted to the 
easily accessible liaemopoietic and lyalphatic systems. 
In circunlstances wllere a small number of exfoliate 
cells can be obtai~lcd from tissues, polymerase chain 
reaction techniques have sufficient resolving power to 
detect specific tumour-associated gene mutations, and 
this approach has been employed to identify, for 
example, p53 gene mutations in cells present in the 
urine of bladder cancer patients [S44], as well as the 
BCR-ABL gene fusions in pre-leukacnlias [M43]. The 
use of such new molecular and biochemical markers 
of neoplasia clearly have great potential for the early 
diagnosis of neoplasia, thereby allowi~lg for early and 
more effective clinical intervention (see [M34]). 

210. However, although the power and speed of 
polymerase chain reaction techniques may, in prin- 
ciple, be sufficier~t to col~lribute to the evaluation of 
the consequences of human radiation exposure, such 
as occurred in the immediate vicinity of the Chernobyl 
accident, it may be argued that there is, as yet, 
insufficient fundamental knowledge to effectively use 
the techniques as a screening procedure (see para- 
graphs 222 and 223). 

211. Similar considerations apply in the case of auto- 
mated cytogenetic screening for stable cytogenetic 
events, although here there can be no doubt that, if 
they had been available at the time, they would have 
greatly facilitated cytogcnetic analyses in atomic bomb 
survivors in Japan (see, e.g. [AS, B171). Despite these 
reservations, with increasing technical innovation, the 
collection and niaintenance of archival neoplastic 
material from radiation-exposed human populations 
should be given serious consideration. The potential 
benefit to knowledge that would accrue from such 
coordinated procedures should not be underestimated. 

B. hlETHODOLOCICAL AND 
CONCEPTUAL ASPECTS 

212. Over many years, a substantial number of 
experimental animal n~odels of induced neoplasia have 
been developed. In the long term these models will be 
most informative if quantitative studies on induced 
neoplasia are coupled with cellular, cytogenetic and 
molecular studies of the nlcchanisms of induction. It 
may, therefore, be argued that where possible, murinc 
models of neoplasia should be favoured, since for the 
mouse well-established cytogenetics are available, a 
detailed genetic map, i~~fornlation on  nou use-man gene- 
tic homologies, information on the cellular and 
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molecular aspects of dcvelop~nental biology arid an 
ever-increasing number of relevant reco~nbinant DNA 
probes. It is not likely that an equivalent data resource 
will become available for another mammalian species. 
This having been said, the rat offers considerable 
advantages for the sti~dy of so~ilc nlodel neoplasms, 
e.g. those of the lung. Lherc  such benefits ouhveigh 
technical difficulties, it is obvious that the biological 
relevance of the ariirnal systc~n should take priority. 

213, The degree of conimitmcnt that is required to 
resolve oncogenic mechanisms in whole animal 
systems is so considerable that aninial neoplasms 
having the greatest relevance to human radiogenic 
neoplasms should be emphasized. Detailed histopatho- 
logical comparisons of both neoplastic arid pre-neo- 
plastic conditions are crucial to tlle choice of such 
animal models. At present mechanistic studies are 
emphasizing induced leukaelriias and osteosarcomas, 
and it is in these areas that the most rapid progress 
may be anticipated. However, with a view to represen- 
ting the whole problem, it will be necessary to 
approach the broader task of uridcrstanding inductive 
mechanisms for a range of solid tumours, such as 
those of the breast, liver, kidney, lung and colon. 
Studies using in vivo in vilro transformation systems 
are already making an important contribution in this 
area (paragraphs 170-172), and a new dominant muta- 
tion predisposing mice to gastro-intestinal tract 
neoplasms [ M Z ]  may be of great value. Since this 
predisposing gene in the mouse is the homologue of 
the human APC gene (colorectal cancer susceptibility) 
(5481, there is also the prospect of exploring gene- 
tically determined susceptibility to radiation 
oncogenesis using aninial models. Recent findings 
regarding rodent susceptibility loci for mammary 
[G23], kidney [W23], liver [B39] and myeloid [S43] 
neoplasms tend to heighten expectations in lhis 
important area of research. The further cytogenetic and 
molecular study of therapy-related neoplasms in man 
(see, e.g. (B38, R9, V5, W221) also holds considerable 
promise and should be encouraged, particularly since 
the approach may not only provide direct information 
on early events in radiation oncogenesis but could 
also, in principle, contribute towards an understallding 
of  human cancer susceptibility following radiation. 

214. Of great importance is the prospect of being able 
to bridge experimentally between species. One strategy 
providing for such bridging would be to develop 
further the organ-specific in vivo in virro approaches 
to rodent radiation oncogenesis. These experimenlal 
systems currently incorporate an in virro phase to 
reflect the cellular mechanisnis and quantilative 
radiation responses that underlie the in vivo induction 
of relevant radiogenic respiratory, mammary, thyroid 
and bone neoplasms. If it becorncs possible to extend 
the in vitro approach to hu~nan tissues, perhaps using 

transpla~rtation to irnrnune-suppressed mice (paragraph 
206), then a direct mechanistic and quantitative corn- 
parison between rodent arid llun~an in vitro phases 
coultl be achieved. Such studies, together with quanti- 
tative estir~iates of lumour induction in the whole 
aaimal, would then provide for direct extrapolation to 
mechanisms and risk in man. Existi~ig rodent in vivo 
in vitro transforination systems, as well as providing 
a potential for tlle identification of initiating events for 
h e  neoplasm in question, have already highlighted the 
crucial role of hornlonal and growth factor effects in 
the inductive process. The experimental elucidation 
and qua~itification of parallel effects in human tissues 
would be of substantial importance. Thus, while it 
may not be possible to realize the full theoretical 
potential of this strategy, it does provide a major goal 
for future studies and one that unites in vivo and in 
virro approaches to the problem. 

215. One important methodological implication of 
recerit advances in cancer research concerns the limita- 
tions of current in vitro and in vivo models of induced 
neoplastic change for determining the loss of specific 
DNA sequences in induced tumours. Most of the 
existing rodent-based animal models of tumorigenesis 
utilize inbred or closely related hybrid strains of 
animals; similarly, animal cell culture systems from 
the mouse, the rat and the hamster are usually of 
inbred animal strain origin. 

216. It has been shown that in outbred human 
populations, the loss of specific genes from tumours is 
most easily detennined by the molecular analysis of 
loss of DNA heterozygosity [S19]. Highly inbred 
animal systems do not allow for this, since for any 
given autosonial gene the two copies are, by defini- 
tion, identical, and distinguishing the complete deletion 
of one of them is not straightforward. Thus, while for 
the purpose of providing reproducible quantitative 
estiniates of radiation-induced neoplasia it is logical to 
employ inbred animal strains, this choice can be seen 
to impose important niethodological limitations to the 
resolution of the ~nolecular mechanisms of onco- 
genesis. The extension of a selected number of animal 
and cellular niodels of radiation tumorigencsis to 
cross-bred animals, while not a trivial task, now seems 
to be essential. This will allow the gene deletion 
nicchanisnl strongly suspcctcd of being involved in 
radiation oncogericsis to be approached not only in 
respect to specific candidate genes but also using the 
more ge~ierally applicable new method of detennini~lg 
loss of heterozygosity by analysing highly dispersed 
and polymorphic DNA repeat sequences, such as poly- 
purine-pyrimidine tracts [C25]. It is notable that this 
whole approach is already being successfully imple- 
~nented for ani~nal studies of che~ilical carcinogenesis 
(e.g. [B27]). The couplillg of these techniques with the 
rapidly improving techniques of fluorescence in sitcc 
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hybridizatio~~ (FISH) for single gene location and a target cell will ive rise to an excess malign- 
"painting" of chroniosonies jF18, L19] should further alley is l0-'~-10* I§ (i.e. 1 0 - ~ ' - 1 0 - ~ ~  t 1,000). 
enhance the prospects for resolv-ing niccha~~isrns of 
radiation ,oncogct~csis at both the nlo]ecu]ar alld 1" rcsl)cct to low-LET background radiation of, say, 1 
cytogenetic levels. mGy per year, cacl~ ccll will receive, on average, one 

back i~~tcrscclion I)cr year. Thcrcforc: 

217. 111 spite of the optimistic note sounded abovc, it 
is most likely that an increased understanding of the 
molecular mechanisms of oncogenesis will derive from 
detailed studies of neoplastic phenotypes induced 
experimentally at relatively high total doses. To what 
extent will i t  be possible to provide specific comment 
on the quantitative aspects of tumour induction at the 
low doses that are of prime concern in radiological 
protection? 

the probability per car of malignancy will be 6 around 1 0 ' ~  1i.c. 10' -10" (target cells) x 10-14- 
10." (probability of malignant conversion)]; 
for 50 years of exposure this gives a lifetime 
risk of 5 x loe3 (50 x lo4), i.e. 0.5%; 
assutning a natural cuniulativc frequency of 
n~alignancy of 20%, then 1 in 40 (20% + 0.5%) 
cancers in the population are due to low-LET 
natural background radiation. 

218. The principal problem in providing any answer 
I t  should be noted that the illustrative calculations 

to this question concerns the great unccrtai~~ties 
above take no account of dose and dose-rate effects 

involved in judging the probability with which a single 
for low-LET radiation and that (c) above does not 

neoplasia-initiated cell in tissue gives rise to a malign- 
depend on the assumptions made in respect to target 

ancy. As noted elsewhere, the current lack of under- 
cell numbers or on the probability of malignant 

standing of the interactive factors that detemline this 
conversion. 

probability is such that cvcn a first approximate . . 

calculation is highly dependent a series 220. The realism of such calculations is, however, 
necessary biological assumptions. Never thcl~~s ,  it is highly depending as it does on a series 
useful to at least illustrate such an estimation. of biological estimates of frequency, each of which 

may be incorrect by an order of magnitude or more. 
219. The assumptions made are as follows: However, the exercise points out some questions that 

the human body contains a total of 1014 cells; 
between one and ten cells per 10,000 have stem- 
like properties and, as such, are potential targets 
for induced neoplasia, i.e. 1 0 ~ ~ - 1 0 ' ~  target cells 
per individual; 
the typical ncoplasia-initiating event ccntrcs on 
single gene inactivationfloss mutations in one of 
ten possible genes in target cells; 
the average acute low-LET induced mutation rate 
(per ccll) for these genes is similar to that 
observed. in v i m  fir  the HPRT gcac i.e. 
-10.' G ~ - ' ;  
an acute low-LET exposure of 1 Gy to a popula- 
tion generates a 10% cxcess risk of n~alignancy, 
i.e. one excess tumour for ten exposed 
individuals; 
1 Gy of low-LET radiation gellerates 1,000 
eleclron tracks in each cell. 

It may then be inferred that: 

(a) one excess malignancy occurs within 1 0 ~ ' - 1 0 ~ ~  
target cells receiving 1 Gy (i-e. 10 x 1 0 ' ~ - 1 0 ~ ~ ) :  

(b) the rate of target gene inactivations with ten 
possible target genes per cell is lo4 G ~ - '  (i.e. 
10 x 

(c) the number of initiating rnutations within these 
tar el cells g i v i ~ y  rise to a single nialignancy is g 10 -lo8 (i.e. 10 r 10~~-10") ;  

(d) the probability that a single track interscctio~~ of 

need answers from rescarch in cellular and molecular 
biology if the problenis of estimating risk at low doses 
arc to be solved. The most important questions centre 
on (a) the number of target cells in different tissues; 
@) the number of relevant target genes in cells (this 
may well be dependent on cell type and tissue); (c) the 
mutagenic mechanism of initiation and the induced 
mutation rate for different target genes: (d) thc 
mechanisms governing the probability that a given 
initiated cell will progress to full malignancy. 

221. Further to this, epidemiological observations of 
constant relative cancer risk over time in the atomic 
bomb survivors i n  Japan F20], together with the 
experimental data outlined in this Annex, imply that 
radiation acts prirlcipally at an early phase in 
oncogenesis, probably at the initiation stage. Thus, for 
excess cancer in an irradiated population, the 
efficiency with which the initiating mutation is - 
induced [nay be a rnajor factor in the contributions 
specific neoplasms make to that excess. In this respect, 
Ihe absence of evidence for any measurable excess of 
chronic lyniphocytic leukaemia (CLL) might be 
explained by a s t r i~~ger~ t  requirement for CLL initiation 
by gene-specific chromosonie translocatior~, which has 
been shown to be i~~volved in the early development 
of some human T-cell neoplasms [R3]. It has been 
argued in paragraphs 74 and 75 that such events 
present very small r~lolecular targets for radiation 
action, and, on this basis, the T-ccll lcukaen~ogenic 
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potcnti;~l of radialion migl~t be expected to be low. 
Expcrimeatal evidence for tbc i~iduction of BCR-ABL 
gene fusion by high dose x-irradiation has, however, 
been prese~~tcd [13]. Otlicr cxpla~~ations for this 
cpidcmiologicel observation are also possible. For 
cxamplc, a high sensitivity of T-cell targets to 
radiation-induced apoptotic death might efficiently 
rcrriovc i~~itiatcd cells fro111 irradiated target T-cell 
populations: an c x p l a ~ ~ a t i o ~ ~  of this general for111 has 
recently bccn offered in respect of t l~e  differential 
cancer iricidcncc in the large and s~tiall bowel [P15]. 
It is also important to consider whclher cellular and 
niolecular techniques have tile po~cntial to distinguish 
radiation-induced neoplasms from those arising 
sporrtaneously or from otlier fonns of carcinogen 
exposure. 

222. As noted in paragraphs 188 and 189, the 
specificity of marry gcnotoxic chernical agents in their 
interaction with nuclcic acids may provide a 
characteristic mutational signature in DNA, which 
infers that cellular exposure to this agent has taken 
place. In cascs where target genes for neoplasia 
induction have been identified it thus beconles 
possible to catalogue the DNA basc sequence of such 
mutant genes in hurrian tun~ours, with a view to 
identifying characteristic DNA base changes indicative 
of the action of agents of known mutagenic and 
carcinogenic potcnti;~l. 

223. Inactivating niutations in the p.53 turnour 
suppressor gcne are s t ro~~g ly  suspected of being 
involved in the early development of a wide range of 
hunian solid tumours, arid recent analyses o fp53  gene 
s t ~ c t u r e  in hunian carcinonias are beginning to 
provide evidence that turnours of divergent aetiologies 
arising at various sites do riot exhibit the same spectra 
of mutational change to this gcne [C31, H30, H46] 
(Figure IV). Characteristic p53 mutations are most 
evident for hepatocellular carcinoma associated with 
environniental exposure to aflatoxin B1 [B23, M34, 
041  and skin tumours associated with sunlight 
exposure [B36], but within this rapidly developing 
field of molecular epidemiology (see also [M34]), 
parallel advances in rclatiorr to other che~nical 
carcinogens arid other target gcnes should be 
anticipated. 

224. Ionizing radiation docs not, however, show the 
same degree of mutagenic specificity as chemical 
agents and, on currcnt evidence, it may tend to act 
principally through DNA dclction/ rearrangement 
rather than basc pair change. Nevertheless, in a recent 
study [VlO] rare p53 gene dele t io~~s  and base pair 
changes wcrc shown to characterize radon-associated 
lung canccr in uranium miners; i t  may be that this 
unusual mutatiosal spcctrum is associated with alpha- 
particle-induced damage to t l~e p.53 gene of target 

respiratory cells. Mut:~tions of t l~c  pS3 gene have also 
been cliaracterizcd in radiation-associated hunian 
sarcotrias [B38], a~ld  K-ras mutation has been shown 
to be lliore frccluc~~t i n  radiation-associated follicular 
carciaooias of t l~c  thyroid lllan i n  sponhncously 
arising ~rcol)las~ns [W22]. In ncitbcr a s c ,  however, is 
i t  possible to be certain dl:~t thcsc ~nutntio~is were 
specifically i~rduccd by t l ~ c  radiatioe. Even greater 
uncertainty surrou~lds the iatcrprctation of the MOS 
gene poly~norphisms in n o n ~ ~ i ~ l  tissue of radium 
exposed i~~dividuals [H471. 

225. The niolccular characterization of DNA base pair 
changes in tumour-associated gcnes using polymerase 
chain reaction (PCR) as employed in many of the 
above studies is a flexible, rapid and reasonably 
straightforward procedure [ES]. In contrast, the 
molecular characterization of DNA deletions, 
particularly tl~ose that extend outside the gcne of 
interest, is niorc difficult, because it demands a 
detailed knowledge of gene and gene-flanking 
sequences. While small intragcnic DNA deletions will 
tend to ericonipass or disturb the reading frame of 
those sequences encoding fu~rctional protein sites, for 
deletions resulting in loss of tllc whole gene there is 
no apriori reason why the deletion breakpoints should 
be characteristic of that gene or of the mutagenic 
agent in question. 

226. There is, however, limited evidence that 
radiation-induced DNA deletions in mammalian cells 
may involve specific breakpoinu. Whether such 
deletion breakpoiuts rnight be characteristic of 
radiation-induced damage remains an open question, 
but the presence of DNA repeat sequence motifs at 
sonic DNA sequericc breakpoints in somatic cell 
mutants [M33] and, albeit less certainly, in some 
neoplasia-associated chromosomal changes [B16, B32] 
does allow for this possibility. However, on current 
knowledge, it  seems highly u~llikely that DNA events 
of this or other types will be unique to radiation- 
induced daniage (see, e.g. [A14, M331); if so, this will 
tend to limit the general utility of niolecular analyses 
for the purposes of discri~rii~~ating between radiation- 
induced, chcnrically irlduced and spontaneously arising 
neoplas~us in 11umn11 populations. Nevcrthclcss, the 
rate of progress i n  h i s  wl~ole area is such that at 
prcsc~lt it  is prudent to rcscrve judgcnient on this 
crucial issue. I ~ ~ d c c d ,  t11c unusual p.53 mutation 
spectrum observed in Uic lung tumours of uranium 
millers [VlO] hints at the utility of this approach in 
respect to the p53 gene. 

227. From a predictive vicwpoi~~t,  t l~e identification of 
initiating e v c ~ ~ t s  for radiation orrcogcr~csis is not 
limited to its ~)olcetial to discri~ninate between 
tu~r~ours of i~lductive and spontalleous origins. Even if 
it only becomes possible to idc~itify in a more general 
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fashion the principal categories of i~lduced DNA 
damage and target genes associated with radiation 
oncogenesis, there still remain important inlplications 
for future research. 

228. First, the provision of such data may allow the 
design of quanti~ativcly reliable cellular systc~ns that 
mimic or reflect the relevant ~nolccular event... 
Secondly, it would become possible to specifically 
explore the post-irradiation repair of the relevant initial 
DNA lesions (see [WlO]), particularly if these were to 
involve some form of gene or DNA sequence specifi- 
city. Thirdly, using Monte Carlo simulations (see, e.g. 
[N22]) of radiation track structure, it ~iligllt become 

possible to link the induction of the initial, potentially 
oncogcnic damage with specific energy loss events in 
DNA, U~us allowing a biologically more realistic 
n~icrodosin~etric extrapolation of radiation effects. 

229. However, as noted i r r  paragraph 5, a resolution 
of the mcclianis~ns of radiation oricogencsis would 
also providc an essential input into the whole field of 
canccr research. It is only through such integration that 
the whole of the complex multi-stage oncogcnic 
process will be better understood, aqowing thc 
formulation of realistic cellular and molecular models 
to replace, or at least complement, the existing 
empirical approaches to wrlccr risk projection. 

CONCLUSIONS 

230. Ionizing radiation induces a broad spectrum of 
neoplasms in both man and experimental animals. The 
basic mechanisms of the induction, pron~otion and pro- 
gression processes are not yet well understood; how- 
ever, some points from considerations in this Annex 
can be summarized. 

231. Point mutation, chromosomal translocations and 
deletions may all play roles in the initiation and 
progression of neoplasia. Some of these changes are 
shared by different neoplasms. Others appear to be 
restricted to certain tumour types. 

232. Studies on hurnan susceptibility to neoplasia 
associated with inherited defects in DNA nietabolism 
or the loss of tumour suppressor gcnes are making 
important contributions to the understanding of onco- 
genic mechanisms and the different modes of inhcri- 
tance of cancer-proneness in the human population. 

233. Neoplastic initiation as a consequence of specific 
somatic mutation is thought to provide target cells 
with some degree of proliferative dysrcgulatio~~. Thcsc 
events may not be phenotypically expressed as pre- 
ncoplastic conditions until a promotional proliferative 
signal is received. 

234. Point mutations or chromosonial translocations 
that activate proto-oncogenes or mutations that lead to 
loss of function of turnour suppressor gcnes may bc 
considered as potential initiating events for onco- 
genesis. Relative target sizes for the illduction of these 
events by radiation would tend to favour tunlour 
suppressor genes as the most radiosensitive targets. 

235. Strong evidence for tumour suppressor genes as 
targets for oncogenic initiation has been obtained in 

studies of germ-line mutations that predispose to 
canccr. Some of these genes appear to play a central 
role in the control of the cell cycle. 

236. Neoplastic promotion arises mainly as a con- 
sequence of induced changes in gene expression in 
initiated cells. It may occur through the action of 
specific chemicals, honnoncs and growth factors on 
cell surl'ace receptors, and the ensuing proliferative 
responses may favour the establishment of pre-neo- 
plastic clones in tissues. In some cases the enzyme 
protein kinase C is thought to mediate promotional 
processes; changes in intercellular communication may 
be an important aspect of promotion, but the induction 
of endogenous DNA damage is also a feature of some 
strong promoting agents. 

237. Neoplastic progression is a complex, multifaceted 
process that appears to involve a series of subsequent 
genetic changes within the evolving pre-neoplastic 
clone of cells; these changes may include changes in 
growth rate, growth factor response, invasivcness and 
metastatic potential. The development of intrinsic 
gcnor~lic instability in neoplastic cells may providc the 
cellular heterogeneity in tumours that drives the 
progressional process. 

238. Both physical and biological factors influence 
radiation oncogenesis, as shown in experimental ani- 
nial systcnis, but few specific details of cellular 
nicchi~nisn~s have eniergcd from quantitative studics. 
l n  virro cell transformation studics have highlighted 
some aspects of cellular oncogenic mechanisms (fre- 
quency of potentially initiating events; effects of LET, 
dose rate and repair, and neoplastic promotional 
mechanisms). While in vitro studies on specific gene 
involvc~~~ent  in radiation-induced cell transforn~ation 
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have yet to yield detailed infomiation on the niolecular 
mechanisnis of oricogcnic initiation by radiation, riovel 
transformation systenis, already making an impact in 
chemical carcinogenesis, show considerable potential. 

239. Cell niutagcncsis and DNA repair data may be 
used to argue that oncogcnic initiation following 
ionizing radiation may occur more frequently through 
DNA rea~~angcmentldeletion than through point muta- 
tion, but this may well depend on the gene in ques- 
tion. Chromosonies or cellular oncogenes have beer1 
shown to be changed in a number of radiation-induced 
experimental neoplasms, but the temporal position and 
role of most of these changes are uncertain. In the 
case of murine acute myelogenous leukaemia, the 
induced initiating event is thought to be a spccific 
chromosomal rcarrangemcnt/dclction leading to the 
loss of critical genes. In contrast, other studies suggest 
that point mutations in ras proto-oncogenes may be 
initiating events for radiation-induced murine thymic 
lymphomas. Some progress is also being made in the 
molecular characterization of radiation-induced osteo- 
sarcomas and turnours of the skin, breast and lung. 

240. There are a number of mechanistic differences 
between chemical and radiation oncogenesis, including 
differences in DNA damage induction/repair and the 
activational/degradative processes that influence the 
carcinogenicity of many chemicals. An important dif- 
ference in oncogenic niechanisms may derive fioni the 
relative efficiency with which chemical carcinogens 
and radiation induce point mutations. It is suggested 

Ihat radiation and chemical oncogenesis arc subject to 
differing degrees of hunian genetic variation. 

241. Molecular studies with certain hunian tumours 
have drawn alterition to lllc possibility Illat spccific 
point niulntion in tuniour geries may serve as a signa- 
ture of prior exposure to chenlical carcinogens. On 
current knowledge, the same approach may not be 
equally inforn~ative for ionizing radiation exposures, 
but t l~e possible preferential involvemcrit of DNA 
repeat sequences in radiation-induced DNA deletion 
and of certain DNA bases in point niutations may 
provide a focus for furthcr study. 

242. The development of new methods of investiga- 
tion promises further advanccs in understanding. Novel 
in virro cell transformation systems arid cellular/ 
niolecular studies with these and with neoplasms 
induced ill outbred animals [nay be a productive area 
for the study of oncogenic mechanisms. Recent 
advanccs in the corislruction of transgenic and 
chimaeric mice, new cellular cytogenic and molecular 
approaches to the assay of in vivo somatic cell 
changes, and studies on radiation-associated human 
tumour cells appear to have great potential. 

243. In order to take advantage of modem methods of 
cell and n~olecular biology and to anticipate further 
technical advanccs, turnour material obtained from 
radiation-exposed hunlar~ populations should be 
systematically stored. This material may prove to be 
a very iniportant resource for future molecular studies 
of oncogcnic mechanisnis. 
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T a h l e  1 
T h e  L ~ n c t i o n  a n d  c h r o n ~ o s o r ~ i t ~ l  l o c a t i o n  o f  s o m e  h u t n a n  o n c o g e n e s  

[A1 3, U 1, CI, M36, S63] 

GTP: guanaine triphospbte; PDGF: platcladcrived govnh factor; FGE fibroMast go* f a a a ;  EGF: epidermal g r w h  facta;  CSF: colony stimulating 
factor; SCF: stern cell facta; CML chronic mydogenour leukaemia. 

I'roduc~lfuncrion " 

PDGF P chain 
FGF family 
FGF family 

EGF receptor 
EGF r a p l a - l i k e  
CSF-I reccptor 
SCT recepta 
Exprascd in nerve cells 
Expressed in spleen ~ n d  brain 
Exprascd in ganulocyt&mocyia 
Bound to T c d l  reccpor 
Bound lo C D 4 m  canplex 
olaemcric protein (CML) 

Oocycc matuntim 
Fuaccion downstram c€ RAS 

Message tnnductim, muutcd in many tumarr t j p a  

Amplified in neurobladoma 

Binds Far (tranmiption faam) 
Binds Jun ( ~ n n t a i p t i m  factor) 
Erprused in uythmblasts 
Tnnrcripdmhcpliatim factor 
Amplified in ncuroblastorna 
Thyroid hormone reccp~or 
Chacmnic protdn (hnrcription factor) 
Chaemeric protein (tranrcription b a a )  
Chaemeric protein (tranrcription factor) 
Tmnsoipdon factor 

G n v o l  of apoptosis 

Clmifia~ion 

Cnmh factor 

Tyrohinc kinarc 

Sainehhrecnine kinaw 

GTP tinding p r d d n  * 

Regulatory factas 

Ochers 

Oncogcnc 

' YS 
f 1 s .  1 
INT-2 

FHB BI 
ERB B2INEU 

FhfS 
NT 
S3C 
YES 

FPYFES 
FYN 
LCK 

BCRIABL 

.UOS 
RAFIMIL 

II-RAS 
RRAS 
N-RAS 

JUN 
FOS 
MYB 
MYC 

N-MYC 
ERE4 

PMLIRAm 
HFLIEM 
PRYIEM 
H0.W I 

BCL-2 

Chromatoma1 lororion 

22q 12-13 
l l q  13  
l l q  13 

7q 12-13 
17q 21 
% 34 

4q 11-12 
20q 12-13 

18q 21 
ISq 25-26 
6q 21 

Iq 32-35 
2?qlyr)qN 

4 11 
3P 25 

l l p  151 
12p 12 1 
Ip 13-22 

l p  31-32 
14q 21-31 
6q 22-24 
4 24 

2p 23-24 
17q 11-21 

15q 2U17q 11 
17q 2U19p 13 
1q 23/19p 13  

10q 24 

18 q 21 
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Table 2 
Suppmsor genes In hun111n tunlours 

lW141 

Derccred by ccll hybZzarion or chromamme trms/rr 

Chromaromal location 

IP 
3~ 
6 
Y 
11 

Dcrrcrd through l n x  of lulcrayp&y or direct mdeculnr probing 

Tumour type 

Ncurdartoma 
Renal carcinanr 
Endometrial a r d n a n a  
Endometrial urc inana  
Ncuroblastornn; con'cal urcinann; Wilms' tumwr 

Chrommomal locarion 

IP 

Iq 
3~ 

% 
'h 
1 9  
1 1 ~  

1 lq 
13q 

17p 

17q 
18q 
2-q 

Tumwr ~ p e  

Melanoma; multiple endocrine acoplrsia type 2; newoMastana; medullary thyroid 
carcinoma; pheodvcinocytanr: d u a l  d l  a rc inana  

Breast cardnonu 
Small cell lung arcinoma; rdcno orc inana  of lung: cervical carcinoma: 

von flippel-Lindau disease. renal a l l  caranomn 
Familial a d m a n r t a u  pdyposis; cdotwtal cardnana 
Dladdcr carcinana 
Ast rcq tom;  multiple endocrine !m~plada type 2 
Wilms' tumour; rhabdomycaarcanr; h a  carcinoma: heparoblastoma; 

transi~icnal cdl Madder a r c i n o m ,  lung carcinoma 
Multiple endocrine neoplasia type 1 
Rctinoblastoma; ortcorarcoma; mal l  cell lung mrcinann; ductal brcast carcinoma; 

stomach carcinoma: Madda u r a n a n r ;  d o n  carcinoma 
Small d l  lung cardnoma: cdaecul c a r a m ;  bles t  a r d n a n a ,  ortcourcana; 

aslrocytonu quamolu cdl lung carcinoma 
Neuroftbranntais type 1 
Colaeas l  carcinoma 
New&~branatuis type 2; mcningioma; acoustic ncuromn: phmchromocytoma 
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Table 3 
Consistent chron~oson~l l l  changes in l cuk~ ic r~~ lus  und lyrnphonl~is 

IS451 

Neoplarm I Chromarome aburwion 

lri~kermim 

(hronic myelad leukntmia 

Acute myeltid lcukacmia 
M I  
M2 
M3 
M4 uith ahonnal easinophils 
M Sa 
M1. M2 M4 with inncasui tssophils 
MI, hQ M4, MS, M6 

Olronic l y q h c y i i c  leukacrnia 

Acute lymphocylic lcukaernia 

- 
Aculc B e l l  leukamia 

Acute T a f l  leukacmia 

1(%22)(q34:q I I) 

t(9;22)(q34:ql I) 
1(8;21Xq22;q22) 
t(15; 17)(q22;q12) 
inv(lb)(p13q22) 
1(9;1 l)(p22;@3) 
1(6;9)@U:qW) 
hfmorany S/dd(Sq) 
Mmasony 7Md(7q) 
M s a n y  8 

1(ll:l4)(q13;q32) 
Trisany 12 

1(9;22)(q34;qll) 
((4; 1 l)(q2 1;q23) 

1 ( ~ : 1 4 ~ ~ 2 4 ; ~ 3 2 )  
1(2;8)@12q24) 
t(8:22)(q24;q11) 

inv(lJ)(qllq32) 
t(1J: 14Xq l l;q32) 
(8: 14xq24;q 11) 
1(10;14)(q24;qll) 
t(11;14)(p13qll) 

Lymphomas 

Burkilt's lymphoma 

Small non-dcavcd cell lymphoma, large d l  immunoMastic lymphoma 

Follicular mal l  dcavcd cell lymphoma 

Small cd l  lymphocflic lymphana 

Small cd l  lymphocy(ic transTormed to diffuse luge  cell lymphoma 

t(8: 14Xq24;q32) 
1(28Xp12;q24) 
1(8;22)(q24;ql I) 

t(8; 14)(q24;q32) 

((14; 18)(q32;q21) 

Trisany 12 

((11;14)(q13;q32) 

Pdycylhermia v c n  

P d y q k a c m i a  v a a  kI(209) 
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T n b l e  4 
Consistent c h r o n l o s o n i ~ r l  c h n n g c s  In s o l i d  tumours 

IS451 

Ncoplarm 

Alveolar rhabdomymarcorna 

Bladdn carcinomn 

B r a r t  carcinoma 

Euing'r u r c u n *  Akin's tumourheurapithdiana 

K h c y  c a r a n m a  

Luge  bou;el cancer 

l ipoma 

Malipant rnchnana 

Mcningianr 

Mixed mlivary gland adcnorna 

Myxad lipmarcom 

Neuroblastana 

Ovarian a r a n a a  

P r c r ~ t i c  m a n a n a  

Rainoblutana 

Small cdl lung a ranoma 

Synovia Yleoma 

Tcrticular tnatormlrcminoma 

Uterine cudnoma 

Wilm'  tumour 

Chromnromc n k r t u i m  

t(2;13)(q37;q14) 

Struaural changes or  1 
i(5p) 
Structural changes or  11 

Structural Aanges or  1 
l/dd(lag) 

[(I 1;22)(q24:q12) 

I/dd(3)(p11-21) 
t(5; 14)(q 13;qZ) 

Structural Aanges of 1 
T r i r a y  7 
Structural changes of 17 

l(12Xq13-14) 

Udd(l)(p 12-22) 
t(1;19)(q12;p13) 
t/dd(6p)h(6p) 
Trisany 7 

M m m a n y  22 

1(3)(~21) 
~/dd(R)(q 12) 
t/dd(12)(q13-15) 

t(12;16)(q13-14;pll) 

del(lHp31-32) 

t(6; 14)(q21;q24) 
Structural c h m g a  of 1 

d m i q 2 2 )  
dcI(lO)(q24) 

Structural changes of 1 

i(6p) 
dd(13)(q14)/-13 

deI(3Xp14p23) 

t(X;18)(pll;qll) 

i(l2p) 

Struaural and numerical changes of 1 

Structural changes or I 
l /dd(l l)(plf)  



A N N E X  E: MECIIANISMS O F  RADIATION ONCOGENESIS 599 

T n b l e  5 
V i r u l  t u s o c l u t l o n s  In l i u n t r l n  oncogcnc-r l s  

IW161 

T a b l e  6 
Es1inintc-r of t h e  f r e q u e n c y  of some c a n c e r - p r o n e  h u m a n  n i u l a t i o n s  

v;ra (VP~) 

Tcell  viruses (RNA) 

Imtivirwcs (WNA) 

Ilcrpcs virw (DNA) 
Eprt Jn-Barr virus 

Herpu simplex 
Cylanegdovirur 

Ilcpatitis B v i ~ s u  (DNA) 

Papillana viruses (DNA) 

* 'Ihc number and location d ataxia-tclangicctada genes has ye! to be conclusively dacrrnincd; the numkr  of gcnctic wmplcmcnlaion groups in rtads- 
tclangiectoda is the maja delerminant d hcterozygde Irqucncy. 
Accounts for around 14% of cdorcctal cancers in the populalim. 
It has been a l i m a i d  that sr many as 1 in 200 wanen carry one d a number of gcnu lhpl predirporc hear1 can= ( p r a p s p h  127). 

Assarialad rumours 

Tccll IcubemiaAympham 

Kapori'r sarcoma, lymphoma 

I3urkiti's lymphma 
lmrnunoblas~ic lymph- 
Nuopharynpal carcinoma 

Grdd neqlasia (7) 
Kapori's sarcoma (7) 
G r v i d  neoplasia (7) 

Liver anccr  

C u r i d  and anal ntoplasia 
laryngeal carcinoma 
Skin carcinoma 

Orher risk fi~rturs 

Concurrcnl viral infections 
Lnmunc deficiency 

Malaria 
Immuoc deficiency 
Dietary compmentr - gendYpe 
Papillana riruxs,  l d x c c o  
Immune dcfidcncy 
1Il-A g a d Y F  

Analoxin. alcohd. tobacco 

T h c c q  herpa  vim and immunc ddic iacy  
X ray& tobacco 
Sunlight. pnc t ic  fadors influencing skin pigrncnmtim 

Mutarion 

Ataxia-telangiectasia 
(homozygotes) 

Ataxia-telangicciasia 
(betero zygotes) 

Retinoblastoma 
Wilms-aniridia 
Basal cell nevus syndrome 
Neurolibromatosis 
Familial adenomatous polyposis 
Non polyposis colorcctal cancer 
Familial brcast cancer 

Li-Fraumeni syndrome 

P h c ~ ~ o t y p i c  
m a ~ ~ + s f a f i o ~ ~  

Autosomal recessive 

Autosomal recessive 

Autosomal dominant 
A u ~ o s o n ~ a l  d o m i n a n ~  
Autosomal dominant 
Autosomal dominant 
Autosomal dominant 
Autosomal dominant 
Au~osorna l  dominant 

Autosomal dominant 

Pr inc ipa l  neoplasms 

Leukaemias  lymphomas 

Mammary carcinomas 

Rc~inoblastoma. ostwsarcoma 
Nephroblastoma 
Skin carcinoma. medulloblastoma 
Neurofibromas. C N S  tumours 
Colorcctal c a r c i n o m a  
Colorectal carcinomas 
hfammary and ovarian 

carcinomas 
Wide  range o f  malignancies 

Chromosomal 
locatio~t 

l l l a l  

1 l /a l  

13q 
I ~ P  
9q 
17q 
5q 
ZP 
17q 

17p 
- 

Frequency per 
live births 

- 1 per 100.000 

1 per 1 0 0 "  

- I per 20.000 - 1 per 30.000 
c 1 per 50.000 
- 1 per 5,000 
- 1 per 10.000 

b 

C 

c 1 per 50.000 



APC andlor MCC 
gene mutation 

Meth I gmu RAS gene 
losses &om D P ~ A  mutalion 

DCC gene 
mutallon 

pS3 gene 
mutation 

Olher 
chromosome 

loss& 
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T 

' U f N f W  IMPORTANT METASTASIS 
7 

Figure 11. 
Posslhle steps Involved In the metastauc spread of solid turnours. 

IH421 
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Unaffcclcd male 0 Unaffecled fcmnlc 
AlTec~ed male N f c c ~ d  lemalc 

Carrier male @ Carrier femalc 

Figure 111. 
Idealized pedigrees Tor maternal and paternal gcnonlic imprinting. 

r ~ 1 9 1  

Figure IV. 
The dktrlbullon or pS3 tunlour cell gene mutations In man observed in a wide range of human neoplasms. 

The hodzonhl axls represents the 393 condons or lhe p53 gene rron~ the NH2 l o  Ule CO OH kmina l s .  
P-131 
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INTRODUCTION 

1. Radiation-induced malignant disease is thc main 
late sonlatic effect in  human populations cxposcd to 
ionizing radiation and the only statistically detectable 
cause of radiation-induced life shortening at inter- 
mediate to low doses. In this dose range the incidence 
of radiation-induced canccr appears to increase with 
increasing dosc, and the probabilistic nature of the 
relationship between dose and risk of the disease has 
led to the use of the tern1 "stochastic" for this type of 
effect. Quantitative information on the risk of cancer 
in human populations exposcd to ionizing radiation at 
present comes largely from infornlation available from 
populations that have been exposcd at intermediate to 
high doses and dose rates. In general, however, for 
assessing the consequences of environmental and 
occupational exposure to radiation, risks need to be 
known for exposures to low doscs delivered at low 
dose rates. Some information is now starting to 
bccomc available from epidemiological studics on 
occupationally exposed groups, although at present the 
results of such studies havc si~bstantial statistical 
uncertair~ties associated with tl~cm. It is likely that for 
the immediate future quantitative risk cstimatcs will 
continue to be based on the higher dosc/dose-rate 
studies, although increasingly low-dose studies will 
provide support for these values. 

2. It has becn recognized by the Comrnittee for 
some time that infon~ialion is needed on the extent to 

which both total dose and dosc rate influcr~ce cancer 
induction in exposed individuals. The two features of 
the dose response that are most important for evalua- 
tion of the risk at low doscs arc the possible presence 
of a lhrcshold dose, below which the cffccts could not 
occur, and the shape of the dose response. Both these 
factors have been considered in earlier reports of the 
Committee. 

3. Proving or disproving a threshold on the basis of 
epidcrniological studies or studies on tumour induction 
in experimental animals is, for most tunlour types, 
likely to be impossible due to statistical uncertainties 
in both the spontaneous and induced incidences of the 
disease. Therefore, on the assumption that cellular 
targets can be altered by single ionizing events, that 
such damage is u~~likely to be error-free and that it 
may ultiniatcly give rise to a tumour, it  is normally 
assumed that thcre is no thrcshold for the neoplastic 
rcsponsc. This working hypothesis is consistent wiU~ 
many, but not all obscrvatior~s of induced callccr rates 
found in anirnal experinlcnts as well as with obscrva- 
tions in cpidcn~iological stutlics and is considered in 
some detail in  Anr~ex E, "Mcchanisnls of radiation 
O I I C O ~ C I ~ C S ~ S " .  

4. Tumour induction resulting from exposures to 
ionizing radiation has becn systematically examined in 
studies with various species and strains of animals and 
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for specific tunlour typcs. Pl~ysical f;~ctors such as 
dosc, dose rate, dose fractioriatior~ and radiation 
quality, as well as biological factors such as age, 
gender and species wliicli can modify the tunlour 
yield, havc been considered. In the rnajority of cases, 
tllc dose-cffcct rclatio~~sliips obtained are complex, 
showing first a rise with increasing radiation doses, a 
peak or plaicau at intcrnlcdiatc doses and in marly 
cascs a final decline in incidence at high doses. In a 
few cascs the spontaneous iricidc~~ce of tumours chan- 
ges very little with incrcasilig radiation dose, and in 
some studies where there is a high spontaneous inci- 
dence this has resulted in a negative correlation with 
increasing dose at high doscs. 

5. The Committee noted in the UNSCEAR 1977 
Report [U4] a considerable variability in the net 
incidence of various tumour types at intermcdiate to 
high doses, bolh between different species and, within 
species, between inbred strains. In many cases a 
particular tumour could be induced by irradiation in 
only one or two strains of a given species, raising 
questions as to whether such tuniours represented 
adequatc models of the corresponding human diseases. 
Similar doubts also applied to some observed forms of 
dose-response relationships that differed from species 
to species, although in other cases consistent patterns 
were found. For thcse reasolls it was concluded that 
the absolute cxccss of radiation-induced tumours per 
unit of dose could not, as a general rule, be extra- 
polated between species. 

6. Dcspite these reservations, a number of general 
conclusions were drawn by the Committee in 1977 
[U4] relating to the preponderance of tumour types 
&at show an increasing incidence with increasing dose 
up to a maximum, with a subsequent decline at higher 
doses. A number of common features in the dose- 
response data obtained fro111 experimental animals 
appeared to be consistent with radiobiological effects 
occurring in single cells, such as cell killing, induction 
of mutations and chron~osonie aberrations: 

(a) a decrease in the dose rate of low-LET radiation 
leads, in general, to a decrease of tumour yield, 
following some inverse function of the exposure 
time; 

@) high-LET radiation is generally more efficient 
than low-LET radiation for tumour induction, 
and h e  tumour yield often shows little 
dependence on dosc protraction and dose 
fractiona lion; 

(c) the relative biological effective~~ess (RBE) of 
high-LET compared with low-LET radiation 
changes with the dosc, reflecting the patterns of 
the dose-response curves for low- and high-LET 
radiation. At high sublethal doscs (>I  Gy) RBE 
values as low as 1 havc been found, but for vari- 
ous tumour types the RBE generally increases 

with decreasing dosc, approaching a max in~un~  
at low doses. 

These patterns or dosc rcspoi~sc for low- and high- 
LET radiation are illustrated in Figurc 1. 

7. It was gcricrally co~rcludcd in the UNSCEAR 
1977 Report ([U4], Ar111cx G, paragraph 31 1) that the 
risk per unit dosc of low-LET radiation at low doscs 
and/or dosc ratcs was unlikely to be higher but could 
be subsrantially lower than tlic values dcrivcd by 
linear extrapolatio~~ to the range of a few tens of niilli- 
gray from observations niadc abovc 1 Gy. Reduction 
factors froni 2 to 20 were reported between the highcst 
and lowest dosc rates tested (1 to lo4 Gy min") and 
between single and extremely fractionated and protrac- 
ted doscs for various animal strains and tumour types. 

8. It was specifically noted by the Committee that 
the Life Span Study of the survivors of the atomic 
bombings in Japan followed to 1972 gave a risk of 
leukaemia of 3.5 G ~ - '  at a mean kcrma of 3.3 Gy 
and 1.8 loJ G ~ - '  at a mean kerma of 1 Gy, suggest- 
ing a reduction factor of 2 for thc risk coefficient at 
the lower dose as compared with that at the higher 
dose ([U4], Annex G, paragraphs 317 and 318). The 
Committee in its final estimate of risk adopted a 
reduction factor of 2.5 for estimating risks at low 
doses and low dosc ratcs when extrapolating from 
high dose and dose-rate studies. The Co~nn~i t tee  also 
emphasized that this reductio~~ factor was derived 
essentially from mortalities induced at doses of the 
order of 1 Gy and that larger reduction factors niay be 
appropriate for assessing risks from occupational or 
environmental exposure. 

9. On the basis of thcse conclusions by the 
Committee [U4], the International Commission on 
Radiological Protection in 1977 [ I l l  adopted a reduc- 
tion factor of 2 for assessing the risk of fatalities from 
radiation-induced leukaernia and solid cancers for 
radiological protection purposes from high dose and 
high dose rate studies. 

10. In the UNSCEAR 1982 Report [U3] the 
Comminee reviewed information on causes of death in 
exposed human and animal populations. It concluded 
that the overwhelming body of cvide~ice showed that 
at intermcdiate and low doscs. abovc about 1 Gy (low- 
LET) life shortening was essentially caused by an 
increased incidence of tumours. When the contribution 
to life sliorteni~ig by thcsc cxccss tulnours was 
subtracted from total life shortening, there was no 
cvidencc of odler non-specific niecha~~isms being 
involved. The Cornniittcc also cxar l~i~~cd the effect of 
radiation quality, as well as dose and dosc rate, on 
life-span shortenillg and reported some conflicting 
results. For a given total dosc, the chronic exposure of 
mice to both x and gamma rays was less effective than 



62 2 UNSCEAR 

acute cxposurc in causing life shortcning, suggesting 
a dosc-rate cffcct on tumour induction. In niicc given 
s i ~ ~ g l c  acutc doscs of low-LET radiation, howcvcr, thc 
dosc rcsponsc found in diffcrcnt studies varicd widely. 
By pooliag m:11ry series ofstudics, an al~parc~rtly li~rcar 
rclatioasl~ip was obtained, whiclr might iniply no dose- 
rate dcpcndcnce. In practice, howcvcr, the data could 
also be fitted with a lincar-quadratic relationship, 
which would bc consistent with thc obscrvation of a 
dosc-ratc cffcct. 

11. In the case of neutron cxposurc, somc studies 
reported that fractionated or protracted exposures of 
animals rcsultcd in reduced life shortcning compared 
with single exposures; other studies reported the 
rcvcrse. Thc Committee concluded h a t  such variations 
in rcsponsc could be due to diffcrcnccs in dosc-cffcct 
rclationships for different tuniours in various strains 
and specics. Thus, although life shortcniag following 
cxposurc to high-LET radiation appcarcd to be fully 
explained by a higher incidence of tuniours, the cffcct 
of dose rate on tumour induction as a cause of death 
was not clear. Further investigations inlo thc eflccts of 
dosc and dosc rate on life shortcning in animals 
cxposcd to high-LET radiation were needed. 

1 2  In the UNSCEAR 1986 Report [U2], the Com- 
mi~tee  reviewed evidence at the subccllular and cellu- 
lar levels rclcvant to assessing the possible nature of 
the dose-response relationships for cancer initiation by 
radiation. It also examined how the initiation of 
cancerous clones and their progression to clinical 
tuniours may affect the shape of the dose-response 
relationship. Finally, it examined various models of 
canccr induction and tested them for compatibility 
with cpidcn~iological and experimen~al findings. This 
provided the basis for somc gcncral conclusions on the 
shape of the dose response and on the uncertainties 
involved in the assessment of risks at low doses. 

13. Threc basic non-threshold models of the effect of 
radiation as a function of dose were considered with 
rcspcct to both cellular effects and to cancer induc~ion: 
thc linear, the linear-quadratic and the pure quadratic 
models. Notwithstanding some exceptions, thcse rela- 
tionships provided a general framework for a varicty 
of end-points at the cellular level as wcll as for 
tumour induction in experimental animals and human 
populations. The Committee concluded that the vast 
majority of dose-response curves for induction of point 
r~iutatiorrs and chromosomal aberrations by low-LET 
radialion could be represented by a linear-quadralic 
model at low to intermediate doses; for high-LET 
radiation, aftcr correction for ccll killing, a linear 
rr~odel usually applied. Linearity of thc dosc rcsponse 
for somatic niutations and termi~ral chroniosomal dele- 
tions in sonie ccll lines was notcd even for low-LET 
radiation, although such firrdings were relatively 
infrequent. 

14. Ccll transfor~nation in virro can be rcgardcd as a 
simplified nrodcl of ccrtain stages of radiation carcino- 
gcncsis. Cclls exposed in virro to low-LET radiation 
llrc day aftcr srcdi~rg in culture are trarisfornicd 
according to conil)lcx kirictics that cannot always be 
fitted to l~iodcls used for otllcr cellular cffccts sucli as 
cell killil~g and the irrduction of chromosome abcrra- 
tions. Morcovcr, dosc fractionation (at total doscs 
<1.5 Gy) in soltic cases enhances transfonriation frc- 
quency, which is inconsistent with a linear-quadratic 
dcpcndcnce unlcss the dose-squared coefficient is 
negative. In  reviewing this material for the UNSCEAR 
1986 Report [U2], the Committee felt that further 
research was nccdcd to elucidate such phenomena, but 
it was gcncrally co~rsidcrcd that these in vifro systems 
gave anomalous rcsulk owing to atypical conditions of 
cellular growth during the early periods aftcr cstablish- 
ment of the culture. Irradiation of non-dividing cells, 
or cells under cxpo~~c~rtial  conditions of growth, which 
may be niore typical of asynchronously dividing ccll 
populations in vivo, produces results that are niore 
consistent with those obtained for other cellular 
effects. For example, high-dose-rate gamma-inadiation 
had resulted in a greater transformation frequency per 
unit dose than low dose-rate exposure. The Committee 
also notcd that in some studies transformation 
following dose fractionation or dose protraction of 
high-LET ncutron cxposure was enhanced at low to 
intermediate doscs, compared with high doscs arid 
high dose rates [U2]. In view of the limited extent of 
such data and the unccrtaintics regarding the mecha- 
nisms involved, further work was needed before these 
studics could be properly interpreted. 

15. The Committee considered that experimental 
findings on radiation-induced tumoun in animals, 
mainly rats and mice, published since the UNSCEAR 
1977 Report [U4] generally supported the view that 
dose-response relationships for low-LET radiation 
tended to be curvilinear and concave upward at low 
dosc rilles, allllough for llianlmary turnours in rats a 
linear dosc response with little dose-fractionation and 
dose-rate depcndcrice had been obtained. For tumour 
induction in aninials following neutron-irradiation, the 
response oftcn gave a nearly linear response at low 
doscs, with little dcpendence on dose rate. In sonie 
cases e~rharrccmcrrt upon dose fractionation (and 
possibly dose protraction) had been notcd, and at 
doscs above about 0.1 Gy or so the dose-response 
curve for acutc cxposurc tended to become concave 
downward. Ulrdcr such conditions a lincar extrapola- 
tion to risks at low doses from information at intcr- 
mediate or high doses arid dose rates would undcresti- 
mate the risk of tumour induction to a variable degrce. 

16. Review of dose-response relationships for 
radiation-induccd tumours in man indicated that for 
low-LET radiation in some cases (leukaemia and 
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cancer of the thyroid, lung and breast), the data 
available were consistcat with linear or linear-qua- 
dratic models. For breast canccr, linearity was con- 
sidered niorc probable as the i~~cidcncc was little 
affected by dosc fractionation, Froni this review [U2], 
the Commitlcc concluded lhiit for low-LET radiation 
linear extrapolation downwards from cffccls measured 
at doses of about 2 Gy would not ovcrcs~iniatc the risk 
of breast cancer and, possibly, thyroid cancer and 
would slightly ovcrcsti~natc the risk of leukacmia. 
There were ir~sufficicnt data on lung cancer to permit 
any assessment of the effect of dose rate on tuniour 
induction. On the basis of data on the incidence of 
bone sarcomas in cxperiniental animals after intakes of 
beta-emitting radionuclides, it was considered that 
lincar extrapolation could ovcrcstimate the risk of their 
occurrence at low doses. Dose-response curves for 
radionuclides with long effective half-times do, how- 
ever, present great difficulty in interpretation [N9]. 

17. For radiation-induced cancers of most other 
organs, only data from experimental animals were 
available on dose-response relationships. For low-LET 
radiation, linear-quadratic dose-response relationships 
are commonly found, with pronounced dose-rate and 
dose-fractionation effects at intermediate doses. The 
Committee concluded in the UNSCEAR 1986 Report 
[U2] that if similar curves applied to cancers in man, 
a linear extrapolation of risk coefficients from acute 
doscs in Ihe intermediate dosc region to low doses and 
low dose rates would very likely overestimate the real 
risk, suggesting that a reduction factor of up to 5 
might apply. 

18. For high-LET radiation, human information for 
lung cancer and bone sarcoma induction was reviewed 
[U2]. Although the data were limited, they suggested 
that for lung cancer induction in miners exposed to 
radon and its decay products, the response was linear 
initially; at high cxposurcs, however, because of 
flattening of the response, linear extrapolation could 
underestimate h e  risk. The incidence of bone 
sarcomas after internal contamination by radium 
isotopes was interpreted as being distorted by a 
pronounced inverse relationship between accuniulated 
dose and latent period. 

19. On h e  basis of epidemiological studies and 
experimental invcstigations it  was recon~niended in the 
UNSCEAR 1988 Report [Ul]  that a reduction factor 
was needed to modify the risks of cancer calculated 
from exposures to low-LET radiation at high doscs 
and high dose rates for application to low doses and 
low dose rates, suggesting that an appropriate value 
for most cancers would lie in Ihc range 2-10, although 
no specific values were recommended ([Ul], Annex F, 
paragraph 607). For exposure to high-LET radiation, 
no dose or dose-rate reduction factor was considered 

necessary for assessing risks at low doses and low 
dose rates. The Conimittcc indicated that this was a 
topic that i t  would considcr in  iLs future programme of 
work. 

20. A number of othcr organizations have considered 
the effect of dose and dosc rate on turnour induction. 
These include the United States National Council on 
Radiation Protection and Mcasurcnler~ts (NCRP), the 
Committcc on Biological Effects of Ionizing Radiation 
(BEIR) of the National Research Council of the 
United States, the United States Nuclear Regulatory 
Commission (NRC), the International Commission on 
Radiological Protection (ICRP) and the National 
Radiological Protection Board (NRPB) of the United 
Kingdom. Their estimates of reduction factors for 
calculating cancer risks at low doses and low dose 
rates arc given in Table 1. 

21. In 1980, the NCRP reviewed the influence of 
dose and its distribution in time on dose-response 
relationships for tunlour induction resulting from 
exposure to low-LET radiation. It was concluded, 
largely on the basis of animal studies, that the number 
of cancers induced at low doscs and low dose rates are 
likely to be lower than they are at high doses and high 
dose rates by a reduction factor in the range 2-10 
[Nl]. The BEIR V Committee reached sinlilar conclu- 
sions on values for the reduction factor that could be 
obtained from animal studies [Cl] .  The NCRP [Nl] 
used at that time the term "dose-rate effectiveness 
factor @REF)" for this rcduction factor, which has 
also been referred to as "linear extrapolation 
overestimation factor (LEOF)" and a "low dose extra- 
polation factor (LDEF)" [P2, P3). The NCRP [ N l ]  
also concluded that human data were insufficient to 
allow the shape of the dose-response curve to be 
established or to provide a basis for confident judge- 
ments about any diminution in health risks at low 
doses and dose rates. In view of the complexity and 
wide spectrum of tumorigenic responses to radiation 
found in experimental animals, as well as the lack of 
information on the detailed mcchanisms of such 
responscs in animals or man, more specific reduction 
factors for either individual tumour types or total 
tumour incidence were not given. 

22. In its 1990 rcconimendations 1121, the ICRP 
drew attention to the fact that theoretical con- 
siderations, experimental results in animals and other 
biological organisms, and even somc limited human 
experience suggested that canccr induction per unit 
dose at low doses and low dose rates of low-LET 
radiation should be less than that observed aftcr high 
doses and high dose ratcs. In making a dctcrnlination 
of the appropriate value of a reduction factor to be 
used for radiation protection purposes, thc lCRP 
considered the following: 
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(a) the wide range of reduction factors obtained in 
animal experinicr~~s (2-lo), which may have been 
obtained lor a broader range of doses than 
human data ant1 tl~erefore m y  include higher 
values than are relcviinl; 

@) the results of slatisticill nrlalyses of the data on 
survivors of the atomic bombings in Japan, 
which do not seem to allow for a reduction 
factor of much more tllan about 2: 

(c) the human evidence tl~at shows little effect of 
dose fractionation for some tumour typcs, with 
others indicating possible effects of up to 3 or 4 
at most; 

(d) reduction factors adopted by other organizations 
for risk estimation at low doses and low dose 
rates. 

23. Based on thcsc considerations, the ICRP adopted 
in its 1990 recomniendations a reduction factor of 2, 
"recognizing that the choice is soniewhat arbitrary and 
may be conservative". It was recognized that this 
recommendation on the reduclion factor "can be 
expected to change if new, more definitive information 
becomes available in the future". In these 
recommendations the ICRP called this reduction factor 
the dose and dose-rate effectiveness factor (DDREF). 

24. The Committee has identified the need to keep 
under review information relevant to the assessment of 
risks at low doses and low dose rates. This Annex 
reviews data on dose arid dose-rate effects for both 
high- and low-LET radiation with the aim of 
improving the basis for estimating risks at low doses 
and low dose rates. It considers first the role of 
biophysical models in understanding the response of 
cells to radiation of different qualities and their 
application in assessing the effect of dose and dose 
rate on cellular responses. Experimental data on the 
effect of dose rate in both expcrimcntal animals and 
cells in culture are then reviewed, with emphasis on 
studies of the effects of low-LET radiation. Relevant 
epidemiological data are also summarized. 

25. Previous UNSCEAR reports have proposed both 
doses and dose rates at which reduction factors would 
be expected to apply. Thus in the UNSCEAR 1986 

Report [U2] low doses were taken to be tl~ose up to 
0.2 Gy of low-LET radiation, while those above 2 Gy 
were regarded as high doses, will1 intcnncdiate doses 
lying between tllese values. Low and high dose rates 
were taken to be <0.05 mGy niin'l and >0.05 Gy 
min-l, respectively, with intern~ediatc rates between 
these two extrelnes. These 1lppcr limits on low doses 
and low dose rates are substantially higher than those 
lfiat might be expected to prevail in most cases of 
human exposure. Thus, the ICRP in 1990 
recomniended an average annual dose limit for 
workers of 20 mGy (low-LET) [I2]. The average 
annual dose limit recomniended for members of the 
public is 1 mGy (low-LET) in addition to exposures to 
natural background radiation [12]. 

26. In practice, the majority of workers receive doses 
much lower than the recomlilendcd dose limits, and 
actual exposure rates are low (see Annex D, 
"Occupational radiation exposurcs"). There will, 
however, be sonic individuals (e.g. radiographers in 
hospitals) exposed over short periods of the working 
day to substantially higher dose rates than the average, 
although total doses are low. Lifetime doses for a few 
workers may also be high even thougl~ dose rates are 
low. Information is, therefore, needed on both total 
doses and dose rates for which the application of a 
reduction factor is appropriate. Chapter IV examines 
the physical, experimental arid epidemiological basis 
for the choice of doses and dose rates below which 
reduction factors might be expected to apply. The 
choice of the appropriate unit of time over which to 
assess dose rate is not straightforward. The experi- 
mental data reviewed in this Annex cover a wide 
range of doses, dose rates and exposure conditions. 
Cellular studies typically involve irradiation times of 
minutes to hours, while animal studies can involve 
exposures of days or weeks. The Committee considers 
that for assessing the risks of stochastic effects in 
human populations exposure rates should, in general, 
be averaged over about an hour, which is in line with 
the repair time of DNA (deoxyribonucleic acid). How- 
ever, for consistency and to facilitate the comparison 
of experiments carried out under different exposure 
conditions, dose rates are given in this Annex in terms 
of Gy min-' or niGy min" as far as is possible. 

1. DOSE RESPONSE FROM RADIATION EXPOSURE 

A. THEORETICAI, CONSIDERATIONS hereditary disease. Present knowledge on tlie stages in 
tumour dcvciopnicnt is described in Annex E, 

27. Damage to DNA (deoxyribonucleic acid), which "Mechanisms of rsdi;ltion oncogenesis". Dilmage to 
cames the genetic infomiation in chromosonies in the the DNA of cells has been directly observed experi- 
cell nucleus, is considered to be the main initiating mentally at absorbed doses in excess of about 1 Gy. 
event through which radiation causes cancer as well as The DNA niolecule has a double helix structure, and 
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damagc in many forrl~s is obscrvablc, including singlc- 
and doublc-strand breaks and basc damage [C5, H26, 
M4, T201. Damage may be dctcctcd, but with greatcr 
difficulty, at lower doscs (0.05-0.1 Gy) [B13]. Daniagc 
to cl~ro~nosornes in hurl~an cclls can be obscrvcd, 
cilhcr at nlctaphasc or intcrpllasc [C9, ClO], and has 
been obscrvcd in t111rna11 pcriphcral blood lyn~phocytcs 
at doscs dowll to about 0.02 Gy [L13, L141. 

28. The cfl'ccts of radiation on cellular components 
arc thought to occur cithcr through thc dircct intcr- 
action of ionizing particlcs with DNA molecules or 
through the action of frcc radicals or othcr chemical 
products produced by the intcraction of radiation with 
neighbouring molecules. Othcr more indirect mecha- 
nisms have also been proposed. Cells are able to 
repair both single- and doublc-strand breaks in DNA 
over a pcriod of a few hours [B13, M4, M15], but 
somctimcs misrcpair can occur. Such damagc is 
thought to be the cause of chromosomal aberrations 
and may also be the origin of both mutational and 
cancerous transformations as well as death of the cell 
[Gl ,  R1, U2, Y2]. Spontaneous single-strand damage 
can also occur in thc abscnce of radiation or other 
identifiable insults [B41, L23, S39, V3, V9], but this 
is unlikely to cxtcnd to the full range of types of 
double-strand, clustered damage that radiation can 
produce [G21, W9]. 

29. It is commonly prcsurncd that mutational cvcnts 
in gcnn cclls arc due to singlc biological changes but 
that carcinogcnesis is a multi-stage process in which 
radiation can induce one or Inore of the stages involv- 
ing DNA damagc [Ul, U2]. Guidance as to likely 
dose and dosc-rate effects may therefore be sought 
from radiobiological data on the cellular cffccts that 
result from DNA damage. Gcncral mcchanistic con- 
cepts derived from these data have had a considerable 
influence on attcmpts to understand and extrapolate 
available data on carcinogcnesis. It should be rc- 
cognized, however, that the cellular data are mostly 
for singlc-stage radiation effects, principally related to 
initiation, and that they therefore represent only a part 
of the complex process of carcinogcnesis. 

30. It is usually assun~cd that the primary mutagenic 
and carcinogcnic cffccts of radiation arise as rclativcly 
rare stochastic consequcnccs of damagc to individuals 
cells. Insult from ionizing radiation is always delivered 
in the form of separate charged particlcs traversing thc 
cells, each leaving behind a "track" of ionized mole- 
cules. Each discrete track consists of the stochastic 
spatial array of initial ionizations and cxcitations of 
molecules in the cell along the path of a primary 
charged particle and all its sccondaries as they pass 
through the cell in ~ 1 0 . ~ ~  s [P9, PIO]. The pattern of 
ionizations in each track is govcrncd by cross-sections 
(probabilities) for individual molecular interactions. 

Each track is thcrcforc diffcrcnl but has statistical 
features ch;~ractcristic of thc radiation. On thc nano- 
mctrc scale of DNA and rildical diffusion distances in 
cells, rilally of l l ~ c  i~~dividual iclnizations ;ire likely to 
occur alor~c arid far fronl any olhcrs in thc salnc track, 
cspccially for low-LET radiations. I-lowcvcr, many 
othcr ionizations occur in clustcrs of dimcnsio~~s com- 
parable to Lhosc of DNA. This clustering is particu- 
larly marked for high-LET radiations, but i t  is also 
common in tracks of low-LET radiations, largcly 
bccausc of the likclihood of low-cncrgy secondary 
electrons being produced within the cell [ B Z ,  G6, 
G16, M27, NlO]. Bccausc the radiation insult is 
always in the form of discrctc tracks, the radiobio- 
logical process may be described in terms of damage 
to particular target material, using concepts of target 
theory. In its gcncral form, target theory assumes that 
the observed all-or-nothing effcct is caused by one or 
more radiation tracks passing through the cell and 
directly or indirectly causing specific damage to 
critical components within it. Almost all biophysical 
models of radiation action incorporate at least some 
essential concepts of targct thcory. Model descriptions 
of the possible radiobiological mcchariisms are usually 
constructed on sclcctcd assumptions and deductions 
[E2, G3, G5]. An approach based on the gcncral con- 
cepts of target theory can dcscribe essential elements 
of the mechanism of radiation insult in an approxima- 
tely modcl-independent way. It can indicate how bio- 
logical processes may rnodify the simplest responses 
and how there may bc a dependence on physical para- 
meters such as dose rate. This dcscription could apply 
to any single radiation-induced stage of the multi-stage 
process of carcinogcnesis and to some combinations of 
stages. Within this gcncral description many specific 
models can and have bccn constructed, based on their 
own specific mcchanistic or phenorncnological 
assumptions (see [B33, C5, G17, G22, H23, K5, K6, 
M34, M39, R12, T21I). 

1. Single-hit tnrget theory 

31. In the simplcst form of targct theory, a direct 
"hit" of any type (i.c. orlc or more ionizations) in a 
critical component by a radiation track is assumed to 
lead, with certainty, to thc obscrvablc cffcct in that 
cell. In this casc, thc frcqucncy of affcctcd cells in an 
irradiated population of cclls should increase with dose 
according to thc probability of a ccll rccciving one or 
more critical hits. Assuming that thc hits occur 
randonlly according to a Poisson distribution in a 
homoge~~cous population, then lhe frequency, f, of 
cells with onc or more hits is 

where n is the mean number of critical hits per ccll at 
dose D and A is the mean riumbcr of critical hits per 



626 UNSCEAR 1993 REPORT 

cell per unit dose. For small n (that is, low frequer~cy 
effects and/or low doses), the dose response is appro- 
ximately linear, with 

f - AD (2) 

At higher frcque~lcics the dose response takes the form 
of equation 1, which saturates at high frequency 
because, after the first critical hit in a cell, subsequent 
hits in it cannot lead to additional effect. If a negative 
effect is being measured, such as frequency of surviv- 
ing cells (that is, cells without a critical hit), then the 
dose response is 

1 f = 1 - f  = c - A D  (3) 

where f1 is the frequency of cells without a critical hit. 
This very simple form of target theory, where every 
elementary hit is biologically effective, may be applic- 
able to the inactivation of many ~nolecules in the dry 
state and to some viruses, but it is not, in general, 
appropriate for micro-organisms and mammalian cells, 
because of their well-established capacity to repair 
radiation damage and the consequent modification of 
dose response. 

32 More refined forms of single-hit target theory 
could include variable probability of effect depending 
on the type ("severity") of a hit and on the cellular 
reparability of the damage and could also include 
extension of t l ~ e  size of the target for indirect effects. 
Provided that the tracks act totally independently of 
one another in regard to each of these processes, the 
dose response should still conform to equations 1-3 
because the final effective damage should still be ran- 
domly distributed among the cells [W]. The numerical 
value of h should now be modified to reflect the com- 
bined probability, per cell and per unit dose, of all 
these single-track processes leading to final effeclive 
damage. Indirect effects should increase the value of 
)C, while biochemical repair should reduce it. There- 
fore, experimental observation of linear or exponential 
dose response does not, of itself, indicate that damage 
cannot be modified and/or repaired by the cell. 

33. Furthcr extension of concepts of target theory 
can consider additional contributions born two or 
more tracks, which may modify the probability of 
effect due to thc damage from single tracks alone. 
Since this modification may be positive or negative, it 
may introduce corresponding visible curvature to the 
dose response. Ways in which multiple tracks could 
increase the probability of effect include the following: 

(a) reduction in efficiency of cellular repair of 
individual points of damage by increasing the 
overall burden of damage (for exan~ple, by 
partial saturation of the repair process [G17, 

S40, WlO] or induction of danii~ge-fixation 
proccsses); 

@) interaction or i~~terference between points of 
damage to make them less repairable [CS, C28, 
K6] (for example, formation of exchange events 
wilhis or between chronlosomes 11-1231): 

(c) production of a series of other independent 
changes that togctl~er increase the overall 
probability of the final effect (for example, to 
cause a single-stage effect [KS] or to cause 
multiple stages in full neoplastic transformation 

IM391). 

By contrast, decreases in the probability of effect by 
multiple tracks could occur by the following means: 

(d) enhancement of cellular repair (for example, 
induction of additional repair capabilities [B37, 
G5, 03, P81); 

(e) elimination of some of the cells from the 
population by transferring them to a state in 
which the effect cannot be expressed (for 
example, by loss of cell viability). 

Other processes, such as multi-track pcrturbation of 
the cell cycle, have the potential either to increase or 
to decrease the probability of effect The reduction of 
dose rate increases the time intervals between tracks 
and acrefore is likely to alter the contributions from 
these multiple-track processes. 

34. Simple mathematical extension of equations 1-3, 
now to include multi-track effects, may be made by 
means of a general polynomial. Those equations are 
therefore replaced in general by 

For low-frequency effects, the equation is 

and for negative effects it is 

designating the coefficients as B1 and P2 to denote lhat 
these are negative effects. 

35. Attempts to interpret and apply the coefficients 
al, 9, ... and B1, p2, ... nlust usually rely on parti- 
cular assumptions of radiobiological nlechanisms. 
Many investigations, including experiments, theory 
and lr~odel forniulations, are aimed at identifying the 
assumptions that may be most reasonable under given 
circumstances. Without such mechanistic considera- 
tions, the coefficients provide no more than fined 
values, which may be valid only in the limi~ed range 
of the experimental data themselves. Quite different 
mecha~~istic assumptions can lead to equations such as 
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equations 4-6, either directly or as the first terms of 
polynomial expansion approximations. For exanlple, a 
dose-squared tern1 can arise directly fro111 two tracks 
damaging separate chromosoolcs, which then undergo 
an exchange interaction, or from two tracks creating 
deletions in con~plen~entary chromosomes, causing the 
loss of both alleles of a gene. By contrast an apparent 
dose-squared term can arise from nlultiple tracks 
increasing the overall burden of damage in a cell and 
tbereby partially saturating a repair system and 
reducing the probability of repair of particular damage 
from any one track [G17, S40, WlO]. The reliability 
of extrapolations to low doses, below the range of the 
fitted data, may depend substantially on the appro- 
priateness of the mechanistic assumptions for these 
single cellular effects as well as their relevance to 
carcinogenesis. For example, for exchange aberrations 
there would be a clear expectation of a substantial 
linear term to the lowest doses owing to the ability of 
a single track to damage two separate chromosomes; 
such a one-track occurrence would be much less 
probable for a deletion of two identical alleles, but 
much more probable for a single deletion, which alone 
may be adequate to enhance carcinogenesis. In the 
case of saturable repair, extrapolation to low doses 
would depend largely on the competition between 
repair and fixatiodmisrepair processes and whether 
any types of damage are essentially unrepairable. 

36. When the equation is applied to describe a low- 
frequency effect, such as carcinogenesis or muta- 
genesis, arising from a given initial population of 
cells, it may be convenient to separate out the 
influence of radiation-induced loss of cell viability by 
replacing equation 5 with 

where S@) is the fraction of cells wllich survive 
dose D. S O )  itself may be described by the form of 
equation 6. With high-LET radiation, it may be 
necessary to consider also correlations between 
induction of the initial carcinogenic damage and loss 
of cell viability by the same radiation track [GlS]. 
Additional non-linearity may arise if adjacent cells can 
be involved in control of the growth of an altered cell. 

37. It is frequently found that only the first two 
terms of the polynomials in equations 4 7  are needed 
to describe the experimental data. Most effects on 
cells (e.g. chronlosome aberrations) resulting from low 
to intermediate doses are fitted, therefore, to a linear- 
quadratic equation without including powers of dose 
greater than D ~ .  This simplification may be reasonable 
for radiobiological mechanisms underlying some of the 
possible multi-track processes described in para- 
graph 33, particularly under processes (a) and (b) and 
especially if only two-track interactions occur. A two- 

tenn polyno~nial is unlikely, howcvcr, to be adequate 
to describe and i~~terpolate over the full dose response, 
if it irlcludcs processes (c) and (d). Fronl reviews of 
published data it can be deduced that co~~siderable 
differences are observed between cells of different 
origins with respect to the values of al and 9 [B6, 
B7, T61. For a dose response that can be fitted with 
only the first two ternls in the polynomials in 
equations 4-7 the quotient a,/% equals the dose at 
which the linear and quadratic components contribute 
equally to the observed cellular damage. 

38. An example of the type of response of equation 
7 is provided by observations of myeloid leukaemia 
frequency in male CBA/H mice after 10  different 
doses of x rays in the range 0.25-6 Gy inclusive, 
delivered at 0.5 Gy min-I [MI41 (Figure 11). Median 
survival in all groups was similar, and there was 
essentially no association between induction period 
and dose. The results were fitted by a four-term 
polynomial of the fornl 

and four simplifications of it. The only functions with 
all parameters significantly greater than zero were: 

and 

The latter function was rejected because no cell 
survival response depending solely on D~ is known. 
The observed data could therefore be well fitted by the 
function 

although none of the alternative functions could be 
rejected on statistical grounds. A similar dose response 
for myeloid leukaemia induction in CBA mice was 
reported by Di Majo [D2]. 

3. Low doses and low dose rates: 
microdosinietric considerations 

39. For a homogeneous cell population, the dose 
response for an effect arising solely from a single 
track interacting independently with cellular targeqs) 
should conform with equation 1 and should be simply 
linear with dose (equation 2) if the frequency of effect 
is small. It should extend linearly down to zero dose, 
with no threshold, because reducing the dose simply 
reduces the number of tracks proportionately and, con- 
sequently, the Gequency of effect. The dose response 
should be independent of dose rate, because the time 
interval between tracks is irrelevar~t if the tracks are 
acting totally independently. There may, of course, be 
many other interactions that are adequately repaired 
and do not manifest themselves as damage. 
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40. If t l ~ c  cell pop~l la t io~~ is inhoniogcncous, with 
subpopulations of differing sensitivity, the dose re- 
s p o ~ ~ s c  for single-track effects in cach subpopulatior~ 
should follow the for111 of equation 1, and the overall 
response should therefore show a dccrcasi~~g sensiti- 
vity with i~~crcasir~g dose. Any clther deviations fro111 
the lorn1 of cquatioo 1 must be doe to the effect of 
multiple tracks in SOIIIC way or allother. These devia- 
tions, however, nced not be obviously apparent ovcr 
all portions of the dosc rcsponsc. Hence, apparent 
linearity ovcr an cxpcrimca~~lly accessible portion of 
the dosc rcsponsc docs not guarantee that o111y single- 
track processes arc involved in that region or that 
extrapolation to lower dosc is linear. In general, it is 
expected that multi-track processes nlay depend on 
dose rate as the mean tinic interval bctween cracks is 
varied. Referring to the exar~iplc above, simple expec- 
tations are that a reduction of dosc rate would reduce 
the effectiveness of radiation acting via processes (a) 
and @) (paragraph 33). Predictions for the other 
proccsscs are less clear, bccausc they are likely to 
depend on the timings of the particular proccsses in 
relation to the intervals between tracks and the overall 
irradiation time. For most single-stage proccsscs, it 
may be expected that at very low dose rates multi- 
track effects will beconle negligible, because the tracks 
become effectively ir~dependcnt in time: in this limit 
the dose rcsponsc should conform to equations 1-3. 

41. Available experimental and cpideniiological data 
on radiation carcinogcr~csis can be cotsidered in terms 
of three regions of the dosc response on the basis of 
fundamental microdosimctric considerations assuming 
that the cell nucleus is the relevant sensitive volunie to 
define the limit of possible multi-track effects. These 
are illustrated in Figure 111 by schematic dose-response 
curves, consistent with the Corm of cquation 7, for 
frequency of an cffcct such as a type of tumour in- 
duced by gamma rays, neutrons or alpha particles. The 
upper part of the Figure shows the responsc plotted 
against dose on a linear scale. The lower part shows 
the identical curvcs plotted on a logarithmic scale to 
magnify the lower dosc region; on this part a separate 
dose axis is provided for each radiation type. The 
logarithmic plot also marks on a common axis the 
mean number of tracks per cell nuclcus (assuming 
spherical nuclei of 8 pn1 diarnctcr for these illustra- 
tions). In this way, the corrcspondcnce between dose 
and number of tracks can be read off for cach radia- 
tion. This corrcspondcnce has been calculated IC2.5, 
G5] by established niicrodosimctric melliods based on 
experimental and theoretical data [B42, C24, G2, G4, 
221. In this Figure the dose scale is divided into three 
approximate dosc regions, as described below. 

42. Dose region I (low-dose region). In this dose 
region there arc so few radiation tracks that a single 
cell (or nucleus) is very u~~likcly to be traversed by 

more than o r ~ c  tmck. In this region of "definite" 
single-track a c t i o ~ ~  (less tl~an 4 . 2  mGy for 6 0 ~ o  
gamma rays; see Section IV.A), the dosc rcsponsc for 
single-ccll effects is almost hound to be lincar and 
independent of dose rate. This is because varying the 
dose proportio~~i~tcly varies the nu~nhcr of cells singly 
traversed, and varying l l ~ e  dosc rate varies only the 
tinic bctwecn tliesc i~ ldcpc r~dc~~t  cvc~~ts .  Tl~cse si~iiple 
expectations would bc violated only if the rare multi- 
traversals greatly cnl~anccd t l~c  probability of effect, 
such as may be t l~c  case if radiation carcinogenesis 
requires two radiation-induced stages well separated in 
time. There arc no epidemiological or experimental 
data in or near this region for low-LET radiation, at- 
though a few may approach it for high-LET alpha par- 
ticles and neutrons (C2.5, D51. There is, therefore, little 
direct information about how a cell or a tissue may 
respond to the damage from a single radiation track. 

43. This is, however, the region of main concern in 
radiation protection. For exaruple, a worker who has 
received uniform whole-body gamma-ray exposure 
spread over a year equal to an annual equivalent dose 
limit of 50 niSv [Il l ,  corresponding to an absorbed 
dose of 50 mGy (Q = I), will have received ovcr the 
full year an average of about 50 electron tracks 
through each cell r~ucleus in his body. Multi-track 
proccsscs should tl~cn be relcvar~t only if they operate 
over long periods of time con~parable at least to the 
times between tracks (days). If, instead, the irradiation 
is unifonii with only 1 MeV neutro~ls (and ignoring 
attenuation, energy degradation or gamma-ray produc- 
tion in the body), then the 50 nlSv limit corresponds 
to 5 niGy of neutrons (Q = 10) and an average of 
about 0.05 directly ionizing tracks (mostly high-LET 
recoil protons from the indirectly ionizing neutrons) 
through each ccll nucleus during the year. These tracks 
must clearly act independently unless multi-crack 
processes persist over very long periods of time, 
extending to many years. Exposure is seldonl uniform 
in the body or in time, and cell nuclei have a variety 
of sizes and shapes. Nevertheless, the dose and 
dose-rate region of main practical relevance in 
radiation protection (0-50 mSv per year) is character- 
ized by small average numbers of tracks pcr cell with 
long intervals of time beween them. Effects are, 
therefore, likely to be dominated by individual track 
events, acting alone. This dominance will be even 
greater with llie introduction of the ICRP rccom- 
mendations of 1990 [12] which propose an average 
annual limit of equivalc~~t dosc of 20 mSv and 
increased radiation weighting factors for neutrons 
(>I00 keV to 2 MeV, wR = 20). 

44. For tlic purposes of this rnicrodosinlctric criterion 
for a low dose, the ccll nucleus (approximated here as 
an 8 pm diarnctcr sphere) has been considered to be 
the sensitive volunlc in which multiple tracks niay be 
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able lo ir~flucncc the effects of one another. This 
choice is based on the assumption that radiatiol~ car- 
cinogc~~csis is due to radiatio~~ damagc to t l~c  nuclear 
DNA of a single ccll end that biochcniical proccsscs, 
including repair and misrcpair, may operate ovcr the 
full dirnensions of tlic ~~uclcus.  If influence can extend 
ovcr larger distances, say Sronl kicks in the ccll 
cytoplas~n or in i ~ d j a c c ~ ~ t  cells, then the microdosi- 
metric criterion for a low dosc would nccd to be 
decreased. Conversely, if smaller regions can act 
totally autononlously in respect of initial radiation 
damage and its repair or misrepair, the11 the criterion 
would be increased. In the extreme, if cach short (say, 
6 base pair) segment of DNA were totally autononious 
for damagc and repair, then the microdosimetric 
criterion for a low dose of low-LET radiation would 
be as large as lo9 mGy [G6]. This is clearly much too 
large compared to the doses at which multi-track pro- 
cesses have becn observed experimentally by curvature 
of dose-response or dose-rate dependence in cellular 
and animal systems (Chapter 11). Criteria for designat- 
ing IOW doses and low dosc rates are discussed further 
in Chapter IV. 

45. Dose region 11 (inferrnediate-dose region). In 
this dose rcgion i t  is comnlonly assumed that tracks 
act independently if a linear tcml (a,) is obtainable by 
curve-fitting to equations such as 4-7. However, for 
most of the epider~liologic;~l and experiniental animal 
data used for dose-response curve fitting, the lowest 
dose at which a sig~~ificant effect is obtained is usually 
towards the higher doscs of this dose region, when 
individual cells may, in fact, have becn traversed by 
considerable nun~bcrs of tracks. 

46. The assumption of one-track action for this 
region considers that the relevant metabolic processes 
of the cell are not influenced by the additional tracks 
in any way that could alter the efficiency of these pro- 
cesses and, therefore, the expression of the ultimate 
biological damage of each individual track. This 
region of the dose response, then, should be indepen- 
dent of dose rate. On these assumptions, it is conven- 
tional to interpolate linearly from this rcgion to zero 
dose in order to deduce the effectiveness of low doses 
and low dosc rates of radiation, dosc region I. Such 
interpolation is based on the coefficient al in equa- 
tions 4 7  and on tile assumption that it remains un- 
changed even to vcry low doscs and very low dose 
rates in dosc rcgion 1. There are a number of radiobio- 
logical studics, 111osUy with cclls in vilro, but also 
from i~nimals exposed at different dosc rates, which 
suggest Ihat this common assumption is not univer- 
sally valid (see Sections I.A.4, I.A.5, 1I.A. and 1I.B). 

47. Dose region 111 (high-dose region). In this dose 
region, there are often clearly observable multi-track 
processes causing upward or dowl~ward curvature of 

the dosc rcsponsc, including coopcrativc effects and 
also con~pcting processes suc11 as ccll killing. Dcpen- 
dcncc on dose rate is, thercforc, usually to be expected 
because of time dcl)cl~dcncc in t l~c  multi-track process. 
Mechanisms in Illis dosc rcgio11 need lo be adequately 
understood and dcscribcd i f  such d;~tit arc to be used 
for curve-fitting and e ~ t r i ~ l ) ~ l a t i ~ ~ ~ ,  togctl~er with data 
from dose region 11, to tllc low doscs and low dosc 
rates of prin~c rclcva~~cc i n  radiation protection. 

4. Radiation quality nnd 
relative biological effectiveness 

48. A vcry wide range of radiobiological data on the 
doses required to produce a given level of effect have 
shown that high-LET radiation, including neutrons and 
alpha particles, is more effective than low-LET radia- 
tion [S12]. This greater effectiveness is usually parti- 
cularly marked in the regions of intermediate and low 
dose, which implies that the individual high-LET 
tracks have a greater probability of effect than a very 
much larger number of low-LET tracks. Thus the con- 
centration of energy deposition within the high-LET 
tracks more than compensates for the reduced number 
of tracks per unit dose. 

49. The relative biological effectiveness (RBE) 
values of particular relevance in radiation protection 
are those that apply in the true low-dose rcgion I, in 
which tracks are most likely to act individually. At 
these minimally low doses the RBE of a givcn radia- 
tion should be constant and independent of dosc and 
dose rate, because varying the dosc for both high- and 
low-LET radiation varies only the number of cells that 
are traversed by single tracks. This RBE, at minimal 
doses, could in principle be calculated by direct com- 
parison of measured effectiveness per unit dose of 
neutrons and low-LET radiation in the low-dose region 
I, or from cxperin~ental measurenients of the effective- 
ness of single tracks of the radiation. Current experi- 
mental methods have not been able to achieve this. 

50. Instead, it is cor~ventional to assume that the 
RBE at minimal doscs is also the maximum RBE and 
that it can be estimated as the ratio of the al values of 
the two radiations, determined by fitting equations 
such as 4-7 to t l~e  available data at intermediate and 
high doses. This n~cthod assumes that the multiple 
tracks in the i~~tcnncdiate-dose rcgion do not influence 
the effectiveness of cach other at all and, consc- 
quently, that the a, values arc const;lnt down to zero 
dose and independent of dosc rate. This assumption is 
bcst supported for high-LET radiation, for which in 
virro radiobiological data usually show strongly linear 
dosc responses that vary little with dose rate, with 
some data approaching the true single-track region. 
Notable exceptions have been reported, however, in 
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cellular, animal and hun~an systems (see, e.g. [C22, 
C25, D5, F9, F10, J2, K8, H9, M28, R13, S13, T7, 
T8, U161). The assumption of comtant al, indepen- 
dent of dose rate, for low-LET rcfcre~~ce radiation is 
also called into question by data from numerous 
studies oa cellulrr, and s o ~ i ~ e  ani~nal, systems (e.g. 
[B34, C12, C20, F1, F10, F13, F4, 18, K8, M16, M33, 
0 4 ,  S3, S14, S32, T2, WG]). The general approach of 
estimating risks of high-LET radiations by means of 
RBE values would not be applicable to effects that 
were qualitatively different for, or unique to, high-LET 
radiations. There are indications that such unique 
effects may arise in some cellular systems, including 
the induction of sister chromatid exchanges by irra- 
diation of human lymphocytes before stimulation 
[ A l l ,  A4, S42] and the radiation induction of chromo- 
somal instabilities in haemopoietic stem cells (K91. 
There are also indications of qualitative differences in 
early cellular changes during the development of 
mammary tunlours in n~ice  [U25] and in other in vivo 
effects [H33]. 

5. Deviations from eonventionnl expectations 

51. The conventional approach to estimating both 
absolute biological effectiveness arid relative biological 
effectiveness at minimal doses is based on the assump 
tion of constant al values fro111 dose region LI down 
to zero dose and independence of dose rate. There are, 
in principle, many ways in which this may not be the 
MSC. 

52. For single-cell effects, the assumption may not 
hold if there are significant multi-track processes in 
the intermediate-dose region. Such processes could 
include, for example, the induction of multiple inde- 
pendent steps in radiation carcinogenesis, cellular 
damage-fixation processes and the induction of en- 
hanced repair by small numbers of tracks. There is 
strong evidence of induction of repair or amplification 
of gene products in microbes IS411 and some such in- 
dications in mammalian cells [L15, W6]. Possibilities 
that have been suggested to explain observed dose-rate 
dependence of neutron-induced cell transformation 
include promotion by multiple tracks or enhancement 
of misrepair [HlO], variatior~s of cell sensitivity with 
time [B30, R5] and induction or enhancement of 
repair [GS]. 

53. The general approach described in this Annex 
would also need appreciable modification if the biolo- 
gical effect of interest required damage to more than 
one cell or if it is influenced by damage to additional 
cells. For example, van Bekkun~ et al. [Vl]  and Mole 
[MI41 have hypothesized that radiation tumorigenesis 
involves the transfer of DNA from one radiation- 
inactivated cell to an adjacent radiation-damaged cell. 

In this case the true low-dose region 1 of action by 
individual tracks alone would corrcspor~d to even 
lower doses than in Figure 111, because the volume 
containing the target woulil nccd to be enlarged to 
include adj;icent cells. This two-cell hypothesis could 
be expcrirne~~tally testable witti cpithcrnmi~l ~icutrons, 
whose individual proton-recoil [racks are too short to 
hit the ~~uc le i  of two adjacent cells [G51. 

54. Sor~le of the above processes allow, in principle, 
for the possibility of a true tl~reshold in the dose-effect 
curve, especially for low-LET radiation. The most 
basic, although not sufficient, condition for a true dose 
threshold is that any single track of the radiation 
should be totally unable to produce the effect Thus, 
no biological effect would be observed in the true 
low-dose region (region I), where cells are hit only by 
single tracks. There is little experimental evidence to 
demonstrate such a situation, although collaborative 
studies in six laboratories on the induction of unstable 
chromosomal aberrations in blood lymphocytes given 
acute doses of x rays of 0, 3, 5, 6, 10, 20, 30, 50 and 
300 mGy were able to demonstrate significant 
increases in aberration yield at doses greater than 
20 mGy. Below 20 mGy the observed dicentric yield 
was generally lower than in controls, but not 
significantly so. Excess acentric aberrations and centric 
rings, on the otl~er hand, were higher than in controls, 
although the increase was gcuerally not significant. It 
was concluded that even though these studies involved 
scoring chro~t~osome aberrations in a total of about 
300,000 metaphases sorile variation was observed 
between the different laboratories involved, and the 
lack of statistical precision did not allow linear or 
threshold models at doses below 20 mGy to be 
distinguished [L14]. Data on the induction of stable 
chromosome aberrations in blood lymphocytes from 
individuals of various ages have also been reported 
[Ll]  for doses in the range 50 to 500 mGy. In lym- 
phocytes from newborns chromosome aberrations in- 
creased roughly in proportion to the dose. In young 
adults, however, aberrations were not detected at doses 
of 50 and 100 mGy and for adults not even at 
200 mGy. The difference in detection of aberrations 
was attributed to a high background of aberrations in 
older ages, compared with the newborn. Of the aberra- 
tions examined, one-break terminal deletions were the 
best indicators of exposure at low doses. 

II. MULTI-STAGE MODELS 
OF CARCINOCENESIS 

1. Multi-shge models 

55. In order to become fully malignant, a cell needs 
to undergo a number of phenotypic changes (see 
Annex E, "Mechanisms of radiation oncogenesis"). 
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Evidence from diverse sources suggests that changes 
can be considered as occurring in many stages. This 
Section dcscribcs quanti~~tivc models that have been 
prcvio~rsly dcvclo1)cd for multi-stage carcinogcncsis. 
The true nature of ttic individual biological changes is 
co~isidcred in more detail in Annex E. 

56. The first stochastic multi-stage model for the 
devclopnient of fill1 malignancy from a nornial ccll 
was proposed in 1954 by Armitagc and Doll to 
account for observations that the age-specific 
incidence rates for many adult carcinomas were 
proportional to a power of age [A8]. According to this 
modcl, which has been widely used in risk assessment, 
a normal cell can undergo progressive deterioration in 
a finite number of stages to reach full malignancy. 
The authors later proposed a two-stage nlodel in which 
cells multiply exponentially after undergoing the first 
change and become malignant after the second change 
[Ag]. A similar two-stage model was proposed for 
carcinogenesis in animals [N8]. 

57. None of the above models take into account the 
growth and development of the normal tissue. A 
model that does include growth and differentiation was 
proposed by Knudsen et al. for embryonal tumours 
[H24, K7]. This model has subsequently been 
developed to a form that is claimed to give a good 
qualitative description of the age-specific incidence 
curves of all human tumours [M17, M38] and an 
excellent quantitative fit to incidence data for several 
human tumours that were tested [M42]. The working 
hypothesis underlying this model is based on a genetic 
regulatory schema postulated by Comings in 1973 
[C27]. However, the formalism and parameters of the 
model are not dependent on the particular biological 
identitics of the critical targets and changes. According 
to the schema all cells contain genes, termed 
"oncogenes", capable of coding for transforming 
factors that can release the cell from normal growth 
constraints. The oncogenes are expressed during 
histogenesis and tissue renewal and are normally 
controlled by diploid pairs of regulatory genes, termed 
"anti-oncogenes". A ccll acquires the malignant 
phenotype when an oncogene is expressed at an 
appropriately high level, owing either to inactivation 
of both of the appropriate pair of anti-oncogenes or by 
direct activation of the oncogene itself. This latter may 
occur, for example, if the oncogene becomes 
positioned adjacent to a promoter as a result of 
chromosomal rearrangement or viral insertion. This 
two-stage model presupposes that human tumours 
most commonly arise by mutations of the anti- 
oncogenes. Evidence for this process of carcinogenesis 
comes from, among other things, analyses of familial 
tumours, such as childhood retinoblastonla and Wilms' 
tumour and adult familial polyposis carcinoma of the 
colon. Studies of these tumours indicate that an 

inactiva~ed anti-oncogcnc can be inherited, which 
means that it is present in tliis stage in all cells of the 
individual, greatly increasing the potential for 
malignancy to develop. Ncverthclcss, in such an 
individual at least one otl~cr event is necessary for 
malignancy. In a norr~ial individual, whose cells carry 
oldy normal pairs of anti-oncogenes, at least two 
changes should be necessary. It is recognized that this 
two-stage model may not apply to some tumours that 
are due to direct oncogene activation and that rnay be 
characterized by specific chromosome rearrangements, 
possibly including lymphonla and lcukaemia [M42]. 

58. In this two-stage model, agents that act as 
mutagens, to increase the probability of inactivating 
either one or both of the anti-oncogenes, may be 
regarded as tumour "initiators". Tumour "promoters" 
may be assumed to modify cell kinetics and in 
particular to encourage clonal expansion by greater 
mitotic activity of cells that have undergone the first- 
stage change, thereby increasing the chances that at 
least one of them subsequently undergoes the second 
change and hence becomes malignant [M41, M421. 

59. To apply these multi-stage models to environ- 
mental mutagens, one or more of the rates of muia- 
tion, or of other changes, may be made a function of 
dose [M38]. Dose rate or duration of exposure would 
also need to be considered in relation to the kinetics of 
the nonnal and changed cells [M39]. When the two- 
stage model was fitted to data on lung cancer in mice 
exposed to a single acute dose of gamma rays, the 
results were consistent with the hypothesis that brief 
exposure to radiation acts by enhancing the rate of the 
first mutation in a proportion of the cells [C21]. It 
might be expected that subsequent exposure, either by 
protraction or as a later brief second exposure, would 
also be capable of inducing by chance the second 
mutation in those few cells that had undergone the 
first mutation. 

60. A two-stage model of induction of osteosarcoma 
by alpha particles was formulated by Marshall and 
Groer [M34] to f i t  the entire dose-time-response data 
from radiation in nlan and dog. The model assumed 
two alpha-particle-induced initiation events and a 
subsequent promotion event not related to radiation. 
Competition by alpha-particle killing of cells was 
included. The model predicted that the tumour rate 
should become independent of dose rate at less than 
10 mGy d-' and (hat over the lower dose range of the 
available data the rate would be proportional to dose 
squared and at high doses becornc independent of dose 
(plateau). On the assumption that the two initiation 
events arise from damage to two difierent structures in 
the cell (rather than to one structure thar nlust be 
damaged at two separate times), i t  was concluded that 
at doses of less than 400-1,000 niGy the lumour rate 



would be predominantly due to a linear component of 
dose, because both structures are damaged by a single 
alpha-particle track IM34, M351. In an earlier two- 
stage model for radiation carcinogenesis, Burch [B35] 
assumed that the two changes (regarded as chrorno- 
some breaks) needed to be caused by radiation at 
diffcrcnt times and, as a consequence, the turnour rate 
at low doses depended purely on the dose squarcd. 

61. The net effect of protracting of radiation 
exposure would generally be dillicult to predict from 
multi-stage models, because it would depend on a 
complex conlbination of the effcct of dose rate on 
each individual mutagenic or other change; the cell 
kinetics, and therefore cell numbers, between the 
changes; and whether or not there is a preferred or 
required temporal relationship between the changes 
themselves. Even wilhin the relative simplicity of a 
two-stage model, clear expectations for dose and dose- 
rate dependence would require determining numerous 
parameters of the model, including their radiation 
dependence (dose, dose rate, quality), for the particular 
cancer [L24]. There is clearly scope, in principle, for 
expectations of reduced effectiveness at reduced dose 
rates, owing for example to reduced mutation rates at 
each stage or to selective disadvantage in growth 
kinetics for cells that have undergone the first change 
relative to normal cells. Conversely, there is also 
scope for expectations of increased effectiveness at 
reduced dose rates, due for example to inaeased rates 
of mutation at each stage (by analogy, perhaps, with 
the increased transformation and mutation rates 
reported with high-LET radiation in some in vifro 
systems [H9.J2, M28, R131) or to selective advantage 
and clonal expansion of cells that have undergone the 
first change. The range of possible expectations 
becomes even wider in the likely event that carcino- 
genesis depends on more than two stages, particularly 
if radiation as well as other environmental or sponta- 
neous factors can play a role in a number of these 
changes. 

2. Thrtsholds in the dose-effect relationships 

6 2  A necessary, but not sufficient, condition for an 
absolute threshold in the radiation dose-effect 
relationship is that any single track produced by the 
radiation is totally incapable of producing the 
biological effect. This absolute criterion can be 
considered at three levels of changes in the car- 
cinogenic process: the initial elementary physico- 
chemical changes to biological molecules, the 
repairability and combinations (if any) of molecular 
damage required to produce single-stage cellular 
changes, and the combinations (if any) of separate 
cellular changes required for a cell to reach full 
malignancy. Even when the criterion does apply, 

multi-track cffccts rnay be sufficient to preclude a true 
~hrcshold, although the dose response should then tend 
to zero slope as the dose tends to zero. 

63. Biophysical analyses based on Monte Carlo 
siniulations of radiation track structure show clearly 
that all typcs of io~~izing radiation should be capable 
of producing, by single-track action, a variety of 
damage to DNA, includi~lg double-strand breaks alone 
or in combination with associated damage to the DNA 
and adjacent proteins [C26, G6, G201. In essence, this 
is because all ionizing radiation produces low-energy 
secondary electrons, and tl~ese can cause localized 
clusters of atomic ionizations and excitations over the 
dimensions of the DNA helix. Hence, for these types 
of early ~uolccular damage there can be no real pro- 
spect of a threshold in the dose-response relationship 
for any ioi~izing radiation. This statement is even more 
categorical for bigh-LET radiation, which is capable of 
producing even greater clusters of ionizations and 
excitations over the dimensions of DNA and its 
higher-order stnlcturcs (see Table 2 [G6, G201). 

64. Expectations of a dose threshold for cellular 
effects depend on the assumptions that are made 
regarding cellular repair and the combinations of 
molecular damage that are required to cause the effect. 
Very many different mechanistic biophysical models 
have been proposed to explain radiation-induced cellu- 
lar effects such as cell inactivation, mutation and 
chromosome aberrations. Solne of these models have 
been summarized by Goodhead [G3, G191. There has 
developed from these models a near-consensus that the 
biologically critical damage by which single tracks can 
lead to cellular effect is dominated by local properties 
of the track structure over dimensions of 0.1-50 nm. 
The mechanistic models variously assume that the 
cellular effect is the result of the following: DNA 
double-strand breaks either singly [C5, C23, R12], 
both singly and in pairs p7] or in larger numbers 
[G22]; pairs of DNA single-strand breaks [R15] or 
simple damage to pairs of unspecified atoms such that 
the damage to each is due to single ionizations or 
excitations only, independent of radiation quality [K6, 
Zl]; pairs of unspecified chromatin damage [H23, 
V4]; localized clusters of radiation damage in unspeci- 
fied molecular targets, either singly or in targets of 
dimensions similar to DNA [G16, G20] or nucleo- 
somes [GI& G20] depending on radiation quality, or 
singly and in pairs in targets of unspecified dimen- 
sions [C28]; unspecified single or double lesions, 
probably in DNA, but qualitatively similar independent 
of radiation quality IT211; multiple (two or more) ioni- 
zations in small structured targets 18361; or damage to 
DNA and associated nuclear membrane [A7]. In all 
these mechanistic nlodcls a single radiation track from 
any radiation is capable of producing the full damage 
and hence the cellular effect. 
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65. In agreement with thesc mechariistic models. 
track structure analyses, as well as sirnple linear extra- 
polations to low dose of nieasured biocheniical 
damage, indicate that a single track, even from tlle 
lowest-LET radiation, has a finite probability of 
producing one, or more than one. double-strand break 
in a ccll (Table 3). Hence, cellular consequences of a 
double-strand break or of interactions between then1 
should be possible even at the lowest doscs or dose 
rates. This expectation would be contradicted for low- 
LET radiation only if cellular repair ol'small nunibers 
of double-strand breaks, even with associated daniage, 
were totally efficient in all the cells. There is no 
evidence to demonstrate this, but existing experimcnta! 
assays arc not able to test it extensively due to limited 
resolution of types and quantities of damage. 

66. In addition to mechanistic models of cellular 
effect, as above, there are current phenomenological 
models based on correlation of effect with patterns of 
radiation energy deposition over much larger distances 
of -1p [B33, F12, H Z ,  KS]. Even these approaches, 
with one exception [ H Z ,  K5], agree that a single 
radiation track can produce the cellular effect. The one 
exception agrees for high-LET radiation, but it 
assumes that for low-LET radiation the damage from 
a number of tracks has to accumulate before any cellu- 
lar effect is possible. This assuniption leads to an 
initial slope of zero, although not a true threshold. 
Experimental support for this assumption is lacking. 

67. Despite their very different assumptions and 
almost without exception, these biophysical models 
lead to the common view that a single track of any 
ionizing radiation is capable of producing cellular 
changes, including mutations and chromoson~e aberra- 
tions. On this basis no absolute dose threshold would 
be expected for the individual cellular changes 
responsible for individual stages of the carcinogenic 
process. The difficulty of experimentally proving, or 
disproving, this expected total lack of a dose threshold 
for single cellular changes is complicated by the 
possibilities of adaptation or induced repair after small 
numbers of tracks [C20, 18, M33, 0 3 ,  0 4 ,  P8, S3, 
S32, W6]. However, unless such "adaptation" is so 
fast that it can act with total efficiency on the very 
first track itself, it would not be able to introduce a 
true dose threshold, although it might complicate the 
shape of the dose response at slightly higher doses and 
also its dose-rate dependence. 

68. The final level at which an absolute dose 
threshold might exist is at the two (or more) stages of 
two-stage (or multi-stage) carcinogenesis. The simplest 
such situation would arise if the malignancy required 
that radiation should bring about both changes and that 
they should be well separated in time. Then, one track 
would be totally unable to achieve this, and so even 

would any single, brief exposure. If tlle exposure were 
protracted or repeated, or if the time separation were 
not required, but if a single track were still incapable, 
then the slojle of tlie dose response would tend to zcro 
as the dose tcndcd to zcro (as, for example, in a pure 
dose-squared dependence), Although this would not 
imply a true thresliold, tile risk would beconle vanish- 
ingly snisll at the lowest doses. There arc, however. 
many ways in which thesc requirements could, in prin- 
ciple, be violated and thereby introduce a finite slope 
without a threshold or vanishing risk. These include: 

(a) if malig~iancy could result from the two essential 
changes occurring at the same time from a single 
track, especially if it were a high-LET track; 

(b) if one or other of the two changes could occur 
spontaneously, or as a consequence of other 
environmental factors, so that only one radiation- 
induced change was necessary, as suggested, for 
exaniple, when the two-stage model was fitted to 
lung tumours in mice after brief exposure to 
radiation [C21]; the occurrence of spontaneous 
tumours does also indicate that all the changes 
can occur without radiation; 

(c) if the cells of an individual already had one 
change due to inheritance so  that only one 
radiation change was sufficient for malignancy; 

(d) if the malignancy could result from a single 
radiation-activated oncogene instead of solely 
from a pair of inactivated anti-oncogenes; 

69. In view of these many possibilities, it would be 
difficult to conclude on theoretical grounds that a true 
threshold should be expected even Gom multi-stage 
mcchanis~ns of carcinogenesis, unless there were clear 
evidence that it was necessary for more than one 
time-separated change to be caused by radiation alone. 
The multitude of animal and human data showing an 
increase in tumours after a single brief exposure to 
radiation and also the occurrence of spontaneous 
tumours in the absence of radiation, implies that these 
restrictions do not apply in general. These theoretical 
considerations cannot preclude the possibility of 
particular situations where the probability of an effect 
at low doses may be very small, and even practically 
negligible, compared with that at higher doscs. This 
topic is considered further in Annex E, "Mechanisms 
of radiation oncogenesisn. 

C. MECHANISMS OF DOSE-RATE EFFECTS 
W MAhlMAIAAN CELLS 

70. For low-LET radiation, dose rate has been shown 
to be a major factor in the response of mammalian 
cells. Since the early days of cellular radiobiology, the 
sparing effeck of dose protraction have been intcr- 
preted as reflecting increased repair of induced cellular 
daniage. Thc magnitude of dose-rate effect for ccll 
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inactivation varies between different cell strains; this 
is reflected usually, but rlot always, by the cxtcnt of 
the shoulder on acute dose-responsc curves [H2]. 

1. Repair of DNA dunloge 

71. There is strong evidence fro111 a rangc of in vilro 
cellular studies that the most significant detrinicntal 
effccts of radiation derive from its ability to damage 
DNA in mammalian cclls (see Annex E, "Mechanisms 
of radiation oncogcncsis"), and if this is the case then 
it can be assumed that the fidelity of repair of induccd 
DNA damage is a major detemiinant of the dose-rate 
effect, although there arc nlarry other factors involved 
in the subsequent dcvelopnicnt of a tumour following 
Ilrc initial DNA lesion. Direct evidence on this issue 
has becn obtained through studies with radioscnsitive 
mutants of nianimalian cells that carry defects in DNA 
processing. 

7 2  Ataxia-telangicctasia (AT) is an autosomal 
recessive genetic disease with complex clinical 
nianifestations [MlO]. Radiotherapeutic obscrvations 
provide clear evidence of the in vivo sensitivity of 
ataxia-telangiectasia patients to low-LET radiation. 
Studies in vitro show ataxia-telangiectasia radiosensi- 
tivity to have a cellular basis, and for acute doses AT 
cclls show a two- to tl~recfold iricrease in their 
sensitivity to the leffral and clastogenic effects of 
low-LET radiation [L5, TS]. However, most import- 
antly, the ataxia-telangiectasia mutation(s) alniost 
completely abolishes both the capacity of cells to 
repair x-ray-induced potentially lethal damage and any 
sparing effect of gamma-ray dose protraction. The 
effect of the ataxia-telangiectasia mutation(s) on 
hurnan cellular radiosensitivity was most dramatic 
aftcr chronic gamma-ray exposure at a dose rate of 
2 niGy min".; where aftcr an accumulated dose of 
2 Gy, the number of unrcpaircd lethal lesions in a 
normal ccll strain was -0.3 per cell, while the 
corresponding value for ataxia-tclangiectasia strains 
was -5.0 [C12]. Thcsc data, together with those on 
potentially lethal damagc repair after acute doses, have 
becn used to argue that the rate at which cells sustain 
radiation darnage is a major factor in the efficiency of 
repair and that ataxia-telangiectasia cells are blocked 
in a major radiation repair pathway [C12]. Biochemi- 
cal studies so far appear to have failed to identify a 
consistent DNA-repair defect in auxia-telangiectasia 
cases, including DNA double-strand break rejoining 
[L5, T41. However, usirrg a niolecular assay based on 
the cell-mediated rejoining of restriction endorruclease 
induced DNA double-strand breaks in plasmid DNA 
substrates, some evidence for reduced fidelity of 
double-strand break rejoini~rg has been obtained in 
Ihe Sv40-transfornied ataxia-telangiectasia ccll line 
IC13, T4]. However, further studies failed to observe 

a similar cffcct with a related plastirid [Gl l ] ,  sug- 
gesting Urat an apparent cffcct on overall lransfection 
frequency is related not only to repair deficiency but 
also to sensitivity of potential transfcctants to thc 
selective agent. A reduction irr repair fidelity has also 
been rcportcd i n  a radioscl~sitive n iu ta~~ t  of V79 
Chincsc I~;~rnstcr cells [Dl],  but ll~crc are still no data 
on dosc-riit~ effects in this niubnt. It might be 
expected ll~at inaccurate repair of double-strand breaks 
in viva might lead to inneased ionizing radiation 
mutability. Ataxia-telangiectasia cells, however, show 
nonnal spontaneous or ultraviolet mutability, and 
althougli they show increased chronrosome reanange- 
n~ents following exposure to ionizing radiation, they 
show eilhcr a reduced mutability or an increased 
incidence of mutation similar to nornial cells [ G l l ,  
7221. In Annex E, "Mechanisms of radiation onco- 
genesis", it  is rioted that cell rilutageriesis and DNA 
repair data rnay be used to argue that oricogenic initia- 
tion following ionizing radiation may occur more 
frequently through DNA deletions and/or rearrange- 
ments than through point n~utations. There is, how- 
ever, insufficient evidence at present on this important 
aspect of orrcogenic initiation. 

73. A correlation between reduced dose-rate effects 
for cell inactivation and deficiency in DNA double- 
strand break rcpair has also becn established in 
radiosensitive mutants of CMO Chinese hamster cclls 
[Kl ,  T3] and L5178Y mouse lyniphonia cells [BlO, 
E4, ES, WS], further strengthening the link between 
dose-rate effects and the repair of a specific radiation- 
induced DNA lesion. In addition, some of the above 
data also indicate &at the fitted initial slopes, a,, of 
dose-effect curves are riot constant and may be 
modified by cellular repair processes. 

74. The extent to which radiation-induced DNA 
damagc may be correctly repaired at very low doses 
and very low dose rates is beyond the resolution of 
current experimental techniques. If DNA double-strand 
breaks are critical lesions determining a range of 
cellular responses, includi~rg perhaps neoplastic 
transformatioli, then it niay be that wholly accurate 
cellular repair is unlikely even at Ihc very low lesion 
abundance expectcd after low dose and low-dose-rate 
irradiation [TS]. 

75. Radiation-induced molecular damage to both 
DNA strands at the same point has a finite probability 
of generatilrg a scission in the initial DNA substrate, 
with nuclcotide base modil'ications on both strands. 
Repair c~rzyr~re activity may remove these but, in 
doing so, it will create a secondary substrate that 
cannot be retunled to its original undamaged form 
without the prescnce ofthe necessary template [F3]. In 
the absence of such aids to repair, the lesions will tend 
to be nrisrepaired, producing ir~trachromosomal dele- 
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lions or intcrchromosonial translocatiol~s that arc the 
hallmarks of radiation danlagc in mammalian cclls 
(see Annex E, "Mechanisms of radiation oncogcnesis", 
and [El 1). The existence of such radiation-induced 
double-strand DNA lesions, which may be cxtrcmcly 
difficult to repair correctly, would in~ply the absence 
of threshold for initial d;~mi~gc to DNA, CVCII when 
there arc very few double-strand breaks, and hence 
absence of thrcsl~olds for stable changes to individual 
cclls. 

76. This postulate may be contrasted with that for 
ultraviolet, whcre there is experimental evidence that 
biologically critical cellular damagc arises as a conse- 
quence of the induction of ultraviolet photoproducts 
that principally affect the nucleotidc bases on one 
strand of the DNA duplex. Ultraviolet-modified bases 
may be excised from lhc damaged strand by DNA rc- 
pair complexes, leaving a gapped strand that may then 
be accurately filled with the appropriate nucleotides 
using the coding sequence of the undamaged strand as 
a template [F3, M2]. 

77. From a mechanistic standpoint such single-strand 
damage excision proccsses, which also act on many 
chemically induccd DNA base adducts, nlay be regard- 
ed as potentially error-free [M2], although even here 
mistakes in copying may occur. Thus, although in 
principle the efficient (subsaturation) operation of 
single-strand excision processes in cells could result in 
wholly accurate rcpair and ;I dose-effcct relationship 
with a threshold at low doscs, in practice such 
thresholds are unlikely to exist for the initial damage 
to DNA from ionizing radiation. Apparent low-dose 
thresholds for the ultraviolet-inactivation and mutation 
of cultured human cclls have, howcvcr, been demon- 
strated [M2]. 

2. Effect of dose rate 

78. A number of studies have been reported on the 
influence of dose rate from low-LET radiation on cell 
mutagcnesis. In cultured rodcnt cells, radiation muta- 
genesis may be considerably reduced by dose pro- 
traction [T2, T5]. In contrast, in a human lymphoblast 
system, continuous exposure to radiation from tritiated 
water [L6] or from daily exposure to x-ray doses 
~ 0 . 1  Gy [ G l l ]  failed to produce any rcduction in 
induccd mutation frequency. This response may not, 
however, be characteristic of the response that would 
be obtained for nonnal cclls in vivo. In human TK6 
cells, the llprr and tk mutation frequencies after acute 
x-irradiation and continuous gamma-irradiation (0.45 
and 4.5 mGy rninm1) showed linear responses and no 
dose-rate dependency [K4]. The dose rate of 0.45 
mGy min-' is one of the lowest used for mutation 
studies of cclls in culture. While i t  is possible that 
these observations highlight a real difference between 

human and rodcnt cclls in it low-dose radiation 
response and in the potc~~tial for rcpair, there are 
complex issues rcg;~rding dose-rate cffccts on ccll 
n~utagcncsis Ulat nccd to bc considcrcd [T5]. 

79. For tllc induction of u~~st ;~blc  cl~rornoson~c aber- 
rations (diccntrics and acc~~tr ic  rings) in human lym- 
phocytcs by low-dose atld low-dose-rate radiation, 
there has been co~~sidcrablc interlaboratory variation in 
aberration yield, so the nlagnitudc of any dose-rate 
effect at low doscs is not clear [L14]. It has becn con- 
cluded, howcvcr, that at low doses, bking all data to- 
gether, aberration yicld is probably linear with dose 
and independent of dose rate [El]. Recently, however, 
observations on the cxiste~~ce of a radiation-induced 
adaptive response in hurlla11 lymphocytes have raised 
questions about the response at low doses. In these 
experiments it has been shown, for example, that lym- 
phocytes exposed to an x-ray dose of 0.01 Gy (corres- 
ponding to an average of 10 tracks per cell) become 
adapted so  that only about half as many chromatid 
deletions are induccd by a subsequent challenge with 
high doscs (e.g. [W7]). The mechanisms and gencral- 
ity of this potentially important post-irradiation 
response have yet to be established, but it has been 
shown that cellular protein synthesis is necessary for 
the development of the adaptive response and that a 
dose of 0.01 Gy from x rays reproducibly induces the 
synthesis of a nurnber of cellular proteins (putative 
repair enzymes) not found i n  unirradiated lymphocytes 
[W7]. The effect of radiation on cellular processes has 
recently been reviewed by Wolff [W4]. 

80. A number of models have becn published that 
ascribe the rcpair of radiation damage in the quadratic 
region of the dose response to a rcduction in sublethal 
or submutagcnic damage. Thus, Leenhouts et al. [L20] 
modelled cellular damagc and its repair in terms of 
induced DNA double-strand breaks; these may be 
reduced in number in a cell either by the rcpair of 
single-strand breaks or by the rcpair of double-strand 
breaks, which might not always be perfect On this 
basis, three regions of the dose response can be 
distinguished: an acute dose-rate region (>60 Gy h-I), 
where exposures are very short compared with the 
repair rate of sublethal or submutagcnic damage and 
where a linear quadratic dose-effect relationship is 
measured; a region of protracted dosc rate, whcre the 
radiation effect decreases with decreasing dose rate; 
and a region of lower dosc rates, where the rcpair of 
sublethal damage is essentially complete and tllc dose- 
rate effect is cssenti;illy negligible. These different 
regions will not ~~cccssarily be the sanlc for all ccll 
types. Sinlilar pattcn~s of response could be obtained, 
however, if the feature of cellular response giving rise 
to the quadratic component included a component that 
could be attributed to the saturation of repair 
processes. 
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81. Guida~lce on expected effects at low doscs and 
low dose rates can be sought froin the quantitative 
models that have been devclopcd to describe the 
available radiobiological alld epidemiological data. 
Radiobiological data for effects on single cells under 
a variety of conditions have led to the development 
of many quantitative models, mechanistic or 
phcno~nenological, for single radiation-induced 
changes in the cells. Multi-stage models of radiation 
carcinogenesis, based on epidemiological or animal 
data, assume that a series of two or more changes is 
required before a cell bcconles nlalignar~t and that 
radiation can induce at least some of these changes. 
The biophysical concepts underlying the different 
~iiodels can be described in ternis of general features 
of target theory, because the insult of ionizing 
radiation is always in the form of finite numbers of 
discrete tracks. In this way fundamental expectation 
can be sought on the nature of overall dose 
responses, their dependence on dose rate and their 
features at the low doscs that are of greatest practical 
relevance. Radiation carcinogenesis involves complex 
changes after the initial cellular damage. The cellular 
effects and concepts of appropriate models have been 
enlphasized in this Chapter. Other aspects, including 
organ effects, arc considered later in this Annex. 

82. Dose responses can be subdivided into regions. 
In region I, a negligible proportion of cells (or cell 
nuclei) are intersected by more than one track and 
hence dose responses for single-stage effects can be 
confidently expected to be linear and independent of 
dose rate. In region 11, many tracks intersect each 
cell (or nucleus), but multi-track effects may not be 
observed in the experimental data, so  independent 
single-track action is commonly assumed, although 
true linearity and dosc-rate independence hinge on 
the validity of this assumption. In region 111, multi- 
track effects are clearly visible as non-linearity of 
dose response, and hence dose-rate dependence, is 
likely. The simpler forms of the dose-response 
relationship can be expanded as a general poly- 
nomial, with only the dose and dose-squared terms 
being required to fit most experimental data, 
although sometimes a separate factor is added to 
account for competing effects of cell killing at higher 
doses. The induction of an effect can then be 
represented by an expression of the following form: 

in which al and a, are coefficients for the linear and 
quadratic terms for the radiation response and and 

p, are lillcar and quadratic tcrnm for cell killing. It 
is generally assumed that at sufficiently low doses, 
al will bc constant irnd indcpende~~t of dose rate. In 
this approach i t  is conimon to regard the fitted linear 
cocfficici~t as being constant and fully representative 
of the response extrapolated down to minimally low 
dose and dosc rate. However, there are in the litera- 
ture d;~ta froni numerous studies that violate this 
simple expectation, for both low-LET and high-LET 
radiation. Many of these imply that multi-track 
effects can occur in the inter~ncdiate-dose region (II) 
and that even when the dosc response appears linear 
it may be dose-rate dependent and non-linear at 
lower doses. 

83. Low-dose and low-dose-rate expectations based 
on multi-stage processes of carcinogenesis depend 
crucially on the detail of the radiation dependence of 
the individual stages and on the tissue kinetics. 
Expectations could, in principle, readily range 
between two opposite extremes. On the one hand a 
linear term could be absent entirely, implying 
vanishing risk as the dosc tends to zero, as should be 
the case if two (or more) time-separated radiation 
steps were required. On the other hand, there could 
be, right down to the lowest doses, a clear linear 
term that even increases with decreasing dose rate, as 
may occur if either of the stages can occur sponta- 
neously and if there is clonal expansion between 
them. 

84. Consideration has also been given to the 
possible existence of a true dose threshold in the 
response to radiation. It is highly unlikely that a dose 
threshold exists for the initial molecular damage to 
DNA, because a single track from any ionizing 
radiation has a finite probability of producing a 
sizable cluster of atomic damage directly in, or near, 
the DNA. Only if the resulting molecular damage, 
plus any additional associated damage from the same 
track, were always repaired with total efficiency 
could there be the possibility of a dose threshold for 
consequent cellular effects. Almost all of the many 
biopliysical models of radiation action assume that 
there is no such threshold for single-stage changes iri 
cells. Multi-stage models of carcinogenesis could 
lead to expectations of a dose threshold, or a 
response with no linear term, under particular, highly 
restricted sets of assumptions. Available data imply 
that these restrictions do not apply in general to all 
turnours, although they may in some particular cases. 
These fundamental considerations cannot preclude 
practical situations where the possibility of effects at 
low doses may be very small or where significant 
tissue damage is necessary for particular types of 
tunlour to develop. 
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11. DOSE-RESPONSE RELATIONSHIPS 
IN EXPERIMENTAL SYSTEhlS 

85. To provide an expcri~ucntal basis for assessing 
the effccts of dose rate on cnllccr induction in man. 
information is aveilablc fro111 a 11u111bcr of sources. 
Tumour induction in ani~nnls provides the main 
source, but both the transformation of cells in culture 
and the induction of somatic and gem1 cell mutations 
arc also valuable for assessing thc influence of dose 
and dose rate on Uic initiating cvent(s) resulting from 
damage to DNA. The following Sections review 
information from these areas of rescarch that are 
relevant to considerations of dose-rate effects for 
cancer induction by both low- and high-LET radiation. 

86. In the UNSCEAR 1986 Rcport [U2] information 
on dose-response relationships for mutations, chromo- 
somal aberrations in mammalian cells, cell transforma- 
tion and radiation-induced cancer were reviewed. 
Three basic non-threshold models were considered for 
bolh cellular effects of radiation and for cancer induc- 
tion: linear, linear-quadratic and pure quadratic models 
(Figure IV). It was concluded that for most experi- 
ments and end-points the prevailing form of the dose- 
response relationship at intermediate to high doses of 
low-LET radiation is concave upward and can be 
represented by an equation of the fonn 

in which a. is t l~e  spontaneous incidence, al and % 
are coefficienls for the linear and quadratic terms for 
the specific cellular response and S@) is the probabi- 
lity of survival of transformed cells having received 
the absorbed dose D. The probability of survival may 
be expressed as 

where and & are coefficients of the linear and qua- 
dratic terms of ccll killing. For mammalian cells ex- 
posed to low-LET radiation, values of the parameter 
al/q for mutations and chromosome aberrations 
(equivalent to the dose at which the linear and quadra- 
tic terms contribute equally to the response) cluster 
around 1 Gy (geometric mean, 1.27 Gy) while values 
of the parametcr p1/p2 for cell sterilization are 
generally much higher, in the range 2-10 Gy (geomet- 
ric mean 7.76 Gy) [B27]. The difference appears to be 
due mainly to higher values of the linear term for cell 
killing, in accordance with conclusions that, at least at 
low doses, Ulc loss of proliferative capacity of cells is 
caused by damagc that is not all observable as chro- 
mosomal changes at mitosis IB31, B381. Some may be 
associated wilh less scverc damagc [B13]. 

87. An exaniple was given in the UNSCEAR 1986 
Report [U2] of how the range of survival parameters 

for ccll lilies of varying sensitivity for ccll killing 
would affect the sl~apc of the dosc-response curve for 
turriour induction, and hcncc tllc reliability of 
extrapolation fro111 risks obtained at i ~ ~ ~ c r ~ i i c d i a t e  doscs 
to the low doses that arc generally of practical 
concern. In this analysis [U2], the Co~~i~i i i t tce  selected 
two values of the al/a2 quoticnt for tuniour yield (or 
mutation/aberration yield) applying to x rays and 
gamma rays: 0.5 Gy and 2.OGy. For survival 
characteristics, the bone marrow stem cell was 
selected as the most sensitive. Its survival curve is 
described by fll = 0.4 G ~ - ~  and & = 0.08 G ~ - ~  [El. 
For h e  least sensitive cell, a hypothetical cell line was 
assumed with survival parametcrs f l l  = 0.1 and 
p2 = 0.08 G ~ - ~  [B5]. To normalize the dab ,  a lifetime 
cumulative incidence at 3 Gy of 150 cases per 10,000 
population (150 lo4 G ~ - ' )  was assumed. The results 
in terms of the cumulative tumour incidence from 
doses of 1 mGy to 4 Gy for all combinations of a,/% 
and are plotted in the upper part of Figure V. In 
the lower plot of Figure V, the data have been 
redrawn giving relative risks normalized to the same 
value of the al cocficient. 

88. From this analysis, three conclusions can be 
drawn. First, the sensitivity to ccll killing has a more 
pronounced effect on the shapc of the dose-response 
relationships than the a,/% quotient. Secondly, for the 
cells most sensitive to killing (S,,;,, minimal survival), 
the relationship is concave downward, with maxima at 
2-2.5 Gy. Since such curves are not observed for 
human cancers after exposure to low-LET radiation 
(i.e. reaching maximum values at doses of about 
2 Gy), it seems likely that the assumed sensitivity is 
too high for in vivo irradiation. This would be 
consistent with the lower sensitivity of single cells 
irradiated in situ. Thirdly, for the cells least 
susceptible to killing (S,,, maximum survival), the 
overestimate of the tumour yield per unit dose at low 
doses by linear extrapolation from 1-2 Gy down to 
0.001-0.01 Gy ranges from 3.0-2.5 at a l / a 2  = 0.5 Gy, 
to 1.2-1.3 at a1 /a2  = 2 Gy, respcclively. 

89. The maximum overestimation of the risk results 
from totally neglecting cell killing. In such a case the 
overestimate of the risk at low doscs from risks 
observed at high doscs, D, can be calculated from 
equation 12: 

The extent of overestimation of the risk corresponds to 
the dose and dose-rate effectiveness factor @DREF) 
of ICRP 1121. 
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90. Lincar cxtrapolatio~l fro111 3, 2 and 1 Gy down to 
a low dosc of, say, 0.01 Gy for ccllular systems w i ~ h  
a riingc of a , / q  quoticr~ls h c t w c c ~ ~  0.5 Gy aud 2 Gy 
wol~ld U~us i~lvolvc the ovcrcsti~~latcs of radiation 
cffcct shown ill UIC Tablc below. Thus, for a ccll 
rcspollsc wit11 all u l / u 2  quotient of 1.0 Gy, if tllc risk 
is i~sscsscd at 2 Gy tl~cn lincirr cxlrapolation lo asscss 
Ulc risk at low doscs will ovcrcstinlatc the risk 
cocfficicnt by ;I factor of about 3. If thc risk is 
assessed a t 3  Gy, however, tile DDREF would be 4. In 
practice, h e  availablc cpidcmiological and cxpcrimcn- 

tal data on luluour i~~cidcncc gcncrally do not allow 
rciiablc csli~natcs to hc I I I : I ~ C  of u,  and %, and 
tunlour i~~cidcncc d:tti~ 111) to i~hout 2 Gy arc frcqucntly 
compatible wit11 lilrcar or lincar-quadri~tic modcls, 
althougl~ :I variety of tlosc-rcsj)onsc curvcs have been 
obtained (Figurrs VII-XV). This typc of nlodclling 
approach docs, I~owcvcr, i~ldici~tc tl~at tu~uour induc- 
tion ralcs at low doscs, whcn bascd on inforn~at io~~ 
obtained at i~~ te r~ncd i i~ tc  doscs, will, in t l~c  absence of 
significant ccll killing, trlld to be overcstilnated by 
lincar cxtrapolalion. 

DDKEF 

20 25 1.5 

91. Of concern for radiation protection is how 
cellular damagc by ionizing radiation ~rlallifcsts itself 
as long-tern1 effccts, with cancer induction and 
hcrcditary discasc bcing the main cffccis of conccrn at 
low doses and low dose rates. The induction of 
hcrcditary discasc by ionizing radiation may be readily 
explained in tcnns of damage to the genetic material 
that is manifcstcd in futurc generations. For cancer 
induction in both animals and humans the situation is 
more complex, because tumours in somatic tissue can 
arise many years aftcr cxposurc to radiation, followi~lg 
dcvclopment through a succcssion of events. Expcri- 
mentally, cancer caused by exposure to radiation or 
olhcr agcnts appcars to bc thc result of a multi-stage 
proccss. In the liver, skin, oesophagus, colon and othcr 
complex epithelia the cancer induction process can be 
considered to consist of three stages: initiation, 
promotion and progression, which are described in 
Anncx E, "Mechanisn~s of radiation oncogcnesis". An 
initiating event can rcsult from a single exposure to a 
genotoxic carcinogen that altcrs a ccll or a group of 
cells, giving a potential for cancer to devclop. This 
damagc may be repaired but it may also be irrcvcr- 
sible, although the cell and its progeny may never 
dcvelop to form a tumour. This initial damage may 
conform to single- or multi-hit models. Subsequent 
exposure to tulnour prolnotcrs pennits the neoplastic 
changes to bc cxprcsscd in initiated cells, with the 
rcsi~lt Lhat tumours dcvclol). Further sti~nulation nlay 
thcrcforc aid tbc progression of the tumour. Sonle 
chcn~ical agcrlls act as iniliators, s o ~ n c  as promoters 
and olhcrs as both [A3]. Ri~dia~ion can act in a dual 
capacity, as cancers nlay sppcilr lliany years aftcr 
exposure to radiation witl~out any furthcr radiation 
stimulus, howevcr, a1 rclativcly high doses, radiation 
damage to s u r r o ~ ~ n d i ~ ~ g  tissue nlay also play a pronlo- 
tional role in canccr dcvclopmcnt. Many other envi- 

ronmental factors, i~lcluding horn~ones, immunological 
factors or cigarette smoke, nlay also play a promoting 
role aftcr an initiating cvcnt. 

92. The problcms in asscss i~~g risks of cancer for 
exposures to low-LET radiation at low doscs and low 
dose rates, whcn human data arc available mainly at 
high doscs aud liigl~ dosc riitcs, were sunirnarizcd by 
the NCRP [Nl]. The dosc-rcsponsc rclatio~~ships are 
illustrated in Figurc I ,  which givcs scl~crnatically data 
points and possible dose-response curvcs for cancer 
incidence. Frequently, as in this example, data points 
arc only availablc at rclativcly high doscs. The 
approach cornlnonly used in risk asscssrncnt is to fit 
a linear dose-response rclationship to the data 
(curve B), a proccdurc that is usually considered to 
give an uppcr linlit to Ulc risk at low doses [C4, 11, 
U4]. If this lincar relationship is due to single tracks 
acting independently, then the effect per unit dose (the 
slope of the line, all, or risk cocfficicnt at high doses 
and high dosc rates) would be expected to bc inde- 
pcndcrlt of dose magnitude and dose ratc. In practice, 
howcvcr, this is not gcncrnlly the casc, and experin~cn- 
tal data suggcst dlat a lincar-quadratic rclationship 
(curve A) will frcqucntly provide a better fit to the 
data, ilnplyir~g Illat d i~~nagc  is the result not only of 
singlc inlcractio~~s but also of othcr, more complex 
interactions. Otl~cr explanations for the quadratic 
function ill thc rcsporlse arc also possible, such as 
saturation of rcpair proccsscs [T16]. With a progrcs- 
sivc lowcr i~~g of tile dosc and/or thc dosc ratc, allow- 
i~lg  nlorc opportul~ity for rcpair of da~nagc and less 
opporlu~ity for interacting cvcnls, a point may ulti- 
mately bc rcachcd at which dami~ge is produccd as a 
rcsult of si~lglc c v c ~ ~ t s  ;~cting alo~lc, giving a linear 
rcspossc (curve D, slope aL) with tile c h c t  propor- 
tiorla1 10 dose. A sinlil;~r rcsponse would be obtained 
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by lowering the dose rate alone, as eve11 at high total 
doses, lesions accun~ulate more slowly. Thus, experi- 
mentally, the effect per unit absorbed dose at low dose 
rates (even at high total doses) would be expected to 
become progressively less as tlle dose rate is lowered. 
Hence, the limiting slope (aL of Figure 1) would be 
reached either by reducing the dose to very low values 
where tile effect is independent of dose rate or by 
reducing the dose rate to very low values where the 
effect is dependent only on the total dose. On this 
basis, even fractionated exposures will not necessarily 
give slopes approaching aL, as the overall dose 
response will depend on both the total dose and the 
dose rate per fraction. 

93. In practice, because of statistical limitations it is 
extremely difficult to detect radiation-induced effects 
in the low dose range (c0.l Gy) at any dose rate; thus, 
there are uncertainties in the determination of the 
limiting slope, aL ,  in both animal and human studies. 
The initial slope of the dose-response curve can be 
more readily examined by changing the dose rate, as 
can be done in studies with experimental anitnals. In 
many experiments, however, even at low or 
intermediate dose rates, the limiting slope may not be 
reached, and a dose response in between the two 
slopes a~ and aL is obtailled with slope ahp. Despite 
this limitation, animal experiments provide the best 
indication of the extent to which lowering the dose 
rate of low-LET radiation, even at intermediate or 
high total doses, can reduce the effectiveness of 
radiation in inducing cancer. They therefore providc 
the most useful guidancc on the extrapolation of risks 
observed at high doses and high dose rates to the low 
doses and low dose rates generally of concern in 
radiological protection. 

94. The ratio of Ule slope of the no-threshold, 
"apparently" linear fit to the high-dose and high-dose- 
rate data (aH) to the slope of the linear fit to the low- 
dose-rate data (aL or aExp) has been used as a 
measure of the dose and dose-rate effectiveness factor. 
The terms dose-rate effectiveness factor (DREF) [Nl] ,  
linear extrapolation overestimation factor (LEOF) and 
low dose extrapolation factor (LDEF) [P2, P3] have 
also been used for this reduction factor. In this Annex, 
the term dose and dose-rate effectiveness factor 
(DDREF) (or, more simply, relative effectiveness) will 
be used for comparing the response at different dose 
rates. 

95. The data on tumour induction in experimental 
animals that are most directly useful for the derivation 
of DDREFs for man are, surprisingly, very restricted 
in their extent Significant effects have been obtained 
mainly with intermediate or relatively high doses, 
although at very different dose rates. Thus, only 
limited evaluation of the shape of the overall dose- 
response curve has been achieved, as is also true for 

epidemiological studies. In general, a significant 
increase in tunlour incide~lce in expcrimcntal anin~als 
is found at doses of about 0.2 Gy and above (see 
Section 1I.A). Some radiation-induced cancers have 
been detected in human populations at relatively low 
doses. Hunian data on cancer induction relevant to 
considerations of dose and dose-rate effects from low- 
LET radiation arc reviewed briefly in Chapter 111. 

A. TURIONGENESIS IN 
EXTERIhlENTAL ANIMALS 

1. Radiation-induced life shortening 

96. Extensive studies in experimental animals have 
reported radiation-induced life shortening as a result of 
whole-body external irradiation and as the result of 
intakes of radionuclides. This is a precise biological 
end-point that reflects the earlier onset of lethal 
diseases: an increased incidence of early occurring 
diseases or a combination of the two. To understand 
the effects of radiation on life-span it is important to 
know the underlying cause of death, although this is 
often difficult and in some cases impossible, as death 
may be the result of a variety of causes acting 
together. This is particularly the case in older animals, 
in which multiple lesions are often present. In contrast, 
in younger animals a specific pathological lesion can 
frequently be identified. 

97. Life shortening is an effect that must be 
estimated by comparing irradiated and non-irradiated 
populations. The different ways of describing and 
expressing the effect quantitatively have been 
reviewed in the UNSCEAR 1982 Report [U3]. The 
mean or median life-span, the per cent cumulative 
mortality or the age-specific mortality rate may all be 
regarded as compounded expressions of specific and 
non-specific causes, acting within each individual to 
decrease fitness and ultimately to cause death. 

98. There has been considerable discussion in the 
published literature about the specificity or non- 
specificity of life shortening in experimental animals 
exposed to ionizing radiation. Life shortening must 
ultinlately be due to an underlying cause, and the lack 
of specific information Gcquendy results Crom the lack 
of detailed pathology. A "specific" cause of death has 
therefore been taken to mean that irradiated animals 
die earlier than controls and show a different spectrum 
of diseases or causes of death. Since not all diseases 
are readily induced by radiation, interest has centred 
on whether or not radiation may produce life shorten- 
ing by inducing tumours and how much of the obser- 
ved shortening can be accounted for by neoplastic 
diseases. The words "specific" and "non-specific" have 
generally been taken to indicate neoplastic and non- 
neoplastic contributions to life shortening. 
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99. Life shortening by r:~tliatioti was comprehen- 
sively revicwcd in the U N S C W  1982 Report [U3]. 
Although lire shortening can only be assessed on the 
basis of death, an end-point that can be defined 
precisely in time, it is usually more infornlative to 
know the cause of death, as most irradiated animals 
die of diseases that are unrelated to radiation exposure, 
complicating the identification of the terminal patholo- 
gical syndromes. Some of the difficulties in inter- 
preting niuch of the work were summarized in that 
Report [U3]. Thcse included the lack of careful patho- 
logical observations on the animals at death or of a 
refined niultifactorial analysis, particularly in earlier 
studies. So~tie studies at low doses have even reported 
life lengthening, although any increase has generally 
not been statistically significant Another problem is 
that even when good pathology is available, infonna- 
tion is usually collected at death, when it is impossible 
to assess the contribution of each specific cause to life 
shortening, since there is no reason to presunic that all 
causes are equally accelerated by irradiation. While 
serial sacrifice experiments might provide this infor- 
mation, they are time-consuming and expensive. The 
additional erfort required to implement this technique 
is considerable and, as a consequence, such informa- 
tion is uncommon in the literature. 

100. Radiation-induced life shortening appears to have 
been f i s t  described in the rat by Russ et al. [R9] and 
in the mouse by Henshaw [H18]. They reported that 
irradiated animals had a shorter life-span and appeared 
to age more rapidly than non-irradiated controls. These 
and olher studies led to the view that Ihe life-shorten- 
ing action of radiation was due to its enhancement of 
natural ageing processes. Early reviews of mammalian 
radiation injury and lethality by Brues et al. [ B B ]  and 
Sacher [S18] recognized that single acute exposures to 
radiation tended to displace the Gompertz age mortal- 
ity function upward and chronic exposure throughout 
life increased the slope of this function. 

101. The concept that radiation-induced life shortening 
might be equivalent to aging was criticized by Mole 
[M44], who considered that this view had arisen large- 
ly as a result of observations on surviving animals 
given single large doses in the lethal range. The 
similarities and differences between natural ageing and 
radiation-induced life shortening were considered by 
Comfort [C16]. His review was a significant attempt 
to differentiate bctween the various biological effects 
observed. Neary [N3, N4] regarded theories of ageing 
as belonging to one of two main groups: those inter- 
preting ageing as due to random events in a population 
of supposedly uniform individuals and those examin- 
ing the individual and its component cells. He pro- 
posed a theory that ageing proceeds in two successive 
stages, induction and development, each characterized 
by appropriate parameters. Experiments reported later 

froni the Soviet Union [V2, V3, V5, V6] tended to 
show that induction consists of the spontaneous 
occurrcnre of lesions in cellular DNA and that deve- 
lop~neilt (promotion) results from tlic activation of 
endogenous viral gcnonies by chen~ical carcinogens or 
radiation. 

102. The first experimental series that allowed 
analysis of specific causes of death were those of 
Upton et al. in 1960 [U27] in RF mice. The authors 
could not, however, establish any clear-cut relationship 
between life shortening and the incidence of turnours, 
as the dose-response relationships for different tumour 
types varied: sonic incrcascd with dose and some 
decrcascd. 'These data gave some support to the view 
that radiation could cause non-specific life shortcning. 
A statistical evaluation of these data by Walburg in 
1975 [W8], using a method that allowed for competing 
probabilities of death, indicated that life shortening, 
which was clcarly apparent when all deaths were con- 
sidered together, disappeared when tumours were ex- 
cluded froni the analysis. Table 4 shows the mean age 
at death adjusted for competing probabilities of death, 
for deaths from all causes and from all non-neoplastic 
diseases, of female RF mice exposed to 1 and 3 Gy of 
*CO gamma-radiation (0.067 Gy min") at 10 weeks 
of age compared with data from controls. For these 
mice, niyelogeneous leukaeniia, thymic lymphosar- 
coma and endocrine tunlours were induced or acceler- 
ated by irradiation. When only non-neoplastic causes 
of death were considered, there was no significant 
effect on life shortening, and the mean age at death 
increased in irradiated animals relative to controls. 

103. In a scries of studies in mice Storer [S33] noted 
in the dose range 1-5 Gy from x rays a tendency for 
neoplastic diseases to occur earlier in irradiated than 
in control mice. In extensive studies by Upton et al. 
[U21, U28] in male and female RF mice exposed to 
either fast neutrons or to gamlna rays, detailed patho- 
logy was not performed, but the authors considered 
that the death of irradiated animals was characteristic- 
ally associated with tumours and degenerative dis- 
eases of old age, although the induction of neoplasms 
could not entirely account for life-span shortening. 
These data were subsequently analysed in more detail 
by Walburg [W8], who demonstrated that, in the 
absence of tunlour induction, life shortening was 
negligible, at least for exposure to ganlnia rays in the 
dose range of 1-3 Gy. 

104. A nulnbcr of more recent publications have also 
addressed the question of life-span shortening in mice. 
In general, thc co~~clusions have been that for doses of 
up to a few gray, life-span shortening is due to an 
increase in turnour incidence. Thus, Grahn et al. [G23] 
showed that at doses up to 4 Gy life shortening was 
due to excess turnour mortality, although at higher 
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doses dccrcascd lifc cxxpcclancy was not accompanied 
by a parallel incrc;~se in tu~irour incidcnce. Maisin 
(M451 attributed lifc shortrsing in BALBIc and 
C57BL mice at intcrnicdiatc doscs csscntially to 
thymic lymphonia and at higher doscs to glomcrulo- 
sclerosis. Sirililar conclusions lravc bcen reached by 
other authors [L21, L221 in studies with rats; and the 
same is true for dogs in the series of Andersen et al. 
[AS], according to an analysis by Walburg [W8]. 

105. For exposures to high-LET radiation similar 
conclusions can be drawn. In an analysis of causes of 
death in B6CF1 mice exposed to single and fraclion- 
ated doses of fission neutrons Thompson and Grahn 
IT121 concluded that practically all (>90%) of the 
cxccss mortality could be attributed to tumour deaths. 

106. From his comprehensive review of published 
data, Walburg p 8 ]  concluded that at the low to inter- 
mediate doses of practical interest in radiation 
protection, life shortcning after irradiation may 
principally be explained by the induction or accelcra- 
tion of neoplastic diseases. This conclusion was 
supported by Storcr [S19], although it was recognized 
that at highcr doscs other mechanisms were involved 
in early radiation damage. 

107. The majority of cornprcl~erisive studies that give 
quantitative infor~nation on the effects of dose, dose 
fractionation and dosc ratc on life-span shortening 
have used the mouse as the experimental animal. Sub- 
stantial diffcrcnccs in sensitivity have, however, been 
noted betwecn strains and between the sexes. A review 
of 10 studies involving about 20 strains of mice given 
single exposures to x or gamma radiation showed that 
estimates of life shortening ranged from 15 to 81 days 
G ~ - ' ,  although the majority of values (9 of 14 quoted 
in the review) were betwecn 25 and 45 days Gy" with 
an overall unweightcd avcragc of 35 days Gym' [G8]. 
In general, in the range Gom about 0.5 Gy to acutely 
lethal doses, the dose response was either linear or 
curvilinear upwards. In nialc BALBlc mice exposed to 
acute doses of I3'cs gamma rays (4 Gy min-I), life 
shortening was a linear furrctiorr of dose between 0.25 
and 6 Gy with a loss of lifc expectancy of 46.2 2 

4.3 days G ~ - ~  [MS]. The eKccts of acute single doses 
on life-span shortcnirig in other species are 
summarized in thc UNSCEAR 1982 Report [U3]. 

108. The sensitivity to tumour induction has also been 
shown to depend on age at exposure as well as the 
gender of the animals. Thus, the lifetime excess of 
neoplasia in Sprague-Dawley rats following exposure 
to gamma rays from 6 0 ~ o  decreased by a factor of 
about 10 in 9-month-old rats as compared to animals 
irradiated in ufero, and the spectrum of tumours was 
different The higher incidence of tumours observed in 

the fetal-exposed group appeared to be rirai~rly due to 
the high sensi~ivitics of h e  ccntr:~l nervous system a~rd 
gonads during organogcncsis. Diffcrcncm in tunlour 
incidences were observed bctwccrr male and female 
rats and bctwccn the incidences of primary cancers 
and benign tumours irr  the differcnt groups of animals 
[M29]. 

109. Partial-body irradiation is niuch less effective 
than whole-body irradiation in causing lifc shortening. 
Thus for female ddY/SLC niicc following hcad or 
lower body exposure to doses of 1.9 G from x rays, 
life shortening was 23 and 26 days Gy-! respectively, 
with almost no further life shortcning up to 7.6 Gy. 
After irradiation of the trunk with 1.9 Gy, life 
shortening was 38 days G ~ - ' ,  with a further increase 
of 6 days G ~ - ~  at doses up to 7.6 Gy. In contrast, for 
whole-body exposures between 0.95 and 5.7 Gy, the 
mean survival time decreased linearly with increasing 
dose, with a loss of life expectancy of 37 days G ~ - ~  
[S37]. Extensive studies on the effects of incorporated 
radionuclides have also shown a reduction in life-span 
as a result of tumour induction resulting from intakes 
of radionuclides. Some of these studies are described 
later in this Chapter in sections which relate to effects 
on specific organs and tissues. It is noteworthy that in 
a number of studies, where non-fatal tumours are 
induced in particular organs and tissucs, this does not 
necessarily lead to a loss of life-span (e.g. [M24]). 

110. Summary. It may be concluded on the basis of 
a number of studics that, although irradiated animals 
do experience, on the average, a shorter life-span than 
non-irradiated controls, the hypothesis that life short- 
ening at low to intermediate doses up to a fcw gray of 
low-LET radiation is due to the samc causes of death 
as is normal in the animals (although appearing earlier 
in time) is not substantiated by experimental evidence. 
In general, life shortening as a result of exposure to 
ionizing radiation arises largely as a reSult of an 
acceleration or higher incidence of fatal tumours in 
irradiated populations. At higher doscs that are well 
into the lethal range, a non-specific component of life 
shortening becomes apparent from ccllular damage to 
the blood vasculaturc and other tissues. This does not 
imply that dose-response relationships for tumour 
induction and life shortcning are directly comparable, 
because even for h e  samc radiation dose, the niean 
latcnt period of some tuniours in a given species can 
be influenced by a number of factors including the 
dosc, dosc rate, gender and age at exposure. Furthcr- 
more, some tumours that may be induced arc non-fatal 
and do not influence life-span. If the induction of fatal 
tumours is the main influence on lifc shortening, 
however, then a comparison of survival following 
various patterns of exposure should provide some 
indication of the effects of dose, dose rate arid dose 
fractionation on lumour induction. 
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(n) Dose fmclianetion 

111. In the UNSCEAR 1982 Report [U3], the 
Conimiltee reviewed data on fractionated exposures in 
which a give11 dose ofwl~olc-body irradiation was split 
into a series of doses given ia two or more fractions. 
Tlie dosc per fraction, fractiorratiol~ interval and tohl 
t in~e of irradii~tion arc all i~rtcracting variables that 
cannot normally be scpara~ed. Frequently, therefore, 
the coniparison is between a single exposure given 
acutely and the same dose given in fractions over a 
period of time. Fractionation of a given dose into two 
equal or unequal fractions at an interval of about a day 
or less has, in general, not altered life shortening 
significantly, although such a dose-fractionation 
schedule can decrease acute effects significantly [G8, 
M21]. Longer dose-fractionation intervals have been 
more comprehensively studied. In some cases survival 
has been unaltered or only slightly prolonged by 
fractionation [G8, K2, L16, U181; in others it was 
slightly shortened [AS, C15, M221. Many of the dif- 
ferences are perhaps due to differences from one 
animal strain to another in sensitivity to the induction 
of various tunlour types, although a number of studies 
have also demonstrated how the spectrum of diseases 
that can result in life shortening may be influenced by 
the pattern of radiation exposure. Thus, Cole et al. 
[C15] examined the influence of dose fractionation on 
the life-span of W 1  female mice. Animals were 
exposed either to an acute dose of 6 Gy (250 kVp 
x rays) or to about 7 Gy given in two, four or eight 
equal fractions separated by 8 weeks, 19 days or 8 
days, respectively. Irradiation shortened survival in all 
the groups compared with controls, but the greatest 
effect was seen in the group given eight fractions, for 
which the mean age at death was about 15 months 
compared to about 21 months in the group given a 
single exposure. This was attributed to an increased 
incidence of lcukaemia in the eight-fraction group 
(39%) compared with the sin& fraction group (13%) 
and the controls (29%). It was noteworthy that nephro- 
sclerosis, which was the main cause of death in the 
group given a single dose (53% incidence) was very 
much reduced in the group given eight fractions (5%). 

112. Dose fractionation at progressively longer 
periods of tinle seenis to decrease the effects of radia- 
tion, but again lhc variability in results obtained has 
been considerable [Al ,  A5, G8. M5, M20. S17j. Ains- 
worth et al. [Al l  rcportcd that exposing both male and 
female B6CF1 mice to fractionated doses of *CO 
gamma rays (8.4 Gy total in  24 equal fractions over 
23 weeks) produced an al~proxinrately threefold 
"sparingn effect compared to a sirrrilar (7.9 Gy) acute 
dose (corresponding to life shortenin of 45 days G ~ - '  f for acute exposure and 18 days Gy' for fractionated 
exposure) in both sexes. In contrast, Grahn el al. G8 
compared the cflects of 4.5 and 7 Gy froln 'C! 

gamnia rays given as acute cxposurcs or as two frac- 
tions separated by tinie intervals between 3 l~ours and 
28 days. No significant effect of dosc fractionation on 
life shortelling was found, and the incidencc of leu- 
kacmia was not altered in any consistent way. In a 
preli~uinery expcrilncnt, Silini et al. [S16] co~npared 
Uie effecls of ;I single dosc of 5 Gy frorn 250 kVp 
x rays on adult ~nale  C3f-I lnicc will1 the same dose 
given as two fractions (1.5 i~nd 3.5 Gy) at different 
intervals of time (4-48 hours). The results suggested 
an increase in survival t i~nc  with increasing fractiona- 
tion interval, but there was considerable variability in 
the results obtained. The 50% cuniulative mortality for 
the acutely exposed aninials was 450 days; for the 
animals given fractionated exposures at an interval of 
36 hours, it was 520 days. 

113. A series of papers have been published by 
Thomson et al. [T7, T10, TI21 that cornpare survival 
of male BGCFl niice following single and fractionated 
exposures. Mice were exposed to 6 0 ~ o  gamma rays 
either as single exposures or as 24 or 60 weekly 
fractions. With single exposures the average loss of 
life-span was 38.5 2 2.9 days G~. ' ,  whereas with 24 
weekly fractions it  was 22.6 2 2.2 days G ~ - '  and with 
60 weekly fractions 17.5 2 3.3 days G ~ - ' .  This study 
therefore showed that prolonged dose fractionation had 
a significant effect on life-spiln, reducing the effective- 
ness of the radiation by a factor of about 2. Table 5 
summarizes s o n ~ e  early results on the effect of dose 
fractionation on survival in rodents and beagle dogs. 

114. Maisin and his colleagues have reported a series 
of studies on the effect of dose fractionation on sur- 
vival in C57BI and BALB/c ~nicc. A preliminary study 
compared the sun~ival of C57BI mice given either a 
sil~gle exposure to x rays (3.5 or 6.5 Gy) or four equal 
fractions delivered at weekly intervals, with total doses 
from 2 to 15 Gy [M19]. Although the r&ults for the 
two patterns of exposure were not striclly comparable, 
as the cumulative doses were not the same, the data 
suggested that life shortening after a fractionated 
exposure was slightly greater (-20%) than after an 
acute exposure. The disease spectrum was also dif- 
ferent for single exposure and fractionated exposure. 
Thus the incidence of thymic ly~nphoma nearly 
doubled with dose fractionation and that of reticulum 
cell sarconia B increased even more, while other 
diseases decreased ill incidence. 

115. Maisin et al. IM5, M47j reported a more com- 
rehensive study in rnale BALBic rnice exposed to 

P37Cs ganrnra rays (3 Gy III~II-I) given eitlier as single 
or fractionated exposures (10 fractions at 24 hour 
intervals) in the range 0.25-6 Gy. A significant 
shortening i l l  lice-span (1) < 0.05) was obhilred from 
a dose of 1 Gy for s i ~ ~ g l e  exposures and from 2 Gy for 
fractionated exposures. Both p;~tterns of exposure gave 
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nearly the same lincar dependence of survival on dose 
with a life shortening of 46.2 2 4.3 days Gy-' for 
single exposures and 38.1 2 3.1 days Gy-' for frac- 
tionated exposures (Figure Vl). After a single expo- 
sure n~alignant turnours were the principal cause of 
dcath in the dose range up to about 2-4 Gy; detcnni- 
nistic cffects in the lung and kidr~ey were preponderant 
at higher doses. In general, the total incidence of 
malignant tumours increased with dosc after fraction- 
ated exposures, compared with controls, but decreased 
after single exposure. The difference between the two 
groups was significant (p < 0.05), although neither 
differed significantly from the controls. This was 
partly accounted for by an increase in the proportion 
of animals with two or more tunlours after fractionated 
exposures in the higher dose groups [M25, M471. The 
main exception to this trend was thymic lymphoma, 
where the incidence remained constant after fraction- 
ated exposure. This finding is contrary to observations 
in other studies, as thyn~ic lymphoma incidence can be 
substantially increased by dose fractionation [K3, 
M19] and may be explained by the lower doses per 
fraction used in this study. Deternlinistic effects (e.g. 
lung pneumonitis and kidney damage) appeared, how- 
ever, to diminish significantly with fractionation, and 
this may have allowed more tunlours to develop. In 
this strain of mice there is, however, a high sponta- 
neous tumour incidence (>60%) which could have 
influenced the results obtained and which also limits 
detailed analysis of the rcsults. 

116. In a more rcccnt study [M20, M471, 12-week-old 
CS7BICnb mice, for which there is a lower sponta- 
neous cancer incidence, particularly with respect to 
thymic lymphoma and lung cancer, were given either 
single or fractionated exposures (10 fractions separated 
b 24 hours or 8 fractions separated by 3 hours) to r ' 'CS gamma rays (3 Gy mil<'), with total doses Gorn 
0.25 to 6 Gy. The data on tunlour incidence and non- 
cancerous late degenerative changes in the lungs and 
kidneys were evaluated by the Kaplan-Meicr proce- 
dure, using cause of death and probable cause of death 
as criteria. In general, survival appeared to be a linear 
function of the dose received in all the experimental 
groups, although survival was longer with fractionated 
than with single exposures (Table 6). Survival of the 
control animals was shorter than in the previous 
studies with C57BI mice and may have resulted from 
the use of specific-pathogen-frce animals that are more 
sensitive to non-cancerous late degenerative changes 
in the lung. Life shortening, calculatcd by linear 
weighted regression on dose of the values obtained by 
the Kaplan-Meier calculiitio~~ for survival time, 
amounted to 31.1 t 2.6 days Gy-' for a single 
exposure, 19.6 2 2.9 days Gy-' for a 10-fraction 
exposure, and 16.5 2 3.4 days G ~ - '  for an &fraction 
gamma exposure. Malignant rumours, particularly 
leukaemia and including thymoma, as well as 

non-cancerous late degenerative changes were the 
principal causes of life shortening after a single high- 
dose exposure to gamma rays. Fractionated cxposurcs, 
in particular eight fractions delivered 3 hours apart, 
appeared to result in an earlier and more frequent 
appearance of Ieukacmia and solid turnours in the 
range 1-2 Gy, a finding sirnilar to Illat obtained with 
BALB/c mice [MS]. Since the average life-span is 
longer after fractionation, earlier death after single 
exposure may be attributed to the development of 
non-cancerous late degenerative lesions. It was note- 
worthy, however, that following single exposures the 
incidence of all turnours except thymoma was signifi- 
canlly less in the low dose groups (0.25-2 Gy) than in 
the controls (Table 6). This was a significant factor in 
the observation of an enhanced tumour incidence for 
animals given fractionated exposures compared with 
controls. 

117. Summary. Studies on cxperin~ental animals, 
mainly mice, have shown no clear trend in effects of 
dose fractionation on life-span. The results from a 
number of studies suggest that, when compared with 
the effects of acute exposures, the effects of dose 
fractionation are small and, at least for exposure times 
of up to about a month, siniple'additivity of the injury 
from each increment of dose can be assumed. In gene- 
ral, fractionated doscs were given at thc same dose 
rate as acute exposures. For fractionation over a longer 
time period there is a tendency to a longer life-span 
with a longer interval between the doses. A reduction 
in life-span shortening by a factor of -2, compared 
with acute exposure, was obtaincd in one study in 
which the dose was given as 60 weekly fractions. 

(b) Protracted exposures 

118. There are far fewer studies of the effect of dose 
rate on life-span in experimental animals. The majority 
of studies have been undertaken in mice, allhough 
some work has also been reported with rats [R9], rab- 
bits [B26], and beagle dogs [F13]. A number of early 
studies were described in the UNSCEAR 1982 Report 
[U3], but they relate mainly to early effects of radia- 
tion and do not provide any insight into the effects of 
dose rate on tumour induction. 

119. In a series of studics by Bustad el al. [B29] 
hybrid male mice (C57BLx101) were exposed for 8 
hours daily, between the ages of 6 and 58 weeks, to 
either 1 n ~ G y  h-' or 2 mGy h-' from M ) ~ o  gamma- 
radiation giving total doses of 2.9 and 4.8 Gy. The 
animals were then rnaintai~red for their normal life- 
span. The average life-span for two subgroups of 
animals exposed to 1 mGy h-' was about 863 days 
and for two further subgroups exposed to 2 mGy h-' 
it was about 875 days. The life-span of the control 
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animals was about 920 days. Although there were 
sonic differences in Ule survival times between the 
different subgro~ips of irradiated animals and the 
controls, no significant increase in turnour incidence 
was observed in the irradiated animals. 

120. Mole ct al. [M23] exposed female CBA niice to 
gamma rays to give daily doses ranging froni 0.03 to 
0.5 Gy for progressively longer tinies (froni four 
wceks to the duration of life). The shape of the cumu- 
lative mortality curve depended systematically on the 
particular level of daily exposure and on the cumula- 
tive dose, except possibly at the lowest daily dose. 
However, the total doses received by the animals were 
high: 0.6-72 Gy, causing substantial tissue damage, 
and many of the aninials died of acute effects. It was 
concluded that lower total doses were needed for exa- 
mining the relationship between dose rate and the late 
effects of exposure. The experimental results are de- 
scribed in detail in the UNSCEAR 1982 Report [U3]. 

121. More comprehensive studies that are more 
directly relevant to the effect of dose rate on life-span 
and tumour induction were undertaken over many 
years by Grahn et al. [G8, G9]. This work with mice 
has been summarized in a scries of publications. A 
number of niouse strains and hybrids were exposed for 
8 hours daily to gamma rays in doses ranging from 
0.003 to 0.56 Gy per day. Exposures began when the 
mice were 100 days old and continued throughout life 
[G8, G9, Sl]. The results were analysed in terms of 
the nlcan survival timc after the initiation of the 
exposures, designated mean after survival ; (MAS). 
Thus, the MAS equalled the mean age at death minus 
100 days. There was good consistency in the degree of 
life shortening for cuniulative doses above a few gray 
when expressed as the MAS, between and among the 
strains as a function of daily dose. The MAS declined 
exponentially with increasing daily dose. D (in gray), 
and could be represented adequately by 

MAS (treated) = MAS (controls) e 4D (I5) 

At the lowest daily doses, no consistent life shortening 
was found, and in some groups there appeared to be 
life lengthening. This was possibly due to any effect 
of radiation being lost due to variation between the 
aninials (e.g. see Table 4). 

122. This information on life shortening in mice 
exposed at low dose rates has been compared with that 
at high dose rates [Nl]. Since animals exposed at low 
dose rates were exposed u~ltil death, the total dose 
accuniulated by each anirl~iil depended on its survival 
time. Thus. a wide range of total doses is represented 
in the population exposed at any given dose regimen. 
However, by calculating mcan loss of life-span (in 
days), in ternls of the mean accuniulated dose to 
death, it was shown that in low dose range, life 

shortening amountcd to 4 diiys G ~ - ' .  This niay be 
compared with the reslllts of 10 studies sumniarized 
by Grahn ct al. [G8], w l ~ i c l ~  giive all average of about 
35 days Gy-' (range: 15-81 days Gy-') for acute 
exposures, and tllosc rcportcd for BALB/c nlice [M5], 
which gave 46.2 t 4.3 days G ~ . '  at acute doses down 
to 0.25 Gy. 

123. Thcse data suggest that for radiation-induced life 
shortening cithcr sil~gle brief exposures to low-LET 
radiation or fractionated exposures at high dose rates 
are about 8-10 times as effective as the same total 
dose given in a long protractcd exposure at low dose 
rate. In a review of sonic of Ulese data and allowing 
for uncertainties, including the effect of age-dependent 
decreases in sensitivity wiUi increasing age, it was 
concluded by NCRP [ N l ]  that protracted exposures 
may be co~~sidered to be one fifth to one tenth as 
effective in the niouse as single, high-dose-rate 
exposures (at total doses >0.5 Gy), assuming linearity 
for life shortening in both cases. 

124. The above analyses assumed a linear dose 
response, with 110 Itiresliold, for doses above 0.5 Gy at 
high dose rate. Storcr el al. IS131 have, however, 
reported non-linear dose responses for life shortening 
in female RFM mice. Groups of niice were exposed to 
either 0.45 Gy niinml or 0.06 rnGy min-' from a 1 3 7 ~ s  
gamma-ray source to give a range of doses from 0.1 
to 4 Gy and 0.5 to 4 Gy, respectively. Life shortening 
was calculated by subtracting the mean survival time 
in each cxpcrimer~tal group from the mean survival 
time of the appropriate control. The dose-response 
curve for female RFM mice exposed to 1 3 7 ~ ~  ganima 
rays between 0.1 and 4 Gy at high dose rate 
(0.45 Gy min-') showed that significant life shortening 
occurred at doses of 0.25 Gy and above. There was a 
rapid rise in life shortening with doses up to 0.5 Gy, 
followed by what appeared to be a generally linear 
upward trend with a much shallower slope in the 
range 0.5-4 Gy (Figure V11). In the region up to 
0.5 Gy, the relationship between life-shortening and 
dose could be described by a dose-squared model (p > 
0.80) or a linear-quadratic niodel, with the quadratic 
component predominating above about 0.04 Gy. These 
mice appear to bc more sensitive than other mouse 
strains. Storcr et al. IS131 have speculated that a 
contributory factor may have been the barrier environ- 
ment in which the mice were maintained, as Upton et 
al. [U20] found lcss life shortening i n  collventionally 
housed RFM female mice. For femalc mice exposed 
at the interrnediatc dose rate (0.06 niGy win-'), there 
was a significant reduction iu life-span co~npared with 
controls at all doses exaniined (0.5-4 Gy), and a linear 
relationship adequately described the dose response 
(p > 0.5), with tlie intercept being not significantly 
different from that for controls (Figure V11). The 
weighted regression line to the intermediate dose-rate 
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data at total doses above 0.5 Gy could be described by 
the equation Y = 37.5D, where Y reprcsc~lts t l~e  days 
of life shortening and D is the dose, in gray. For the 
high-dose-rate data a weighted linear regression could 
be lilted, giving an intercept of 57.5 days. The 
equation of the line was Y = 57.5 + 46.3D. It was 
concluded that the main difference in response at high 
and intermediate dose rates was an upward dispiace- 
men1 of the regression line at high dose rate, reflecting 
an increased sensitivity at doses up to about 0.5 Gy. 
At total doses of 1-2 Gy, protraction of the dose 
reduced life shortening by about one half and at lower 
doses by a factor of 2 to 3. 

125. Thomson et al. [T8] have published inforn~ation 
on the sunrival of male B6CF1 mice exposed for 22 
hours per day, 5 days per week, to 6 0 ~ o  galnnla radia- 
tion at dose rates of 14-126 pGy min'l for 23 weeks, 
giving total doses behveen 2.1 and 19 Gy, or at 14- 
63 pGy mid1 for 59 weeks, giving total doses 
between 5.3 and 25 Gy. For deaths fro111 all causes, 
linear dose-response curves were obtained with slopes, 
corresponding to days of life lost per gray, of 15.8 5 

1.6 and 7.7 t 0.2 for exposures of 23 and 59 weeks, 
respectively. These values were not significantly 
altered if the analysis was restricted to those nlice 
dying with tumours, as about 90% of the radiation- 
specific mortality was tumour-related. 

126. Thomson et al. [T8] conlparcd the data they 
'obtained in their study with data previously published 
[T7, T10, T12j on mice exposed either to single acute 
(20-minute) exposures or to 24 or 60 fractions given 
once weekly (20- or 45-minute exposures). The life 
shortening coefficients for single, fractionated and 
continuous amrna exposures, expressed as days of 
life lost Gy-', are shown in Table 7. Dividing the total 
dose into 24 once-weekly fractions (total exposure 
time: 18 hours) reduced the effectiveness of the 
radiation by about 40% 22.6 days lost G ~ - '  compared I with 38.5 days lost Gy- for acute exposure). Giving 
the same total dose allnost continuously (total 
exposure time: 2,530 hours) over 23 weeks reduced 
the effectiveness by a further 30%. The effect of dose 
protraction was more pronounced if fractionated and 
continuous exposures were carried out over about 60 
weeks. Forty-five hours of fractionated exposure had 
about 45% of the effect of acute exposure, and 6,490 
hours of almost continuous exposure had o~lly 20% of 
the effect of the single exposure. Also shown in 
Table 7 are the days of life lost per weekly fraction 
for the different exposures. Thus the maximum 
reduction in effect is obtained by compari~~g acute 
exposure with the effect of continuous exposure over 
59  weeks, when the effectiveness is reduced by a 
factor of about 5. However, this compariso~~ will tend 
to overestimate the effects of protraction, as a fraction 
of the radiation exposure will not have contributed to 

tumour i~~itiation, although it could have influenced 
tumour devclopmcnt. However, the extent of this 
effect, if any, is difficult to quantify. For comparing 
the effectiveiless of differe~~t pattenrs of exposure it 
may, therefore, be more al)propriate to conlpare the 
effect of co~~tinuous and fractionated exposures given 
over tlle same period of time. On this basis, a 
reduction in effect in the range of 1.4-2.3 is obtained. 

127. 111 an exte~~ded analysis of the data on life 
shorlcning obtained in mice exposed to acute or pro- 
tracted exposure to low doses (less than a few gray) of 
low-LET radiation, Scott el al. [S34] have developed 
a model based on the assumption that life shortening 
from late effects is caused mainly by radiation-induced 
tumours. The state-vector model adopted for the analy- 
sis was kinetic in nature, with a two-step process 
leading to partition of the irradiated population into 
two groups: a group with radiation-induced tumours, 
in which it was assumed that mean survival is rela- 
tively independent of the radiation dose, although the 
i~icidence in the population is dose-related and a group 
without induced tumours, in which the mean survival 
time is nearly identical to an unirradiated control 
population. The results based on the model were in 
reasonable agreement with the available experimental 
data and were consistent with curvilinear dose- 
response relationships for acute exposures as well as 
with a reduced effect after fractionated exposure to 
6 0 ~ o  gamma rays. 

125. The effect of dose and dose rate on life-span has 
also been. examined in rats [M43]. Male Spra ue 
Dawley rats (3 ino~~ths  old) were exposed to 'Ci 
gamma rays to give 2.83 Gy 304 rats, 1.34 mGy h-I), 
1 Gy (505 rats, 78 mGy h- ) and 3 Gy (120 rats, 
78 lnGy h-I). The mean survival time of the controls 
(837 + 147 days) was greater than that of the two 
groups of animals given about 3 Gy, but there was no 
difference between the animals given high dose-rate 
exposures (life-span: 738 5 160 days) and those 
exposed at the lower dose rate (726 t 160 days). 

129. There are few studies that have exanlined the 
effect of dose rate on life-span and tunlour induction 
in large animals. Carnes and Fritz [C30] have reported 
the results of a comprehensive study in young adult 
beagle dogs exposed to "CO gamma rays to give total 
accumulated doses of 4.5, 10.5, 15 and 30 Gy at dose 
rates of 38, 75, 128 and 263 mGy d-'. Hazard models 
were used to identify trends in mortality associated 
with radiation exposure. The probability of an acute 
death (related to haematopoietic aplasia) was positi- 
vely associated with the total dose received and the 
dose rate. For late effects, although there was good 
evidence. of an increase in tumour mortality relative to 
the controls in all the irradiated groups, no relationship 
was found between tunlour mortality and dose rate. 
There was, however, a clear relationship between 
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tumour niortality and cumulative dose. This lack of a 
dose-rate effect may be a consequence of the relatively 
s111all range of dose rates used (38-263 mGy d"); in 
the n~ajority of rodent studies in which such an effect 
was observed, the high and low dose-rate exposures 
varied by a factor of 100 or more (Sect io~~ II.A.2). 

130. Surnmary. Experimental studies in niice have 
dcn~onstrated that with protracted exposures over a 
period of a few n~onths to a year there is less life 
shortening by factors of 2 to 5 compared with expo- 
sures at high dose rates. In two studies in rats and 
beagle dogs no evidence was found for an effect of 
dose rate on tunlour mortality. This lack of an effect 
may be a consequence of the fact that the dose rates 
used in these studies varied by factors of about 60 
(rats) and 7 (dogs), while in the rnouse studies they 
varied by a factor of 100 or more. It is noteworthy 
that not all tumours are a cause of life shortening. 

(c) High-LET radiation 

131. Since the 1970s, the Argonne National Labora- 
tory has carried out a series of experiments to examine 
the effect on life shortening of brief, fractionated and 
protracted neutron exposures. Early results by Ains- 
worth et al. [All  indicated that fractionated fission 
neutron exposures induced Inore life shortening in 
male B6CF1 mice than did single exposures. Thus, 
with a single dose of 2.4 Gy the mean survival time 
was 636 + 13 days, whereas with fiactio~~ated expo- 
sures (various schedules) survival was 553 ? 6 days 
(controls: 838 2 13 days). At a lower dose of 0.8 Gy, 
life shortening was also reduced, but there was less 
difference between the two treatment schedules, al- 
though the data still suggested that life shortening was 
greatest with fractionated exposures. 

132. Data published before 1981 suggested that 
regardless of the mode of exposure (single, fractiona- 
ted or chronic) the RBE could be expressed by the 
relationship RBE =  AD^, where the value of B was 
approximately -0.5 and that of A (the RBE value at 
10 mGy) ranged from 10 to 80, depending on a num- 
ber of factors, including the inslantancous dose rate of 
the reference low-LET radiation [T7, TlO]. This obser- 
vation was compatible with suggestions that the RBE 
increased over a wide range of doses as the inverse of 
the square root of the neutron dose, to values in 
excess of 100 [RlO]. 

133. h t e r  studies at the Argonne National Laboratory 
showed, however, that when total doses are low and 
lhe doses per fraction sniall, there is no significant 
difference in life shortening between fractionated and 
single exposures IC18, T181. When the effects of 
single brief exposures of male and female B6CFl 
niice to 0.83 MeV fission neutrons giving total doses 

from 10 to 400 inGy [TI51 were compared with the 
effccts of 60 equal, once weekly exposures giving 
doscs of fro111 20 to 400 mGy [T12], the dose- 
response curves were linear and of siniilar slope 
betwee11 0 and 300 mGy. Based on a linear-quadratic 
fit to the data for fcnl:~le n~ice,  the days of life lost 
were 46 Gy" for single exposures arid 44 Gy-' for the 
60-week fractio~ri~ted exposure. Data for male mice 
gave sin~ilar resulls but were less extensive [T12]. At 
a dose level of about 400 mGy the dose-response 
curve for single exposures starts to become less steep 
and to separate from that for fractionated exposures. 
Overall, a significa~~t effect of exposure pattern was 
observed at neutron doses ill the range 400-600 mGy. 
Significant augnle~ltation of radiation damage with 
dose protraction was observed in both sexes from 
doses above -600 mGy. No difference in the dose- 
respolrse curves for mice given 24 equal once-weekly 
or 60 equal once-weekly exposures was obtained. 
Although for exposure to neutrons the dose response 
at intern~ediate to low doses was linear and indepen- 
dent of dose pattern, this was not the case for expo- 
sures to gamma rays. As a consequence, RBE values 
from 6 to 43 were obtained, depending on the protrac- 
tion period (1 day, 24 weeks or 60 weeks) [C18]. At 
low doses there is likely to be a limiting value for the 
RBE when the dose-response curves for both the 
neutron and the reference (gamma) radiation are 
linear. For single low doses, this has been calculated 
to be 15.0 t 5.1 for B6CF1 mice [T15]. In a supple- 
mentary analysis it was shown that practically all of 
the cxccss niortality resulting from radiation exposure 
(93% r 8%) could be attributed to tunlour deaths 
[T12]. 

134. Results obtained by Storer et al. [S13, S27] at 
Oak Ridge National Laboratory, using RFM and 
BALB/c n~ice were similar to those obtained at 
Argonne Natio~~al Laboratory. Thus, female BALB/c 
mice were given total neutron doses between 25 mGy 
and 2 Gy in a single brief exposure or in equal 
fractions at either 1- or 30-day intervals. The neutrons 
were those of a slightly degraded 23s~-fission 
spectrum. After single or fractionated exposures, the 
extent of life shortening ilkcreased rapidly over the 
0-0.5 Gy range a ~ ~ d  then began to plateau. While no 
significant increase in effectiveness of dose frac- 
tionation on life shortening was observed at total doses 
below 0.5 Gy, between 0.5 and 2 Gy there was an 
increase. With protracted neutron exposures using a 
moderated * '*~f source giving dose rates ranging from 
1 to 100 rnGy d", with total doses between 25 and 
400 n~Gy,  again no increase in effectiveness on life 
shortening was observed at doses below 0.5 Gy. 11 was 
also co~~cluded that life shortening resulted pri~narily 
fro111 ae increased incide~~ce and/or an early onset of 
nialigna~~t ~reoplasms, particularly in the low to 
moderate dose range [S27]. 
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135. Maisin et al. [M20] havc reported tl~at fraction- 
ated exposures to high-crcrgy ncutro~~s  (d(S0McV)Be: 
8 fractions, 8 hours apart) appeared to have a slightly 
but not signific;~nlly greater cffcct than sirlgle cxpo- 
sures on life s h o r l e ~ ~ i ~ ~ g  in nialc C57BI niice at doses 
up to 1.65 Gy. There appeared to be no significanl 
difference ill turnour incidc~icc in the two groups, 
although in animals exposed to 1.65 Gy ~nalignant 
tumours appeared earlier with fractionated than with 
single exposures. Life shortening could be described 
by a linear function of dose up to 3 Gy. 

136. The results of lt~csc studies on a number of 
strains of mice are all reasonably consistent and 
suggest that the dose rcsponsc for life shortening 
following exposure to high-LET radiation is a linear 
function of dose, at least for total doses up to about 
0.5 Gy, and that neither dose fractionation nor dose 
protraction has much effect. 

137. Summary. A number of studies in ~iiice have 
examined the effects of dose fractionation and protrac- 
tion of neutron doses on life-span shortening. Most 
recent studies have shown that when total doses are 
low (<0.5 Gy) and the dose per fraction is small there 
is no significant difference between acute and fraction- 
ated exposures. Data on protraction effects are rather 
limited but again suggest that protraction of exposure 
from high-LET radiation does not alter life-span 
shortening. 

(d) Sunlmary 

138. At radiation doses up to a few gray (low-LET), 
life shortening in experimental animals appears to be 
mainly the result of an increase in tumour incidence, 
although this could also be influenced by the early 
appearance of some tumours. There is little suggestion 
that there is a general increase in other non-specific 
causes of death. At higher doses, into the lethal range, 
a non-specific component of life shortening becolncs 
apparent due to cellular damage to the blood vascula- 
ture and other tissues. Accordingly, life shortening at 
low to intermediate doses can be used as a basis for 
examining the effcct of dose fractionation and dose 
protraction on tunlour induction. 

139. The majority of coniprel~ensive studies on the 
effect of dosc fractionation of low-LET radiation on 
life-span have used the mouse as the experimental 
animal. The effect of dose fractionatio~~ appears to be 
very dependent OII the strain of mouse and the spec- 
trum of diseases contributing to the overall death rate. 
For example, in some strains thymic lymphoma inci- 
dence is increased by fractionation [M19]. Where this 
is a major contributor to the fatality rate, dose frac- 
tionation can result in a greater loss of life expectancy 
than acute exposures. Overall thcrc is no clear trend in 

the cffcct of dose fractionation on life-span shortening, 
and the results fro111 a nurnber of studies suggest that, 
when compared witti acute exposures, tile effects of 
dose fractionation are sniall a ~ ~ d  in some studies havc 
given either sniail increases or decreases in life-span. 
However, at least for exposure times of about a 
month, simple additivity of the injury fro111 each dose 
increment can be assurucd. One study in mice has 
reported that the rcductio~~ in survival timc with eight 
fractions given 3 hours apart is half that obtained with 
an acute exposure, although this was accompariied by 
an enhanced tumour incidence. For fractionation inter- 
vals over a longer timc thcrc is a tendency to a longer 
life-span with an increasing interval between the 
doses, but the variations observed are generally less 
than those observed with protracted exposures. 

140. When the effects in niice of acute exposures to 
low-LET radiation are compared with those of pro- 
tracted irradiation given more or less continuously, it 
is seen that the effectiveness of the radiation decreases 
with decreasing dosc rate and increasing timc of expo- 
sure. With lifetime exposures here  is some difficulty 
assessing the total dose contributing to the loss of 
life-span. Thc results available suggest, however, that 
with protracted exposures over a period of a few 
months to a year the effect on life-span shortening is 
reduced by factors of bctwcen about 2 and 5, com- 
pared with exposures at high dose rates. The effects of 
dose rate on tumour induction and life-span shortening 
have also been exanlined in rats and beagle dogs, al- 
though no significant differences have been seen. In 
these studies, however, dosc rates varied by a factor of 
60 or less, whereas in the studies in mice they varied 
by a factor of more than 100. 

141. A number of early studies suggested that frac- 
tionated exposures to high-LET radiation induced 
more life shortening than single exposures. More 
recent studies have shown, howcvcr, that when total 
doses are low (c0.5 Gy) and the dose per fraction 
small, there is no significant difference in life 
shortening between fractionated and acute exposures. 
Although the data are less extensive than for low-LET 
radiation, the availablc information suggests that 
protraction of exposure does not affect life-span 
shortening. 

2. Tunlour induction 

142. Infor~liation on radiation-induced tumours in 
experinlerital animals was extensively reviewed in the 
UNSCEAR 1977 Report [U4], in the UNSCEAR 1986 
Report [U2], by the NCRP [Nl], by Upton [U22] and 
in a comprehensive nionograph on radiation carcine 
genesis IU231. Despite a substantial body of research 
potentially available for analysis, there are in practice 



ordy a lirilited 11u1nber of studies on tumour induction 
in experimental anin~als following exposure to low- 
LET radiation that can help to define the dose- 
response relationship for cancer induction over a 
reasor~able dose range and to assess the influence of 
dose rate on tunlour response. Important inforniation 
conies from a series of studies with mice reported by 
Ullrich and Storer [Ull-U16]. Although these investi- 
gi11i01is covered turnour induction in a number of 
tissues, it is coevcnient to discuss the results for 
different tumour typcs separately, in Ule context of 
other studies. It should be stressed, however, that the 
experinieiltal animals used in many studies are illbred 
strains, with patterns of disease that are very different 
from those found in man. One of the main differences 
anlong mouse strains is their varying susceptibilities to 
both spontaneous and radiation-induced tumours; fur- 
thermore, wi~hin a given strain, there are frequenlly 
sex differences in the incidence and time of onset of 
specific tunlour types. For example, the commonly 
used BALB/c strain has a very high incidence of spon- 
taneous tumours, and the C57B1 strain has a much 
lower incidence [M25]. A number of tumour types for 
which information is available are either not found in 
man (Harderian gland) or appear to require substantial 
cell killing for heir  development (ovarian tunlour, 
thymic lymphoma). For a number of other tumours 
there may be a human counterpart (myeloid leukaemia 
and tunlours of the lung, the breast, the pituitary and 
Ihe thyroid), but even here there can be differences in 
the cell types involved and in the development of the 
tumour. Furthennore, the development of tumours in 
both man and animals is subject to the modifying 
influence of various internal and external environ- 
mental factors, all of which can potentially influence 
dose-response relationships. There are also substantial 
differences in the rates of turnover of cells and in the 
life-span of the majority of experimental animals and 
man. Interpreting the results of animal studies and 
extrapolating hem to man is tl~erefore difficult. Never- 
theless, such studies can make an important contribu- 
tion to understanding the influence on turnour induc- 
tion of factors such as dose rate and dose fractiona- 
tion, radiation quality, dose distribution, age, disease 
and other internal and external agents. The use of 
animals to provide a basis for understanding factors 
influencing tunlour i r~duct io~~ applies 1101 only to 
radiation but also to other agents such as chemicals 
and is considered further in Annex E "Mechanisms of 
radiation oncogenesis". 

143. In assessing the influence of dose rate on tumour 
induction, a particular problem is that the dose- 
response relationship can vary substantially for dif- 
ferent tunlour types (Figures VIII-XV) [U22]. As a 
result, published reports describe the dose response in 
terms of a wide range of functions. Where data fits are 
given in the published papers that allow tultiour inci- 

dences at differer~t dose races to be compared, the 
relevant i ~ ~ f o r r ~ i a t i o ~ ~  is given. 111 other cases, however, 
it  has b c e ~ ~  necessary to fit the data reported. In 
general, the nl)proach used has been to fit a linear 
fi~nction to data obtai~led up to the highest dose at 
which there is no apparent influence of cell killing on 
die tumour yield. Generally this is Lhe case for doses 
up to 2-3 Gy Tor acute exposures, but for low dose 
rates higher doses may bc used. In some cases the 
most appropriate dose ranges for assessing dose and 
dose-rate effectiveness factors (DDREFs) are not clear 
from the data. In lhesc cases, data fits have been 
calculated for a nu~nber of dose ranges. 

144. The data from experimental animals on the effect 
of dose rate fro111 low-LET radiation on tu~nour induc- 
tion that are described in the following Sections are 
sum~narized pri~lcipally in Tables 8-10. Table 8 gives 
best estimates of the DDREF for a range of tumour 
types in different aiiimal species, together with infor- 
m a t i o ~ ~  on the dose rates at which the studies were 
conducted and t l~e  dose ranges used for the calculation 
of the DDREF. Table 9 gives the results of fining the 
data fro111 a nu~iiber of studies in mice over various 
dose ranges, and Table 10 examines uncertainties in 
the calculation of DDREF from studies in male and 
fen~ale mice. Results from a number of individual 
studies are given in Tables 11-15. 

(a) Myeloid leukuemia 

145. The effect of dose and dose rate on the induction 
of myeloid leukae~nia has been examined in a number 
of strains of mice. Upton et al. [U21] compared the 
effect of a wide range of x- or gamma-ray doses in 
RF mice in the dose range from 0.25 to -10 Gy. Male 
rilice were substa~~tially more sensidve than females, 
with ae increased incidence of the disease detectable 
at 0.25 Gy given at a high dose rate (0.8 Gy min-l, 
250 kVp x rays). The incidence passed through a 
maxiniurn at 3 Gy and declined at higher doses 
(Figure VIII). At doses up to about 1.5 Gy the 
i ~ ~ c i d e ~ ~ c e  of the disease appeared to vary roughly with 
the square of the dose, although a linear dose response 
would fil the expcrimental rcsults up to about 2 Gy. 
Low-dose-rate irradiation was much less effective than 
acute exposure. At dose rates of 0.04-0.6 mGy min-', 
no significant lcukae~nogc~~ic  effects were evident at 
a total dose of 1.5 Gy, although a significant increase 
was found at a dose of about 3 Gy. The induction 
period, as judged by rncan age at death of mice with 
the disease, varied il~versely with the dose and dose 
rate, suggesting that the disease contributed to the 
overall reductio~~ in the life-span of the population. 
The exposures at different dose rates entailed time 
periods of between a few minutes up to about a 
month, so age effects are unlikely to have affected 
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tumour response, and differences between acute a~rd 
chronic exposures appear 10 be predominantly due to 
differences in dose rate. 

146. A linear fit to the incidence data up to 1 Gy in 
male mice [U21] exposed to high dose rates (slope: 
14.4% 5 3.2% G ~ - ' )  and to 3.1 Gy following low 
dose rates (slope: 2.8% -t 0.8% Gy.l) suggests that 
effectiveness at low dose rates decreased by a factor 
of 5.1 (Tables 8 and 9). A linear fit to the i~lcidencc 
data up to 3.0 Gy at high dose rate (slope 14.3% -t 
1.7% G ~ - ' )  gave a similar result. In an earlier analysis 
of the high-dose and low-dose incidence data obtained 
up to 3.0 and 3.3 Gy, respectively, a dose-rate effec- 
tiveness factor of 6.7 was reported [N I] .  

147. In female RF mice the incidence of ~nyeloid leu- 
kaemia following acute high dose-rate exposure was 
highly variable, and no clear dose-response relation- 
ship was obtained, although an overall increase in 
incidence was found at doses of 1 Gy or more at 
0.067 Gy min" (Figure VIII) [U12]. At low dose 
rates, 0.004-0.7 niGy min-l, the incidence of myeloid 
leukaemia (45%) in mice exposed to doses between 
1 and 6 Gy was approximately double Lhat in controls 
(3%), but it showed no trend with increasing dose. 
The variability in results obtained for mice at high 
dose rates makes any estimates of dose-rate effect very 
uncertain. Based on a weighted least-squares fit to the 
data obtained up to 3 Gy at high dose rates (slope 
6.8% 2 2.0% G ~ - ' )  and up to 5.8 Gy at low dose rate 
(slope 1.04% t 0.38% G~.'), a dose-rate effectiveness 
factor of 6.5 is suggested (Table 9). A somewhat 
higher dose-rate factor (9.6) is obtair~ed if the 
high-dose data on myeloid leukaemia incidence are 
compared with low-dose data over the range 0-6.1 Gy. 

148. In contrast to these studies involving variatio~ls 
in dose rate, Upton et al. [U19] also examined the in- 
cidence of myeloid leukaemia in male RF niice given 
fractionated doses (2-3 exposures) of 0.75-1.5 Gy from 
x rays at high dose rates and found it to be similar to 
the incidence after single acute exposures. Robinson et 
al. [R3] re-analysed part of Upton's data on male RF 
mice p 1 8 ,  U20, U211, considering those irradiated 
with 250 kVp x rays up to 4.5 Gy (-2,000 male mice) 
and correcting for competing risks. They obtained a 
good fit to the experimental data with a linear- 
quadratic model having an al/a2 value of 0.5 Gy and 
a P1/F2 value of 2.4 Gy. It appears from these data 
that the decreased incidence of myeloid leukaemia at 
low dose rate can be interpreted in terms of an 
increasing linear component of the response and a 
diminishing quadratic component. The generalization 
of these results to other tissues is complicated, 
however, by the fact that the females are less sensitive 
than the males; also, it has been shown that the 
incidence of myeloid leukaemia is influenced by a 

nutuber of host factors, including genetic background, 
lronuonal status n~ld the environmerlt in which the 
animals arc nlaintai~~cd IU19, U201. Thus, animals 
niaintained in a germ-free environment are less 
sensitive to the disease than animals housed in 
conventional facilities. It is not clear, Urerefore, 
whether tlre data suggesting dose-rate effects can be 
i~rlluenccd by cnviroi~nie~ital factors irlvolved in 
tumour illiliation or expression. 

149. Ullrich and Storer [U15] have reported dose-rate 
effects for myeloid leukaenlia induction in 10-week- 
old specific-pathogen-free RFM/Un female mice 
exposed at 0.45 Gy min-' or 0.083 Gy d-I to 1 3 7 ~ s  
gamma rays. Comparative data on dose response were 
obtained up to 2 Gy. Low-dose-rate exposure was 
much less effective than high-dose-rate exposure; in 
fact, no significant increase above control levels was 
observed at the low dose rate at doses up to 2 Gy. At 
high dose rate, a significal~t increase in myeloid 
leukaemia incidence above control levels was apparent 
at doses of 0.5 Gy and above, although the difference 
was only significant at 1.5 Gy or more. Even at 3 Gy 
the incidence was only 5.2%. Although the data could 
be fined with either a linear or linear-quadratic model 
(p > 0.5 and p > 0.8, respectively), the dose-squared 
component was not significant, and linearity 
predominated over the dose range used in the study 
[U13]. A linear model fitted to the high-dose-rate data 
gives an incidence of 1.38% ?r 0.12% G ~ - ' ,  while that 
fitted to the low-dose rate data gives -0.050% ? 

0.096% G ~ - ' ,  reflecting the lack of any significant 
increase in incidence. The data therefore suggest a 
dose-rate effectiveness factor of infinity with a lower 
95% confidence limit of 9.7. 

150. Ullrich and Storer [U13] have also given dose- 
response data on male RFM mice exposed at 
0.45 Gy n~in-' to total doses between 0.1 and 3 Gy. 
Myeloid leukae~nia incidence was higher than in 
female mice, and it was notable that the dose response 
could again be fitted with either a linear or a linear- 
quadratic model, with the linear component predomi- 
nating over the dose range used in the study. The ratio 
of the linear slopes indicates that the sensitivity of 
male RFM mice to myeloid leukaemia (I = 0.67 + 
6.5D, where I is the incidence in per cent and D is the 
dose in gray) is greater than that of female niice (I = 
0.63 + 1.4D) by a factor of nearly 5. 

151. The effect of variation in dose rate on the 
induction of myeloid leukaclliia in male CBA/H mice 
has been exalnined by Mole et al. [M13]. This strain 
of mouse is exceptional in that no case of myeloid 
leukaemia has been observed in more than 1,400 
unirradiated male mice, so that every case occuning in 
irradiated ani~llals can be regarded as radiation-induced 
[HI71 (see Annex E, "Mechanisms of radiation onco- 
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genesisn). Gro~lps of rl~icc rrccived exposure to *CO 
gamma rays col~tinuously ovcr a four-wcek period 
(0.04-0.1 1 n~Gy win-') or sillglc hricf exposures five 
days a wcek for four sucrcssivc weeks (0.25 Gy 
niin-I) or a single hricf exposure (0.25 Gy minwl). 
Total doscs wcrc 1.5, 3 or 4.5 Gy. The results of the 
study, sulnrnarizcd i n  Table 11, demonstrate a dose- 
dependent irlneasc in incidcl~cc of mycloid leukaemia 
in the acutely exposcd a l~i~nals  compared with con- 
trols, with a higher incidence than tllosc groups givcn 
protracted exposure. Howcvcr, in the groups in which 
radiation exposurc was sprcad ovcr a pcriod of four 
weeks, cithcr continuously or in 20 equal fractions 
(giving differences in dose rate of several thousand- 
fold), the incidence was the same, and within the dose 
range used appeared indepcndcnt of the total cumula- 
tive dose. There is no obvious cxplanation for this 
result. Mole el al. [MI31 speculated that the rridcal 
factor determining leukaernogenic frequency in this 
experiment was not the instantaneous physical dose 
rate but some biologically important factor correlated 
with protraction. Nevertheless, the frequency of 
leukaemia induction was already reduced by protrac- 
tion of the dosc. As a corlscqucllcc of the lack of a 
dose-response relationship for niyeloid leukaemia 
i~lcidence with protractcd exposure, in contrast to the 
results for acute cxposure, the factor for reduction in 
myeloid leukaemia induction at low dose rates varies 
from 2.2 at 1.5 Gy to 5 at 4.5 Gy (Table 11). 

152. Summary. Thcsc studies have shown that radia- 
tion-induced myeloid lcukacniia can be induced in 
RFM and CBA mice, although tt~cre arc differences in 
sensitivity between the strains and between both sexes. 
For dose rates varying by factors ranging fiom 100 to 
more than 1,000, DDREFs bctwecn about 2 and more 
than 10 have been obtair~cd for doses in the 1-3 Gy 
range given at high dose rates, but thcre is no 
consistent trcnd (Table 8). 

(b) Lung cancer 

153. Information on the effect of dose and dose rate 
on carcinogcncsis in the respiratory tract Gom low- 
LET radiation has come rlioslly froni whole-body 
exposurc of animals to x rays and gamnia rays. How- 
ever, comparative data are also available on the effects 
of inhaled radionuclidcs with different effective half- 
times in the lung: these data provide funher 
infonnation on dose-rate effects. 

154. Tbe induction of lung ;~denocarcinomas at high 
dose rates (0.4 Gy mill-') and low dosc rates (0.06 
mGy win-') has beell cornpiired in female BALBIc 
mice (U12, U15] in the dose range 0.5-2 Gy. Tumour 
induction was less at low dose rates than at high dose 
rates. After high dose-rate exposurc, the age-correlated 

incidc~~cc (%) could be rcprcsentcd by a linear 
function [I(D) = 13.4 + 12D; p > 0.5); at low dose 
rates a l i ~ ~ c a r  fu11ctio11 also gilvc a good fit to the data 
[1(D) = 12.5 + 4.3D; p > 0.81. Since lllc authors indi- 
cated here wcrc 110 cl~al~gcs in sensitivity wiU1 age 
ovcr tllc period of irradi;ltior arid t l~c  dab wcrc ad- 
justed for diffcrcllccs in  t l~c  distribution of ages at 
deaUi amolrg t l~c  various trcatmcnt groups, the dif- 
fcrcnccs ill slopc can be co~~sidcrcd to reflect differ- 
cnccs in cffcctivc~lcss at tlic two dosc rates and sug- 
gcst a dose-rate cffcc~ivencss factor of 2.8 (Table 8). 
The data on lung tuniour illduction in lnice were 
cxtcndcd in a further study [U24] which provided 
information on the dose response at high dose rates 
(0.4 Gy min-l) in the dose range froni 0.1 to 2 Gy. 
Although the tulnour incidence data could again be 
fitted by a linear model [I@) = 10.9 + 11D; p > 
0.70)], they could also be fitted b a linear-quadratic r model [I(D) = 11.9 + 4D + 4.3D , p > 0.701. In this 
equation the linear tenn was very similar to that 
obtained for low-dose-rate exposures, and it was 
concluded that the result was in general consistent 
with a linear-quadratic modcl in which the linear term 
is indepel~dc~~t of dosc rate at high and low dose rates. 

155. Recently, Ullrich et al. [U26] tested the 
predictions of the linear-quadratic modcl in a series of 
studies with BALB/c mice using fractionated expo- 
surcs. Thc model prcdicts that fractionating an expo- 
sure using high-dose-rate fr;~ctions but with a small 
total dose per fraction, w11icl1 would lie on the pre- 
dominantly linear panion of the dose-response curve, 
would have all eCfcct similar to that obtained with low 
dose rates. Mice wcrc exposed to total doses of 2 Gy 
from 13'cs ga1n111a rays given in different daily Gac- 
tions (0.1, 0.5, and 1 Gy) at high dose rate (0.35 Gy 
min-l). The linear-quadratic dose-response curve for 
lung tumour induction gave an all% quotient of 0.93, 
indicating that at doses of about 0.9 Gy, the al and a;! 
terms contribute equally to the tumour response. At 
doses substantially bclow this, the linear term should 
predorninate, giving a tumour induction rate similar to 
that at low dose ratcs (0.06 rnGy min-l) (Figure IX). 

156. The resulb of the study are shown in Table 12, 
which gives bolh the obscrvcd incidences of lung 
adenocarcinomas and those calculated fiom the predic- 
tions of a linear-quadratic model, on the assumption 
that Ulc effects of each dose fraction are additive and 
indepcndel~t of ear11 other. The lung tumour incidence 
followil~g daily fractioas of 0.1 Gy (group 3), which 
would be on tllc linear cotn1)onent of the response 
curve, was rornp;rrable to Ulat obtained following low- 
dose-rate cxposurc (group 2). If the dosc per fraction 
was ir~creascd thc quadratic term would be expected to 
rnake all irlcreasillg col~tributio~~ to the response, with 
an increase ill thc tunlour illcide~rce per unit dose, as 
was indeed observed (groups 4 and 5) ,  although not to 
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the level obtained with a single cxposurc to 2 Gy at 
high dosc rate (group 1). The results arc seen to bc 
consislel~t with thc prcdictio~~s of tlic lincar-quadratic 
model, whicli call thcrcfore bc used to assess the 
effect of dosc rate on tumour rcsponse at various 
doscs and dosc ratcs. Tablc 13 gives botli total turnour 
incidcncc and radiation-induccd cxccss tumours for a 
rangc of doscs (0.1-3 Gy) ;~cln~inistcrcd at both high 
and low dosc ratcs. The incidcncc of tumours has not 
bcen calculated at doscs abovc 3 Gy, bccause at highcr 
doses cell killing is cxpcctcd to bccome significant. At 
the lowest dose (0.1 Gy), the linear term dominates 
and the tumour incidence is largely indcpcndent of the 
dose rdte (DDREF = 1.1). At highcr doscs, however, 
the quadratic ten11 becomes of increasing importance 
at high dose rates, giving a DDREF of about 3.2 at 
2 Gy and 4.2 at 3 Gy (mean: 3.7). These experimental 
data illustrate vcry clearly the extent to which 
lowcring the dosc rate can reduce the tuniour inci- 
dence. They also suggcst that for lung adenocarcinoma 
in mice, a low dose, at which there is no significant 
effect of dose ratc, is in the rangc 0.1-0.2 Gy. 

157. Extcnsivc long-term studics on the cffccts of 
inhaled beta- and gamma-cmitting radionuclides in 
dogs have bccn rcportcd by McClellan ct al. [MI]. 
Groups of about 100 beagle dogs about 13 months old 
were exposcd to aerosols of ii rangc of radionuclides 
bound in fused aluminosilicatc particles and having 
different half-livcs 64 hours; 9 1 ~ :  58.5 days; 
1 4 4 ~ e :  285 days; %r: 28 years) to give a range of 
initial lung contents. In this insoluble form, the 
radionuclides are poorly transportable in the lung 
tissue and do not readily translocate to the blood. The 
different radioactive half-lives of the nuclides gave 
effective half-timcs in thc lung ranging from 2.5 days 
for 9 to 600 days for %r. As a consequence, very 
different dose rates were obtained for the same 
cumulative dose (Figure X). For w ~ ,  more than 90% 
of the total dose to the lung was received within two 
weeks of exposure, for 9 1 ~ ,  about 90% of the dose 
was received by six months; while for 1 4 4 ~ e  and 9 0 ~ r ,  
only 77% and 34% of the total doses were received by 
one year. The dogs arc being observed for their active 
lifetime, and the study is not yet complete. Some dogs 
exposed to high radiation doses died early with 
radiation pneumonitis and fibrosis; others died latcr 
with lung tumours. Tumours occurred with absorbed 
doses to lung ranging from 11 to 680 Gy. Preliminary 
data on the incidcncc rates of radiation-induced lung 
tumours have bcen rcportcd [GlO, H121. The 
estimated risk cocfficicnts for lung tulnour induction 
in dogs exposcd to 9 0 ~ ,  9 1 ~ ,  1 4 4 ~ e  and %r at times 
up to more than 10 years after cxposurc were 0.036, 
0.032, 0.011 and 0.013 Gym'. Thus, the relative risk of 
lung cancer in dogs exposed at the higher dose rate 
from 9 0 ~  is about thrce times the risk observed in 
dogs exposed at low dose rates. 

158. Silmrttary. Two studics in mice have four~d an 
cffcct of dose and dosc rate OII lung tunlour induction, 
with DDREFs in the range of 3-4 for doses in the 
rangc 2-3 Gy givcn at high dosc ratc. Studies in 
beagle dogs cxposcd to inhalcd, i~~%olublc radio- 
nuclides wi& diffcrcnt cffectivc half-limes have givcn 
a range of risk cacficicnts for induced lung cancer 
that varicd by a factor of about 3 bctwecn w ~ ,  which 
gave the highest dose rite, and ? S r ,  which gave the 
lowest (Tables 8 and 13). 

(c) hinnininry tuniours 

159. Maniniary carcinogcncsis in inbred strains of 
mice is highly dependent on hormonal, viral, genetic, 
immunological, dictary and environmental factors [S7, 
S8]. As a consequence, irradiation may affect mani- 
mary carcinogcnesis either directly, by affecting the 
cells of the breast, or indirectly by causing functional 
changes in the endocrine glands or by activating mam- 
mary tumour virus or other viral agents. In some 
mouse strains thcre is evidence that ionizing radiation 
can induce marnmary tumours by "abscopal" effects, 
i.e. tumours can be induced in the mammary tissue 
irrespective of the area irradiated [B19, S8]. Similar 
considerations also apply in the rat. Rat mammary 
tumours can be classified as fibroadenomas and adcno- 
carcinomas [Y3]. The incidcncc and proportion of 
these tunlour typcs is vcry dcpcndcnt on the strain of 
rat irradiated. 

160. The most extensive expcrimental data on the 
induction of marnmary tumours by ionizing radiation 
come from studies in Sprague-Dawley rats. However, 
in this strain of rat, which is sensitive to thc induction 
of adenocarcinomas by radiation, there is a high spon- 
taneous tumour incidence beyond about 15 months of 
age, so that in many experimental studies a cut-off 
period of approximately 12 months is imposed. Near 
the end of life of these animals the total tumour inci- 
dence in controls approaches that seen in irradiated 
animals, with the result that the absolute excess inci- 
dence is increased minimally, if at all. Thus, it may be 
that the effect of irradiation is to accelerate the appear- 
ance of tumours rather than to increase the overall in- 
cidence [C14, S8]. For rats of other strains and for 
other spccics the incidence of radiation-induced 
mammary tuniours is lcss than in Spraguc-Dawlcy rats 
[Ull] .  

161. In Spraguc-Dawlcy rats given whole-body 
x-irradiation or %o gamma-irradiation at 1-2 months 
of age (0.25-4 Gy), the incidcncc of turnours at one 
year increased as a linear function of the dosc IB17j. 
Similar results were obtained by Shellabarger et al. 
[S6] in the dose range 0.16-2 Gy with %o ganima 
rays. The incidc~ice of mammary tunlours in rats 
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cxposcd to "CO at two dil'fcrc~r~ dose rates has bcen 
reported by Shcllabargcr ct 111. ISIS]. Groups of rats 
werc cxposcd at eid~cr 0.0003 Gy tnin-' or 0.1 Gy 
min" to give total doses of 0.9 Gy and 2.7 Gy. In 
alrinrals exposcd lo 2.7 Gy, tile irrcidcncc ofnlarnmary 
adcrrocarcir~o~~ras was Iriglrcr in the high-dose-rate 
group (8/20, or 40%) llia~r in tlic low-dose-rate group 
(4135, or 11%). With an incidence in controls of 
1%-2%, this suggests a dose-rate effectiveness factor 
of about 4. Howcvcr, no effect of dosc protraction was 
found in the low-dose group, and for both dosc Icvcls, 
no protraction cffcct was observed for mammary fibro- 
adenomas or total mammary tumours. The overall 
incidence of tumours in the animals exposed at low 
dose rate was also lower than in the aninials cxposed 
at high dose ratc, largely because of the effect on 
adenocarcinomas. Shcllabargcr ct al. [S4, SS] have 
also compared mammary tumour induction in rats 
given 4 5  Gy from x rays, either in a single exposure 
or in up to 32 fractions delivered over a 16-week 
period. No apparent change in the total tumour inci- 
dence was observcd with dose fractionation, but this 
may have been because the total dosc exceeded the 
level at which the response reached a maximuni with 
single-exposure irradiation. 

162. The incidence of mammary tulnours in Sprague- 
Dawley rats exposed at different dose rates has bcen 
reported by Gragtmans et al. [G7]. Groups of approxi- 
mately 120 SPF rats werc eitllcr cliro~~ically cxposed 
to 200 kVp x rays ovcr a 10-day period, to give doses 
between 0.3 and 2 Gy, or given acute exposures of 0.6 
or 1.8 Gy over one hour. In all dose groups, total 
tumour incidence was significantly greater than in 
controls, and by 450 days the average number of 
tumours per animal excecdcd unity for the highest 
dose groups followirrg both acute exposure (1.52 
tumours per animal) and chronic exposure (1.14 per 
animal) (controls: 0.17 per animal). The best fit to the 
data up to 450 days was obtained with a linear func- 
tion with cumulative tumour incidences of 78.3% 2 

10.4% G ~ - ~  for acute exposure and 45.5% ? 5.4% 
G ~ - '  for chronic exposure. A linear dose response was 
also obtained for the proportion of animals wilh 
tumours at 450 days with parameter values of 40.5% 2 

0.4% G ~ - '  and 24.8% ? 2.4% Gy" for acute and 
chronic exposures, respectively. These results indicate 
dose-rate effcctivcness factors in the range 1.6-1.7. 
which is the same range in which other data on 
manimary tumour induction fi~ll. 

163. The effect of fr;~ctionatcd or single doses of 
x rays has bcen reportcd for WAG/RIJ rats [B23]. The 
rats were eight wceks old wlicn irradiated and were 
kept until death. The frcquc~rcy of fibroadenomas and 
carcinomas was based on histological examination. 
Wcibull functions were fitted to the dose-response 
data, and the probability of survival without evidence 

of a tuniclur was calculated according to the L p l a n -  
Mcicr life-tablc analysis. The analysis showed tllat 
irradiatiorr accclcr:~tcd the appcarancc of fibro- 
adc~ro~nas and carcinoniiis. Fractionatio~r of the dose 
(10 cxposurcs of 0.2 Gy ill one ~nolrllr i~itcrvals) was 
only ~ni~rginally lcss cl'fcctivc i n  respect of the effect 
on appearance t i~nc  of ~ ~ i i l ~ i i ~ t ~ i ~ r y  carcirrornas than a 
si~igie dose of 2 Gy; this stody, U~ercforc, provides no 
evidence for a reduction fi~ctor (kc. DDREF 1.1). 

164. The effect of dosc ratc on niammary tunlour 
induction in niice has been rcportcd by Ullrich and 
Storer [U12, U1.51. In fernale BALBIc mice exposed 
to 1 3 7 ~ s  gamma rays, groups of niice werc cxposed at 
either a low dosc ratc (0.06 niGy n~in-l) or a high 
dose ratc (0.45 Gy min-l) to give total cumulative 
doses of 0.5 Gy or 2 Gy. At both dose levels the 
irrcidelrce of Inamniary adc~rocarci~ronlas could be ade- 
quately dcscribed by linear relationships and was 
higher at high dose rates [I(D) = 7.9 + 6.7D; p > 0.51 
than at low dose rates [I(D) = 7.8 + 3.5D; p > 0.251 
(Figure XI). The ratio of the slope constants for 
marnmary tumours suggests a dose-rate effectiveness 
factor of 1.9. 

165. These data on niamniary tuniour induction were 
extc~rded in a further study [U24] which provided 
information on the dose rcspoasc at high dose rates 
(0.4 Gy min-') ill tlic dosc range fro111 0.1 to 2 Gy. 
The i~rcidence of Inanrmary tulnours i~icreascd rapidly 
ovcr the dosc range up to 0.25 Gy. At higher doses, 
although there was some response, it  was roughly flat. 
The high initial sensitivity to tunlour induction was 
surprising in the light of thc previous results [U12], 
which, however, wcrc based on fewer data points and 
doses no lower than 0.5 Gy. Taken together with the 
previous data, the data obtained up to a dose of about 
0.25 Gy were consistent with a linear-quadratic niodel 
of the form I@) = 7.7 + 3.5D + 1 5 0 ~ ~ .  The linear 
term was similar to that obtained after low-dose-rate 
exposures. 

166. Ullrich ct al. [U26] have tested the predictions of 
this linear-quadratic model in a series of studies wirh 
fractionated exposures. The fit to the data gives an 
al/a2 quotient of 0.023, ir~dicating that doses as low 
as 0.1 Gy will give a signilicant coritribution from the 
quadratic component. BALBIc niice wcrc exposcd to 
total doses of 0.25 Gy given as daily fractions of 
either 0.01 Gy or 0.05 Gy. The incidence of mammary 
tunlours for these two groups aed for oher  grou s of P mice cxposcd at high dose rate (0.35 Gy mill- ) to 
give total doses of 0.1-0.25 Gy and at low dose ratc 
(0.07 nlGy niilr-') to give 0.25 Gy arc compared in 
Table 14 with tumour il~cidc~ices predicted by the 
linear-quadratic arodcl. Acute daily fractions of 
0.01 Gy gave a tulnour irrcidence sir~rilar to that 
observed following low-dose-rate exposure and in 
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good agreement with n~odcl predictions. 111 general the 
results dc~iloristratc that for nialiiniary tulnour induc- 
tion, the effects of dosc fractionatioo call be predicted 
by dlc linear-quadratic dose-response niodel. The rc- 
sponsc of this stri~ia of nlousc appears, Iiowcver, to he 
markedly diffcrc~~t fro111 tll;lt of the rat strains de- 
scribed above, as a substa~~tial dosc-rate effect is 
apparent, with an iniplied DDREF at 0.25 Gy, the 
higtiest dosc at wllich tumour incidence was measured, 
of about 12 (Table 15). In rats evaluation of the 
DDREF was made at doscs up to about 3 Gy 
(Table 8). 

167. Summary. A number of studies have been pub- 
lished on the effect of dose rate on manunary tumour 
induction in rats. These studies give DDREFs from 
less than 2 to about 4 for dose rates varying by a 
factor of 150 or niore and for doses at high dose rate 
in the range from about 2 to 3 Gy (Table 8). One 
study in mice gives an implied DDREF based on an 
assumed linear-quadratic response of about 12  at 
0.25 Gy for dose rates varying by a factor of about 
5,000, although interpretation of the data is limited by 
the lack of information at higher doses. 

(d) Pituitary tunlours 

168. The effect of dose rate on the induction of 
pituitary turnours in RFM rnicc has been reported by 
Ullrich and Storer [U14, U15] for fernale mice expo- 
sed at hifh dose rates to 13'cs gamma-radiation (0.45 
Gy m i d  ) giving total doses of 0.1-3 Gy. The inci- 
dence of these tumours with radiation dose was found 
to increase at doses of 0.5 Gy or higher, although the 
response was sonlcwhat irregular and did not differ 
significantly Gom controls, even at 2 Gy. The inci- 
dence rcmaincd at approximately control levels 
(6%-7%) over the range 0-0.25 Gy, increased to 
9%10% at 0.5 Gy, rcmaincd at that level over the 
range to 2 Gy, and increased to 20.9% at 3 Gy. Both 
a linear model [I@) = 5.7 + 4.4D; p > 0.2) and a 
linear-quadratic model [I@) = 6.3 + 0.8D + 0 . 0 1 3 ~ ~ 1  
adequately described the data. Lowering the dose rate 
to 0.06 rnGy mid1 resulted in a reduced tumour inci- 
dence up to a total dose of 2 Gy; this incidence was 
best described by a linear n~odel [I@) = 6.3 + 0.73: 
p > 0.951. When the linear dosc responses fitted at low 
arid high dose rates were compared, low-dose-rate 
exposures were found to be less effective in inducing 
pituitary tumours, by a factor of about 6 (Table 8). 
However, if a linear-quadratic response is assumed 
after h i  h dose-rate exposure [I@) = 6.3 + 0.8D + 8 - 0.013D 1, then the linear term is simili~r at botb dosc 
rates, suggesting that the primary effect of dose rate is 
to alter the dose-squared component. Male RFM mice 
were exposed only at the higher dose rate, and the 
incidence of pituitary tumours was too low to warrant 
analysis. 

169. Sunrnrary. Oilly one study has been published 
that allows an cstiniatc to be made of a DDREF for 
the induction o l  pituitary tunlours. In fc~nale mice, a 
value of about G c;~n he obtained for doscs up to about 
3 Gy give11 at high dose rate and for dose rates that 
differ by a factor of about 8,000. 

(e) Tllyroid tunlours 

170. Thyroid cancer in animals can be i~lduced by 
iodine deficiency, chemical carcinogens, and goitro- 
gens, and exposure to ionizing radiation. Information 
is available from hulnan populations on the effects of 
both external radiation and internal radiation from 
intakes of iodine isotopes; it  suggests that 1 3 1 ~  is less 
carcinogenic than external radiation (see Chapter III), 
although whether this is due solely to dose-rate effects 
or to other factors as well is not clear. In principle, 
animal studies should be able to provide information 
on the relative effects of external radiation and l3'1, 
but in practice the reported results present some 
difficultics in interpretation, and there are species 
differences in the way thyroid canccr is expressed. 

171. Doniac [D4] reviewed a series of studies in rats 
that could be used to compare the tumorigenic effects 
of xrays  and 13'1. Results from three studies 
suggested that the carcinogenic effect of 11 Gy from 
acute x-ray ex osure was comparable to that of 
1.1 MBq of 134, which would give a dose to the 
thyroid of about 100 Gy. The dose rates are substan- 
tial, and significant cell killing might be expected, 
although higher doscs of 1 3 1 ~  are needed to cause 
atrophy. With this proviso, the data suggest that 
protracted irradiation from 1311 is less damaging, by a 
factor of about 10, than an acute dose of x rays. 

172. Walinder [W2] con~pared the carcinogenicity of 
x rays arid 1311 in adult CBA mice. His results indi- 
cated that was one fourth to one tcnth as effective 
as x rays for the production of thyroid adenomas and 
carcinomas; doses from x rays were 15 Gy and from 
1311, 64-160 Gy. He also found that at somewhat 
lower doses (10 Gy from x rays and 22-110 Gy from 
131~), 1311 was one half to one tcnth as effective as 
x rays. 

173. Whether this diflcrcnce in effect is due solely to 
diffcrcnccs in dosc rate is difficult to dctcnnine, as a 
number of factors influerice the dosimetry of 1311 [C8, 
D4, Jl], As a consequence of the small mass of the 
thyroid in the rat or  nou use, considerable beta-radiation 
is lost from the peripheral portions and h e  isthmus. 
Thyroid cells near the surface may receive as little as 
50% of the dosc to the cc~~tra l  cells, an effect that 
becomes niorc important as the gland size decreases. 
Unlike the dosc from external radiation, the dose from 
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intakes of 13'1 nlay be hctcrogcneously distributed 
owing to variation in uptake bctwecn follicles, al- 
though Walindcr cl al. [Wl  I have re ortcd mcasurc- 
nients of the dose distribatio~~ for "1 and in 
mouse thyroid and found i t  to bc gcncrally unifomi, 
but wilh dccrcascs at the tl~yroid cdgcs, as would be 
cxpcctcd for a uniform co~~cc~~tra t ion.  Walindcr ct al. 
[ W l ]  also observed a si~nilar cffcctivcness of 1 3 2 ~  (TIA 
- 2 2  h) and x rays on l t~c  thyroid in the inhibition of 
goitro en-stinlulatcd growtl~ in the CBA mouse and 
that '''1 was one half to one tenth as effective as 
x rays. Book et al. [B14] observed in die Sprague- 
Dawley rat a difference in cffcctiveness of 13'1 to 1 3 2 ~  

o l  about 1:9, in terms of average thyroid dosc, for the 
suppression of thyroid gland weight i~lcrease stimu- 
lated by goitrogen. The dosc distribution in the thyroid 
gland is similar for the two radionuclides, and the 
observed difference in radiation is likely to be due to 
differences in dose rate. Liu ct al. [L2] found that the 
tumour incidence was lower following exposure to 
l3'1 than 1311. Although this difference ma have been 
panly due to higher radiation doscs from ''1, the dose 
rate may have also been a factor in the response. 
Since 13'1 uptake by the thyroid in laboratory animals 
varies with environmental temperature and the dietary 
content of stable iodide, the administration of similar 
amounts in separate expcrinlents in different labora- 
tories may give rise to varying doses. The usual 
assumption, for dosirnetric purposes, of a single 
exponer~tial function for loss of activity from the gland 
may also result in some uncertainty in the calculated 
doses, although by a factor of less than 2 [C8]. 
Despite these uncertainties, it seems likely that the 
differences in the incidence of cancer resulting from 
intakes o t  13'1 and froni exposure to external radiation 
cannot be readily explained by differences in dose 
distribution. 

174. In a subsequent study, Lee et al. [L4] compared 
tumour induction in six-week-old female Long Evans 
rats given 13'1 or localized x-irradiation of the thyroid. 
Three groups of 300 rats were injected inka eri- 
tonally with 18, 70 and 200 kBq of sodium P311- 
iodide, giving thyroid doses of 0.8, 3.3 and 8.5 Gy 
(maximum dose rates: 0.17, 0.69 and 1.6 mGy min-l). 
Three furthcr groups received localized (colliniated) 
x-ray exposures of the thyroid gland giving doses of 
0.94, 4.5 and 10.6 Gy (dose rate: 2.8 Gy min-I). Six 
hundred animals wcrc kept as controls. All the animals 
surviving to two years (-62%) were killed, and a six- 
month minimum latent pcriod for radiogenic thyroid 
cancer was assunled. The doscs from 13'1 in this study 
were considerably lower than those in thc earlier ones. 
Exposure to 13'1 was found to be about 40% as effec- 
tive as x-irradiation at the highest dose for the 
production of adenonias, but there was no significant 
difference from x rays at the lower doses. For the 
production of thyroid carcinomas the two radiations 

appear to be of cqual cffcctivcncss at all three doses, 
alll~ough lhc statistics wcrc sucll that the results do not 
exclude a two- lo tl~rccfold dil'fcrcncc i11 tllc effcctivc- 
~lcss of x rays and 13 '1 ,  

175. l ' f~csc diffcrceccs il l  cffcctivcncss obscrved in 
the studics by Lcc ct al. [Uj and the carlier rat 
studics arc not easy to cxpli~in. They niay reflect 
differc~lccs in the doses used, in the ages of a~~ in ia l s  or 
in the strains of rats. Fe~ualc I ~ n g  Evans rats are also 
morc se~~sit ivc 1l1;ln males, which has been attributed 
to hormonal fluctuations. Thc rcsulls of Lee et al. [LA] 
provide probably thc largest single body of informa- 
tion on thyroid cancer induction by I3l1 or x rays in 
an animal model. Furhermore, the dose range was low 
and more relevant to the assessment of risks from low- 
level exposures. That study, however, terminated at 
two years, rather than a l lowi~~g  the animals to live out 
their natural lifc-span. This may have prevented the 
appearance of sonic late tumours, an important feature, 
as about two thirds of the anirnals remained alive at 
the end of the two-year study. 

176. Surnrnary. Arrinial data do not support large 
differences between 13'1 and x rays for thyroid cancer 
induction for doses below about 10 Gy. Early cxperi- 
ments that indicated differences of up to a factor 10 
were at doses that would 11i1vc caused appreciable 
tissue damage. However, differences in tumour 
response of a factor of about 3 between 13'1 and 
x rays cannot be rulcd out. 

(0 Liver tunlours 

177. Di Majo et al. [D3] have reported dose-response 
relationships for liver tumour induction in BC3F1 male 
mice. Three-month-old niice were exposed to x rays 
(0.133 Gy min-l) in graded acute doses from 0 5  Gy 
to 7 Gy. A significant increase in liver tuniours was 
observed from 2 Gy, and the dosc response was best 
fitted by a pure quadratic response [I@) = 11.3 + 
1 . 2 ~ ~ 1  (Figure XI]). Although the animals were not 
exposed at diffcrcnt dose rates, this pattern of dose 
rcsponsc would imply that tumour induction would be 
rcduccd at lower dose rates. 

178. The induction of Hardcrian gland tumours at 
different dose rates has bee11 cxarnined i n  RFM niice 
[U12, U14, UIS]. This iefonnatio~~ is included here 
for the sake of cornpletc~~css, although i t  is noted that 
there is no human counterpart to this tu~nour. The data 
are, however, co~rsidercd to be relevant to understand- 
ing the overall response of tissues to radiation. 
Low-dose-rate exposures (0.06 ~ n G y  min-l) were less 
effective than high-dose-rate exposures (0.45 Gy 
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niin-l), wiUi i~lcidences at 2 Gy being significantly 
different for the two treatments (Figure XI11). Dose- 
response relationships at high dose rates suggested a 
linear-quadratic model for both niales [I@) = 1.5 + 
0.3D + 0.012D2; p > 0.991 and females [I@) = 1.2 + 
1.5D t 0.022D2; p > 0.251, illtilough lincarity could 
only be excluded with confidence for females (p < 
0.05). At low dose rates, a linear dosc response gave 
the best fit to the data for female mice [I@) = 1.2 + 
1.5D; p > 0.91, suggesting, as in the case of pi tui~~ry 
tumours, a similar linear response for low and high 
dose rates, and that the primary effect of lowering the 
dose rate was to diminish the dose-squared component. 
On the basis of a simple linear fit to the high- dose- 
rate dose-response data [I@) = 0.93 + 4.7D; p 
< 0.051, the results for female nlice indicate that 
turnour incidence at low dose rates is reduced by a 
factor of about 3 for doses of about 2 Gy (Table 8). 

179. Summary. The dose-response for Harderian 
gland tumours in female mice resulting from high-dose 
rate exposures can be fitted by a linear-quadratic rela- 
tionship. The data suggest a DDREF for high-dose- 
rate exposures of about 3 for doses of about 2 Gy and 
for dose rates varying by a factor of about 8,000. 

(h) Ovariun tumours 

180. The induction of ovarian tumours in gamma- 
irradiated mice has been shown to depend on the dose 
rate [U12, U21, Y4]. Interpretation of some of the 
data is complicated, however, by a decrease with age 
in the susceptibility of the niouse ovary to tumori- 
genesis. Furthermore, since the sti~nulus for tumori- 
genesis is believed to involve killing of oocytes and 
associated changes in honnonal status [U21], this is 
likely to contribute to observed dose-rate effects. 

181. The induction of ovarian tumours by x rays was 
studied by Ullrich and Storer [U15] using SPF/RFM 
female mice exposed at 0.45 Gy min-' and 0.06 mGy 
min-l. After high-dose-rate exposures, a significant 
increase in tumour incidence relative to controls was 
observed for doses of 0.25-3 Gy. In the group exposed 
at the lower dose rate, no significant increase in 
incidence was seen until 1 Gy, when the incidence 
was similar to that observed in the groups receiving 
0.25 Gy a t  higher dose rate (Figure XIV). The high- 
dose-rate data could be adequately described by a 
linear-quadratic model with a negative linear 
component [I@) = 2.3 + (-23) D + 1 . 8 ~ ~ :  p > 0.251 
or by a threshold plus quadratic model [I@) = 2.2 + 
2.3 @-D*)~; p > 0.75, where the threshold dose. D*. 
was estimated to be 0.12 Gy] [U14]. Linear and quad- 
ratic models were rejected. For the low-dose-rate 
response linear, quadratic and threshold plus quadratic 
niodels could be rejected (p < 0.01). Tlie two models 

that al~l~carcd to describe the relationship adequately 
were a linear-quadratic niodcl [I@) = 2.3 + (-3.7)D 
+ 0.068D2; p > 0.251 and a threshold plus linear 
niodcl [I@) = 2.07 + 14.9@-D*); p > 0.75, where the 
threstiold dosc, D*, was estimated to be 0.1 15 Gy]. 

182. I n  fernale BALB/c mice similar results have been 
obtained [U15]. Ovarian turnours were readily induced 
with high-dose-rate exposures (0.40 Gy min'l) to 
1 3 7 ~ s  gamma rays, giving a 66% incidence at 0.5 Gy, 
the lowest dose used, conlpared wiU~ a 9.9% incidence 
at low dose rate (0.06 ~nGy min-l) for h e  same total 
dose (dose-rate effectiveness factor: 6.7, Table 8). As 
in the case of RFM mice, linearity could be rejected 
(p < 0.05) at low dosc rate, and the dose response up 
to 2 Gy could be described by a linear-quadratic 
model [I@) = 6.0 + 8.3D + 0 . 0 5 ~ ~ 1 .  There were 
insufficient data at high dose rate to define a dose- 
response function: doses below 0.5 Gy would have 
been required. 

183. This pattern of response for ovarian tumour 
induction seen in both RFM and BALBIc mice is 
explained by the mechanism of induction for ovarian 
cancers, which is considered to involve substantial cell 
killing. This mechanism will be less effective at low 
dose rates and may account for the apparent threshold 
in the response. Linear functions fitted in this Annex 
to the dose-response data in RRvl niice obtained up to 
2 Gy for both high- and low-dose-rate exposures 
[U15] give a crude overall DDREF of 5.5 (range: 4.1- 
6.8, Table 9), compared with a value of 6.7 for 
BALB/c mice (Table 8), but because of the 
mechanisms involved, the extrapolation of these results 
to marl is uncertain. 

184. Summary. The induction of ovarian tumours has 
bccn shown in mice to depend on dose rate. DDREFs 
of 5.5 and 6.7 have been obtained in RFM and 
BALBjc mice at doses up to 2 Gy for dose rates 
varying by a factor of about 8,000. Since the stimulus 
for tumorigenesis is believed to involve killing of 
oocytes and associated changes in honnonal status, 
extrapolation of these results to man is uncertain. 

(i) l'hymic lymphomn 

185. A number of investigators have studied the 
incidence of thymic lymphoma after radiation 
exposure. However, many of these studies have bccn 
concer~~ed with modifying factors that influence the 
course of the disease or the sequence of events leading 
to its dcvelopment rather than with dose-response 
relationships. An added complication is that dose- 
response curves of a threshold type have been reported 
[M5], indicating that cell killing is important in the 
induction mecl~anisnl. 
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186. Ullrich and Storcr IU12, U15] studied the dose- 
response relationship and dose-rate effects for expo- 
sure to 1 3 7 ~ s  gamnia rays in 10-week-old feniale 
RFMNn mice. The incidence of thyniic lynr honia P after high-dose-rate exposure (0.45 Gy niin- ) was 
subsla~rtially greater than after low dose rates 
(0.06 niGy min-l) at all doses for which coniparable 
data wcrc givcn (0.5, 1 and 2 Gy) (Figure XV). In 
fact, no significant increase in incidence relative to 
controls was observed after low-dose-rate irradiation 
up to a total dose of 1 Gy, whereas at high dose rates 
a significant increase in irrcidence was observed at 
doses of 0.25 Gy. Examination of the relationship 
between the incidence of thymic ly~npho~iia and the 
radiation dose at high and low dose rates indicated 
both quantitative and qualitative differences. The dose 
response after high-dose-rate exposure appeared to 
have two components. Up to 0.25 Gy, the incidence of 
thymic lymphonla increased with the square of the 
dose, with a second, linear component describing the 
response over the range 0.5-3 Gy. At the lower dose 
rate the response was best described by a linear- 
quadratic model with a shallow (perhaps zero) initial 
linear slope, and linearity could be rejected. 
Considering that Ihe mechanis~n of thymic lymphoma 
induction is thought to involve cell killing or the 
possible release of viruses and subsequent target cell 
viral interactions, it is not surprising that somewhat 
complex dose and dose-rate response relationships 
have been obtained. 

187. An early analysis by the NCRP [Nl]  gave a 
dose-rate effectiveness factor of 6.4 for these data. 
Alternatively, the high- and low-dose-rate data 
obtained up to 3 and 2 Gy may be fitted with linear 
models, giving t ie  of 16.7% t 1.8% Gy-l and 2.9% 2 

1.9% Gy-', respectively, corresponding to a dose-rate 
effectiveness factor of 5.8 (Tables 8 and 9). In males 
[U13] no dose-response data were obtained at low 
dose rates, but at high dose rates (0.45 Gy min") a 
significant increase in incidence occurred at doses of 
0.25 Gy and above, and the data over the entire dose 
range up to 3 Gy could be adequately fitted by a 
linear function (6.7% 2 6.9% Gy-l). Overall, males 
were less sensitive than fenlales by a factor of about 
2.4, reflecting the difference of a factor of about 2 in 
the incidence in controls. 

188. An increased incidence of thymic lymphoma has 
also been reported by Upton et al. [U21] for male and 
female RFM mice exposed to x rays. Lymphoid neo- 
plasms occurred in about 4%- 10% of controls, and the 
increase in incidence depended on both the total dose 
and the dose rate, with a significant increase, relative 
to controls, at doses of about 2 Gy or more. With 
decreasing dose rate, the effectiveness of gamma- 
radiation in inducing turnours declined. A linear dose 
functio~r fitted to both high-dose-rate (0.8 Gy mill-') 

and low-dose-ratc (0.04-0.6 nrGy niin-l) irrcidence data 
for ninlcs suggests a dose-rate effectiveness factor of 
about 2.6 (Table 8) at doscs up to about 4 Gy. For 
fc~nalcs h e  data arc too variable to infer a dose-rate 
cffectivc~icss factor. 

189. In cxperi~iients by Maisin el al. [M5], 12-week- 
old male mice were exposed to s i ~ ~ g l e  or fractionated 
(10 eguill doses separated at daily intervals) doses 
from 3 7 ~ s  ga1111ria rays (4 Gy niin-l) in the dose 
range 0.25-6 Gy. The dose-response curve for thymic 
lynipho~na was of a threshold type, the ilicidencc in 
irradiated animals rising above that in controls only at 
4 and 6 Gy. Si~lgle doses were more effective than 
fractionated exposures at 4 Gy by a factor of about 2; 
there was no significant difference in response at 
6 Gy. 

190. Suttlmary. An effect of dose rate on h e  
inductio~i of thy~nic lympho~na has been demonstrated 
in RFM niale and fen~ale mice with DDREFs of about 
2.6 and 5.8 for doscs of 2 to 4 Gy and for dose rates 
varying by factors or more than 1,000 (Table 8). As 
with ovarian tumours there are difficulties in 
extrapolating these data to man, however, as cell 
kiili~ig appears to be involved in the development of 
this lumour. 

191. A number of studies have reported that when the 
radiation dose is fractionated, the incidence of skin 
tunlours decreases in comparison with acute expo- 
sures. Hulse et al. [H30] irradiated the skin of three- 
month-old CBAM fernale mice with a '% source. 
Four different schedules of exposure were used: four 
equal doscs at weekly intervals, four equal doses at 
monthly intervals, 12 equal doses at weekly intervals 
and 20 equal doses five days weekly for four weeks. 
Total doses given were large, 60 Gy or 120 Gy. The 
tunlours occurring after the different irradiation 
schedules were similar to those seen after single 
exposures and were mainly dermal tulnours at both 
dose levels. Dividing the total dose into four fractions 
did not affect tulnour yield, whether the exposures 
were spread over 22 days or 12 weeks. When 20 frac- 
tions wcrc givcn over 25 days, however, the yield was 
significantly reduced (p = 0.02) to about half that with 
a single exposure. With 12 fractions given over 11 
weeks, tlre yield was non-significanlly reduced (p = 
0.09 for both dose groups; p = 0.06 for 60 Gy). It was 
concluded that a reductio~~ ia tunlour yield followed 
multiple Cractioeation and protraction over several 
wceks o~ily if the dose per fraction was 5-6 Gy or 
less. The reduction factor was about 2. For epidermal 
tuniours, of which here  were fewer than half the 
number of deniial turnours, there was a much greater 
variation i r ~  respolrse bctwecn the groups. None of the 



ANNW F: INFLUENCE OF DOSE AND DOSE RA 

groups with fractionated exposure had a significantly 
different tumour yield from tlre single exposure group, 
and there was no clear evidence that protraction or 
fractionation reduced tumour yield. The yield of epi- 
dermal tumours was, however, signiticantly less in the 
20-fraction groups (at 6 irnd 12 Gy total doses) 
compared with Lhc groups give11 4 and 12 weekly 
hctions.  

192. In a series of studies in male CD rats [B40], skin 
tunlour incidence following acute exposure to attenua- 
ted 0.7 MeV electrons (1.6-2.4 Gy min-l) was mea- 
sured at nine doses (20 rats per group) between 5 Gy 
and 23 Gy. A peaked dose-response curve was ob- 
tained, with a maximum tunlour incidence at a dose of 
about 16 Gy. At 10, 14.5 and 23 Gy, the exposures 
were also split into two equal fractions spaced at 
intervals of 1, 3 and 6.3 hours. The effect of split 
doses on tumour yield depended on the position on the 
dose-response curve. At the lowest split dose the 
tumour yield declined with a half-time of about 1.8 
hours. At the intermediate dose, an initial increase was 
followed by a decline, with a half-time of 3-4 hours; 
at the highest dose (23 Gy) the tumour yield increased, 
presumably as a result of the spacing effect on cell 
lethality. The maximum effect of dose fractionation 
(14.5 Gy, two fractions, 6.3 hours) gave a reduction in 
tumour yield by a factor of about 2. 

193. In a more recent series of papers [05 ,  061, skin 
tumour incidence has been nleasured in female ICR 
mice. The backs of the animals were regatedly ina- 
diated with beta particles from " ~ r -  Y (2.24 Gy 
minm1, surface dose). For doses of 2.5-11.8 Gy per 
exposure, three times weekly throughout life, 100% 
incidence of tumours was observed. At doses of about 
1.5 Gy per exposure, however, there was a marked 
delay in the appearance of turnoun. In a further study 
g 7 ] , p p s  of 30 or 31  mice were irradiated wilb 

Sr- Y three times weekly throughout their life with 
doses of 0.75, 1.0, 1.5 and 8.0 Gy at each irradiation. 
The study demonstrated that tumoun appeared later in 
the groups given 1.0 or 1.5 Gy per exposure than in 
the group given 8.0 Gy per exposure, although tumour 
incidence was 100% with these two doses. At 0.75 Gy 
per exposure, no tumours appeared within 790 days, 
although an osteosarcoma and one squamous cell 
carcinoma did finally appear. There was no effect on 
the life-span of the animals. In a further group of 50 
mice given 0.5 Gy per exposure no turnours were ob- 
tained 108, T l l ] .  This observation of an "apparent" 
threshold in response may be accounted for by the 
small number of animals involved, but it is more like- 
ly arises as a rcsult of tlie characteristics of this 
particular tumour, in which induction appears to be 
more dependent on dose per fraction than on total 
dose; single doses of up to 30 Gy alone do not induce 
tumours. At the higher doses and dose rates tumour 

development is likely to he influenced by radiation 
effects on tlre tissue surrounding initiated cells. 

194. Surnrnary. A series of studies in rodents has 
shown that when irradiatio~l of the skin is fractionated 
the incidence of skin tumours is lcss than with acute 
exposure. In the majority of studies, however, the tolal 
doses have been Ii~rgc, and dose fractionation has been 
seen to have an effect only for doses per fraction of 
less than about 5-6 Gy. In general, the effect of dose 
fractionation under these conditiorrs has been to reduce 
tumour yield by a factor of about 2. In one study, in 
which fernale ICR mice were repeatedly irradiated 
with beta particles from %r-%, an apparent thres- 
hold for tumour induction was obtained at a dose per 
fraction of about 0.5 Gy. This may have been the 
result of delayed tumour appearance or the influence 
of radiation damage to surrounding tissues at the high 
doses and dose rates used. 

Q Tunlour induction in r u t s  

195. In male Sprague-Dawley rats (3 months old) 
exposed to %o gamma rays to give 2.83 Gy (304 
rats, 2 2  n ~ G y  min-l), 1 Gy (505 rats, 1.3 mGy min") 
and 3 Gy (120 rats, 1.3 mGy min-I), an effect of dose 
rate on overall tumour induction was observed, 
although this varied with the turnour type [M43]. At 
lower dose rates lhe incidence of radiation-induced 
carcinomas (excluding thyroid, pituitary and adrenals) 
was lower than at high dose rates for a total dose of 
about 3 Gy. The frequencies of carcinoma were 
6 .8%2 1.9%, 10.1% 2 3.8% and 25.8% 2 8.2% in 
controls and animals exposed at 1.34 mGy h-' (total 
dose: 2.8 Gy) and 78 nlGy h-' (3 Gy), respectively, 
implying a reduction in excess cancers by a factor of 
about 6 at the lower dose rate. Although the incidence 
of most carcinomas showed an increase with inaeas- 
ing dose rate, the effect was most significant for the 
digestive and urinary systems. 

1%. For a group of sarcomas that are poorly induc- 
ible in the rat (nervous system, leukaemia, lympho- 
sarcoma, bone and mesothelioma) but frequent in man, 
no dependence on dose and dose rate was observed. 
For a second group of sarcomas (angiosarcomas and 
fibrosarcomas of internal organs and of soft tissue), 
which are infrequent in man but colnmon in the rat, 
the incidence did increase with dose (from 1 to 3 Gy), 
although again it was independent of dose rate. 

197. Sumntury. The results of chis study in male 
Sprague-Dawley raLr indicate that, as with the studies 
in mice, the effect of dose rate on tumour induction 
varies between different tissues. For dose rates varying 
by a factor of about 60 and for a total dose of about 
3 Gy, DDREFs in the range from about 1 to 6 have 
been obtained for tumours in various tissues. Taken 
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together, the cancer ratc was reduced overall by a 
factor of about 3. 

(I) Uncertainties in the cnlculntion of DDREF 

198. A particular problem in estimating dose-rate 
effectiveness factors from the ratio of cancer yields 
following exposure to acute (high-dose-rate) and 
chronic (low-dose-rate) irradiations is that very often 
the standard errors atlachcd to the linear fits to the 
data are relatively large (Table 9). Formulae have 
therefore been developed that allow an cstimate to be 
made of uncertainties in the calculation of the 
DDREF. If a~ and a~ represent the yield coefficients 
for high and low dose rates, respectively, then the 
DDREF may be estimated by: 

DDREF = a,laL [ l  + ( o t l a 3 ]  (I6) 

where oL is the standard error on aL. The correction 
term exists to represent the skewed distribution of the 
ratio when a~ and aL are both normally distributed 
[Eli]. The correction is of little importance unless 
aL/aL exceeds about 0.3. Examples of calculations of 
DDREF that allow for this correction are shown in 
Table 10. These values may be compared with the 
point estimates of DDREF for the same studies given 
in Table 9. In all cases the values of DDREF that 
allow for this correction are larger than the values of 
those that do not, although by very variable amounts; 
the effect on the estimate of DDREF increases 
substantially when the standard error aL exceeds aL. 
The central estimates of DDREF given in Table 8 for 
the range of tumour types described in this Chapter do 
not include this correction. 

(n~) High-LET radiation 

199. The implication of the results described earlier, 
i.e. that at low doses of high-LET radiation the effects 
of fractionated or protracted exposures on life shorten- 
ing are very similar to the effect of acute exposures 
(Section lI.A.l.c), would suggest a similar lack of 
effect on tumour induction in individual tissues. The 
effects of neutron and alpha-particle irradiation are 
described separately. 

200. Neutron irradiafion. The effects of protracted 
and fractionated neutron irradiation on the induction of 
tumours differ in different tissues and have recenlly 
been reviewed by Fry FlO]. Grahn et al. [GI21 have 
examined the main categories of cancers found in 
B6CFl mice, namely, those of lymphoid and epithelial 
tissues. The results obtained so far indicate that morta- 
lity from lymphoma and leukaemia is greater after 
fractionated exposures than single exposures, whereas 
~rlortality from epithelial tumours is less after the 

fractionated than single exposures. Since no dose-frac- 
tionation effect is seen on the overall life-span in the 
dose ralige up to 0.2 Gy, it must be assu~iied that the 
two effects cancel each other out. 

201. There is littlc Curther information to suggest that 
dose ratc influences leukaemogcnesis in experimental 
animals. Upton ct al. (U21J did not report any differ- 
ence bctwecri the cffects of protracted neutron expo- 
sures at low dose rates on the induction of myeloid 
leukacli~ia in RFM mice and the effect after single 
doses. Huiskanip ct al. [H28, H29] reported no effect 
of dose rate on either the induction of acute myeloid 
leukaemia (AML) or survival in male CBA/H mice 
exposed bilaterally to fast fission neutrons (mean 
energy 1 MeV) at 2, 10 and 100 mGy min-' to give a 
total dose of 0.4 Gy. No AML was observed in the 
sham-irradiated controls. The observed AML frcquen- 
cies in the irradiated groups were 11.4%, 12.3% and 
9.8%, respectively, indicating that the incidence of 
AML was not influenced by a fifty-fold change in 
dose rate. Besides AML, lymphosarcomas were obser- 
ved in all experimental groups with a suggestion of a 
slightly higher frequency in the high-dose-rate group, 
although numbers were small and with no clear trend 
with increasing dose ratc. Although survival was signi- 
ficantly reduced in the exposed animals, it was inde- 
pendent of dose rate. 

202. Ullrich [U16] examined the effect of dose rate or 
dose fractionation on tumour induction in BALB/c 
mice exposed to total doses of 0.025-0.5 Gy from 
z 2 ~ f  neutrons. The animals were exposed at high 
dose rate (0.1 Gy in 20 hours daily), or in two equal 
fractions separated by 24 hours or 30 days, or at low 
dose rate (0.01 Gy in 20 hours daily). The effect of 
dose fractionation and dose rate on the turnorigenic 
response depended very much on the tissue. For 
ovarian tumours, the response to fractionated 
exposures was similar to that obtained for a single 
acute exposure; however, at the low dose rate the 
response was reduced. This would be consistent with 
the need for tissue damage and hormonal imbalance 
for ovarian tumours to manifest themselves. For lung 
tumour induction splitting the dose into two equal 
fractions separated by 24 hours had no effect on the 
response, althougti separating the fractions by 30 days 
gave a higher incidence of lung tumours at a total 
dose of 0.5 Gy (there was no difference at doses up to 
0.2 Gy). These results suggest that the number of cells 
at risk may have increased in the 30-day interval 
between fractions, possibly as a response to cell killing 
by the first fraction. This might also explain why the 
increased effect occurred only when the initial dose 
was 0.25 Gy or above. For mammary tumours the 
response to dose fractionation was similar to that for 
lung tumours. For both lung and mammary tumours 
the tunlour incidence was greater at low dose rates 
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than with acutc cxposurcs, and the increiise was most 
marked at intermediate doscs of about 0.1-0.2 Gy. In 
another study, the induction of Hardcriari tumours was 
little diffcrcnt in si~iglc cxposurcs and in fractio~is of 
25 rnGy up to a total dosc of 0.4 Gy IF9j. I t  has also 
becn reported that, rclativc to acutc exposures, pro- 
traction of ricutrori irradiatio~l advanccs the time of 
appearance of maallnary tunlours in rats [U3]. 

203. Di Majo et al. ID31 havc rcported dose-response 
relationships for liver tunlour induction in BC3FI male 
mice exposed to fission neutrons. Three-mon~h-old 
mice given doscs from 0.17 to 2.14 Gy (0.05-0.25 Gy 
min-l) showed an increased tumour incidence in all 
the irradiated groups [C29, D3]. A linear model gave 
a best fit to the dose-response data [I@) = 11.3 t 
34.6D], implying that no dose-rate effect would be 
expected. Because of the different shapes of the dose- 
response curves for x rays and neutrons (Figure XII), 
the RBE depended on the dosc at which it was calcu- 
lated, with a value of 13 estimated at 0.17 Gy. 

204. Summary. These results indicate that there are 
differences between tissucs in the tumorigenic 
response following fractionation and changes in dose 
rate for neutron irradiation. These differences may 
relate to the different mechanisms of tumorigenesis 
involvcd in the different tissucs. Taken together, 
however, any effects of dosc rate and dose fraction- 
ation on tulnour inductio~i in the various animal 
experiments that have been reported are small. 

205. Alpha particle irradiation. Information is also 
available on tunlour induction in experimental animals 
following intake of alpha-emitting radionuclides. The 
interpretation of such data is, however, considerably 
more difficult than is the case for neutron exposure. 
The spatial and temporal distribution of dose through- 
out a tissue depends on the age of the animal and the 
pattern of intake, as well as on the radionuclide itself 
and the chemical form in which it enters the body. 
Thus, even for the same radionuclide given in the 
same chemical form, the distribution of dose may be 
very different after acute and protracted exposures, 
and this is likely to affect the turnour yield. This is 
particularly the case for alpha emitters deposited in the 
skeleton, wherc rates of bone turnover that vary both 
with age and site in the skeleton result in a very 
heterogeneous deposition of the radionuclide, which in 
turn can result in quite diffcrent distributions and 
hence dosc with various patterns of intake. Local 
deposition of radionuclides can also produce hot spots 
that could lead to local cell killing, thus reducing the 
tumour yield [PI 11. Much of the published data has 
recently becn summarized IS28]. 

206. Two lifetime studies with adult beagle dogs 
injected with 3 3 6 ~ a  to give a wide range of radiation 

doses, cithcr as a single injection (0.22-370 kBq kg-') 
or fractionated (to give total i~ijcctcd activities of0.88- 
370 kBq kg*') have been rcported. The data suggcst 
&at for both mcthods of ad~ninistration, 2 2 6 ~ a  was 
equally effective in inducing skeletal osteosarcomas. 
However, 2 2 6 ~ a  was more cffcctivc at inducing 
osteosarcoma (per unit dosc) at low total doscs than at 
high total doses, wherc cell killing and waslcd radia- 
tion may be significant (G13, T19]. 

207. Fabrikant et al. [ F l l ]  have compared osteo- 
sarcoma inductio~~ by alpha-radiation in young male 
rats given u 9 ~ u  (1 10 kBq kg-') by intravenous injec- 
tion, either as a single dose or fractionated over 
months (37 kBq kg", then 19 kBq kg-' at 2, 4, 6 and 
8 weeks). Although the number of animals in each 
group was small (Z), the tumour incidence in the two 
groups (52% and 56%, respectively) did not differ 
significantly. There was a tendency for tumours in 
animals given fractionated injections to occur earlier. 
It was notable that in animals given single injections 
of 2 4 1 ~ m  at a similar dose the incidence of bone 
tumours was about one fourth that in the animals 
given 2 3 9 ~ u .  This is likely to be due to differences in 
the distribution of the two radionuclides in the 
skeleton. 

208. Thc effects of dose protraction on osteosarcoma 
induction have also becn examined in female NMRI 
mice given cithcr single or repeated injections of 
2 2 4 ~ a  (half-life: 3.5 days) p 4 0 ] .  One group received 
a single injection (18.5 kBq kg-', corresponding to a 
mean skeletal dose of 0.15 Gy) and the another group 
received a similar amount in 72 fractions given twice 
weekly over 36 weeks. In the group given fractionated 
administration, lymphomas appeared early (13.5%, 
42,1299 mice; controls 1%, 1/98 mice); osteosarcomas 
occurred during the second half of life of the animals 
(7.1%, 211299; controls 3%, 3/98). In contrast, the 
group given a single injection did not develop early 
lymphomas and showed a later occurrence of 
osteosarcoma with an incidence of 5.8% (171295). 
Although the incidence of osteosarcoma was similar 
up to 800 days in the two experimental groups, after 
that, it was different: no additional cases of 
osteosarcoma were observed in the single-injection 
group, but one third of all osteosarcomas occurred 
after 800 days in the fractionated group. Because of 
the very short half-life of 2 2 4 ~ a  administered in the 
study, much of the dose is delivered while the radium 
is on bone surfaces shortly after administration, and 
thus local doses will havc been significantly higher 
than the average bone dosc calculatcd (0.15 Gy). In 
contrast, the dose rcceivcd following protracted 
administration would have been more uniformly 
spread over the skeletal tissues, and this might well 
have accounted for the observed differences in tumour 
response. 
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209. Information is available 011 lung tuniour 
induction in rodents exposed to alpha emitters. Sanders 
el al. IS291 conipi~rcd lut~g tun~our rates in rats 
ex osed by i~~halalior~ to aerosols of 7 3 9 ~ u 0 2  and 
24BCni02. The dosc distribution Uiroughout t l~e  lung 
was similar for Uie two r;~dionuclidcs, although 
2 4 4 ~ n i ~ 2  is   no re soluble in tllc lung than 2 3 9 ~ u ~ 2  
and, as a co~~scquc~icc, is cleared niore rapidly. 
Despite this, Uic dosc response for 1i111g tumour 
induction following inhalation of soluble 2 4 4 ~ ~ n 0 ,  was 
similar to that for insoluble 2 3 9 ~ u 0 2  up to average 
radiation doses to the lung of a few gray. At greater 
radiation doses, rats exposed to 2 4 4 ~ m 0 2  died earlier 
from radiation pneumoaitis than those exposed to 
2 3 9 ~ u 0 2 ,  reflecting the differences in dosc ratc and 
distribution of activity throughout the lung tissue. The 
effect of cell killing on tumour induction became 
apparent at doses of about 2 Gy for 2 4 4 ~ n ~ 0 2  and 
about 30 Gy for 739~u02 .  Thus, at high total doses, 
exposure from 239~u  appeared more effective for 
tumour induction than exposures from 2 4 4 ~ m .  Sanders 
ct al. have also shown IS301 that further protraction of 
the dose from 2 3 9 ~ u  by fractionated exposure does not 
increase the lung tunlour incidence in rats, indicating 
that lung-tuniour promotion is not so much a function 
of the temporal dose-distribution pattern as of the 
spatial dose-distribution pattern. 

210. In further studies on tuniour induction in rats 
exposed to 2 3 9 ~ u 0 2 ,  goups  of animals were exposed 
to various levels of activity giving average lung doses 
betwcer~ 0.01 Gy and 62 G (based on initial lung i deposits measured with a ' ~ b  marker and h o w -  
ledge of the retention function for plutonium in the 
lung). This was a large study involving 1,052 female, 
SPF, Wistar, sham-exposed rats and 2,105 rats 
exposed in groups to give different initial lung 
deposits. The dose from inhaled 7 3 9 ~ u  is accumulated 
over an extended time because of the insolubility of 
the particles and the long retention time in the lung 
[S43, S201. Of the 97 primary lung tumours found in 
this study (93% malignant and 80% carcinomas) 1 was 
in controls and 96 in exposed rats. Survival was 
significantly reduced only in rats with lung doses 
>30 Gy. Of the malignant lung tumours 49 were 
squamous carcinoma arid 22 adcnocarcinoma with the 
remainder consisting of hacn~ongiosarcoma (9), 
adcnosquanious carcinoma (7), and fibrosarconia (3). 
No squamous cell carcinomas wcre found at average 
lung doses less than 1.5 Gy, and for adcnocarcinoma 
the threshold dose was 3.1 Gy. The other tunlour types 
wcre seen only at higher lung doscs. In this study the 
predominant tumour typc was tl~crcfore squamous 
carcinoma, which is ~ I I O W I I  to develop in the rat lung 
following the developtncnt of squamous ~rietaplasia 
[S44], which occurs mainly in regions of high 
deposition of 239~u ,  where t l~c  local dose would be 
substantially in cxcess of thc average lung dose. For 

this tumour typc a threshold for the response would 
therefore be expected, i~ltl~oitgh this would not 
necessarily be tbc case Tor otl~cr tumaur lypcs or for 
tulnours occurring il l  mall. I t  was concluded that, at 
least in  tllc Wistar rat, avcr;lgc lung doscs i s  cxcess of 
1 Gy (20 Sv assur~iing a ratliation wcigliting factor, 
wR, of 20) arc ~iccdcd lo give a signilicarit i~incase in 
lullg tualours. 

211. Tlic induction of l u ~ ~ g  cancer ;~ftcr single or 
protracted irradiation with alpha particles was also 
examined by Lundgren el at. [L19] in nlicc exposed to 
M 9 ~ ~ 0 2 .  After single or repeated inhalation exposures 
giving average lung doscs of 2.8 and 2.7 Gy, 
respectively, lung tumour incidence was about 2.7 
times higher after repeated cxposurcs, although the 
difference between the groups was not significant 
(0.05 c p c 0.10). In contrast, a significant difference 
was obtained in mice receivitig pulmonary doses of 
14 Gy in a single exposure or 19 Gy in repeated 
exposures, the percentage with pulmonary tumours 
being about 3.5 times greater among the repeatedly 
exposed mice (0.01 > p > 0.025). It seems possible, 
however, ttiat, as with the study by Sanders et al. 
[S29], the differences in effect could be attributed to 
higher dose rates from the sir~glc exposures resulting 
in more cell killing. 

212. Some iriformatiori on t l ~ c  effect of dosc ratc on 
the induction of lung tunlours has also been obtained 
following intratrachcal instillation of 2 1 0 ~ o  in saline 
[L18]. Protraction of the dosc over 120 days was more 
carcinogenic at lower total doscs (0.24 Gy) but less 
carcinogenic at higher doses ( 2 4  Gy), in comparison 
with an exposure limited to a 10-day period. However, 
the developnlent of tuniours was also markedly 
enhanced by the weekly instillation of saline alone, 
emphasizing the importance of other factors in the 
expression of radiation-induced cancer. 

213. A number of studies have been reported on the 
exposure of animals, particularly rodents, to varying 
concentrations of radon and its decay products. Studies 
at the Pacific Northwest Laboratory in the United 
States, which have examined the effects of exposure 
to radon under a range of cxposure conditions in 
experirnerital animals, have recently been reviewed 
[C2, C3]. The predornina~~t effect of Ihe inhalation of 
radon is turnour induction in the respiratory tract. The 
main tumours arisiug are adcnocarcinomas, bronchio- 
tar carcinomns, adcnocarcinoni;~~, epidernioid carcino- 
mas, adcnosquamous carcir~omas and sarcomas. Acute 
effects, altllough species-depc~idc~~t, do not appear to 
have occurred at exposure levels of less than 1,000 
WLM (3.5 J 11 n ~ - ~ ) .  Excess respiratory tract tumours 
were, however, produced in rab at exposures well 
below 100 WLM. The results of a series of studies in 
rats exposed at 5 ,  50 and 500 WLM per week to give 
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a range of cumulative exposures are give11 in 
Figure XVI. WiUi a few exceptions, the incidence of 
adenomas and sarcomas was well below 10%. A de- 
crease in exposure rate, at a given exposure level, 
increased the ovcrall incidence of lung tunlours at all 
but the lowest exposure level (320 WLM). This in- 
crease was specifically the result of an increasing 
incidence of epidermoid carcinomas, most of which 
(>70%) are fatal. In rats, most (-80%) of the tunlours 
arc considered to originate peripherally and to occur at 
the bronchiolar-alveolar junction. The remaining 20% 
are considered to be centrally located in association 
with the bronchi. It should be noted that these are 
interim results. The shape of the dose-response curve 
remains uncertain. Most of the exposures below 100 
WLM are not yet complete or analysed. At the lowest 
exposure rate (5 WLM per week), the data suggest 
that the exposure-rate effcct (but not the risk) tapers 
off, and the risk might still best be described by a 
linear model, at least at low doses (Figure XVI) [C3]. 

214. A series of studies has also been conducted by 
COGEMA in France on the effects of radon exposure 
[G24, M24j. In these experinlcnts more than 2,000 
rats were exposed to cumulative doses of up to 28,000 
WLM of radon gas. There was an excess of lung 
cancer at exposures down to 25 WLM (80 mJ h m9). 
Theses exposures were carried out at relatively high 
concentrations of radon and its decay products (2 J 
m-3). Above 6,000 WLM, rats suffered increasingly 
from life shortening due to radiation-induced non- 
neoplastic causes, thus limiting tumour development. 
W e n  the dose-response data were adjusted for these 
competing causes of death, the hazard function for the 
excess risk of developing pulmonary turnours was 
approximately linearly related to dose. This suggests 
that apparent reductions in tumour induction at high 
doses may chiefly have been the result of acute 
damage. Later experiments have, however, found that 
chronic exposure protracted over 18 months at an 
alpha energy of 2 WL (0.0042 mJ m3) resulted in 
fewer lung tumours in rats (0.6%, 31500 animals, 95% 
CI: 0.32-2.33) than similar exposures at a potential 
alpha energy of 100 WL (2 niJ m-3) protracted over 4 
months (2.2%, 111500 animals, CI: 0.91-3.49) or over 
6 months (2.4%, 12J.500, CI: 1.06-3.74). The incidence 
of lung tunlours in controls was 0.6% (51800, CI: 
0.20-1.49) [M24]. The confidence intervals arc, 
however, wide, and the longer period of exposure (18 
months) would in itself have been expected to result 
in fewer lung tumours. It is significant, however, that 
no increase in risk was observed with a decrease in 
exposure rate. 

215. The two-mutation (recessive oncogenesis) model 
of Moolgavkar and Knudson [M38] has been used to 
model lung tumour induction in rats exposed to radon. 
This model postulates transitions from a normal cell to 

an iatem~ediatc cell to a malignant cell with quanti- 
fiablc  rans sit ion rates and takes account of the growth 
characteristics of the nonnal cell and intermediate cell 
populations. The model describes well the rat lung 
carlccr data followi~~g exposure to radon [M6]. The 
f'indil~gs suggest tl~at tlle first mutation rate is very 
strongly dependent on h e  rate of exposure to radon 
progeny and the second mutation rate much less so, 
suggesting that the nature of the two mutational events 
is different The n~odcl predicts that (a) in rats radon 
doubles the background ratc of the first mutation at an 
exposure rate of approximately 0.005 J h mJ wk-I 
(1.35 WLM wk"), an exposure ratc in the range of 
exposures to miners; @) radon doubles the background 
rate of the second mutation at an exposure rate of 
about 1.4 J h m-3 (400 WLM wk-l); consequently, the 
hypothesis that radon has no eEect on the second 
mutation rate cannot be rejected; and (c) tlie net rate 
of intermediate cell growth is doubled at about 0.12 J 
h m 3  wk-' (35 WLM wk-l). The model also predicts 
a drop in hazard after radon exposures cease, parallel- 
ing the exposure-rate effect noted previously, and that 
fractionation of exposure is more efficient in produc- 
ing tumours, although further fractionation leads to a 
decreased efficiency of tumour production. 

216. Summary. It is clearly difficult to generalize 
from these results on the effects of neutrons and 
alpha-emitting ratiionuclides on tumour induction in 
experimental animals. Despite this, there is little 
evidence to suggest that, in the absence of cell killing, 
there is an appreciable enhancement of tumour 
induction when the dose from alpha-irradiation is 
protracted or fractionated rather than administered in 
a single exposure. For the present, the data seem to be 
reasonably consistent with the assumption of a linear 
dose-response relationship, at least at low doses. 

(n) Sunlnlary 

217. A number of studies have been published that 
permit the effcct of dose and dose rate on tumour 
induction in experimental animals exposed to low-LET 
radiation to be examined. The majority of the data are 
for external radiation exposure but some information 
is also available for incorporated radionuclides. The 
data h a t  have been reported by various authors cover 
a wide range of dose-response relationships and in 
general show an increasing risk with incrcasing dosc 
and dose rate at low to intermediate doses. Although 
the results from a number of studies can be fined by 
linear-quadratic functions, this is by no means 
universal, and many other dose-response relationships 
have been obtained. The assessment of the extent to 
which changing the dosc rate increases the effective- 
ness of the radiation depends, therefore, on the dose 
range over which the dose and dose-rate effectiveness 
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factor (DDREF) is calculated. The majority of studies 
also show that at high doses and high dose rates, cell 
killing beconics significant and reduces tumour yield. 
In these circur~~stances the risk of tumour induction at 
low doses may be undcrcstitnated by fitting a linear 
function to the data obtained in this region. Estimates 
of values of DDREF froni the different studies that 
have been reviewed have therefore been made in the 
dose range in which no cell killing is apparent. The 
results of these analyses are given in Table 8. 

218. A wide range of DDREFs for tumour induction 
in a variety of different tissues has been found, with 
most studies being carried out in the mouse. It must 
be stressed that some of the tumour types for which 
information is available are not found in man (Harder- 
ian gland) and others (ovarian tumour, thymic lym- 
phoma) appear to involve substantial cell killing 
and/or changes in hormonal status. For other tumoun 
thcre is a human counterpart (tumoun of the lung, 
breast, pituitary and thyroid), although the tumours 
involved may not be strictly comparable to the human 
disease. In practice, the DDREFs found in these two 
groups are little different, falling in the range from 
about 1 to 10 or more for dose rates that vary by a 
factor of 100 or more, and there was no clear trend 
with tissue type. The data reported on myeloid leu- 
kaemia induction in different species and sexes also 
give DDREFs in the range from 2.2 to >lo. The one 
reasonably consistent finding is that DDREFs for 
tumour induction in mammary tissue tend to be lower 
than for tumours in other tissues, although even here 
one author [U26] has reported a substantial effect of 
dose fractionation and, hence, a relatively high value 
of the DDREF (-10) for mice. 

219. The main co~iclusion to be drawn from the 
results of both the studies on radiation-induced life 
shortening (Section Il.A.1) and those on the induction 
of specific tumour types is that the tumour response to 
low-LET radiation is dependent on the dose rate. 
While the absolute value of the DDREF varies with 
the conditions of exposure, the animal strain, tissue/ 
tumour type and the dose range over which it is calcu- 
lated, there is in general a consistent finding that 
tumour yield decreases with a substantial reduction in 
the dose rate. There is also some evidence that if the 
dose rate is sufficicnuy protracted initiated tumours 
are unlikely to be fatal in the life-span of the animal. 
These results may be expected to apply to human 
tumours as well as to those in experimental animals. 

220. A number of the animi~l studies also indicate that 
a dose-rate effect cannot riecessarily be inferred from 
exposures at high dose rates alone, as the dose- 
response data for tumour induction can be adequately 
fitted by a linear function. This implies the absence of 
a visible quadratic (i.e. multi-track) function in the 

dose response, which, according to coriventional inter- 
pretations, would appear to be o necessary prerequisite 
for an effect of dose rate on tumour yield. It is ~ h u s  
clear that where infoniiation is available ordy for 
exposurcs at high dose riltcs, as is normally the case 
for hlrrnali exposure on whicl~ risk estirnatcs are based 
[Cl, 12, Ul], any attcrilpt to assess the effect a t  low 
doses and low dose rates, a ~ i d  hence a value of the 
DDREF, by simply attenipting to fit a linear-quadratic 
or similar function to the dose response is unlikely to 
succeed fully. The limiting factor is the aniount of 
information available at low doses from which the ini- 
tial linear term (aL of Figure I) can be accurately 
determined. In planning future animal studies it should 
be noted that most information is likely to come from 
studies on ariimals exposed at different dose rates 
rather than from studies that attempt to obtain infor- 
mation on the risks at very low doses. It is to be 
hoped that more work will be carried out to supple- 
ment the very limited information presently available. 

221. From the limited and somewhat disparate data on 
high-LET radiation i t  is difficult to generalize. There 
is, however, little experimer~tal data to suggest that, in 
the absence of cell killing, there is a need to apply a 
DDREF to tumour incidence data obtained at high 
dose and dose-rate exposures to calculate risks at low 
doses and dose rates. Simil;irly, there is little evidence 
to suggest that thcre is an appreciable enhancement of 
tumour yield when the dose from high-LET radiation 
is protracted or fractionated. Some data suggest that if 
radiation exposure is protracted this results in a delay 
in the appearance of tunlours, and in practice they 
may not arise in the life-span of the animals. 

B. IN VITRO CELL TRANSFORMATION 

222. As has been indicated, oncogenesis is a complex, 
multi-stage process that is modified by both environ- 
mental and physiological factors. In virro cell trans- 
formation systems, which have developed rapidly in 
recent years, have been used to study part of this 
process in single cells free from host-mediated influen- 
ces, such as hormonal and inimunological factors, and 
from environmental agents. Even here, however, cell- 
cell interaction cannot be discounted. Such systems 
have the advantage that they allow the rclative import- 
ance of cell killing and transformation to be measured 
in the same target population of cells. They can also 
be carried out in a much sliorter period of time than 
animal studies designed to exaniine tuniour induction, 
and they can be Illore readily a~ialysed, not having the 
problem of cottipetilig health risks, which is inherent 
in animal studies. 

223. Transformation describes the cellular changes 
associated with loss of normal control, particularly of 
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cell division, which results in Ule developnient of a 
r~eoplastic phenotype. Although exact definitions de- 
pend on the experimental conditions, enhanced growth 
rate, lack of contact inhibition and indefinite growth 
potential, anchorage-indcpcr~dcnt growth and the abil- 
ity to form nialignant tumoilrs when transplanted into 
a suitable host are the main features of the transfor- 
mation systems currently in use [Ol]. Whereas in vivo 
models involve the whole process of carcinogenesis, 
in vilro cell transformation considers events at the 
level of the initial target cells. However, cell trans- 
formation is in itself a complex, multi-stage process 
by which a cell acquires progressively the phenotypic 
characteristics of a tumour cell. In practice progression 
to complete transformation may not occur [L7, L l l ] .  

224. The two nlost common cell lines used in cell 
transformation assays are the NIH BALB/c3T3 and the 
C3HlOT'A mouse-embryo-derived fibroblast line. 
There are inevitably disadvantages associated with the 
use of such cell transformation systems as a model for 
carcinogenesis in man. The lack of close intercellular 
contact and the necessity for an artificial growth 
medium car1 alter the reactions of cells. Cell handling 
techniques, such as the degree of trypinization and 
changes in culture medium, may substantially alter the 
results obtained (E6, T13]. In particular, in the culti- 
vation of mammalian cells, the properties of serum, 
constituting 10% of the growth riledium of C3HlOT'A 
cells, can be very variable. Thus Hsiao et al. [H27] 
found large differences in the ability of serurn to 
support the expression of transformed phenotype of 
C3HlOT'A and rat embryo cells. A particular problem 
with current work on cell transformation is that it is 
largely based on fibroblasts of rodent origin, whereas 
tumours of epithelial origin are the main radiation- 
induced cancers in man. Reliance on data from experi- 
mental models that utilize cultured rodent cells for 
extrapolation to man, without experimental support 
can, and has, led to serious errors of interpretation 
[S21]. Thus, a correlation between anchorage-indepen- 
dent growth and the tumorigenic phenotype has been 
established in rodent cells [FS, 0 1 ,  5221, which has 
allowed for the selection of neoplastically transformed 
cells by growth in soft agar. This does not apply, 
however, to cultured human cells, as normal human 
diploid fibroblasts are capable of anchorage-inde- 
pendent growth when cultured in the presence of high 
concentrations of bovine serum. More relevant cell 
lines based ideally on human epithelial cell systems 
are needed for studying mechanisms of tumorigenesis. 
There are indications that such nlodels can be deve- 
loped; a recent paper has described transformation in 
a human colonic epithelial cell line [Wll ] .  A number 
of studies have also reported neoplastic transformation 
of human fibroblasts by ionizing radiation and other 
carcinogens using anchorage-independent growth as an 
assay (see, e.g. [M26, S231). 

225. Rodent cells sccni to have a much greater ability 
than human cells to undergo the ininiortalization stage 
of transformation in vitro, either sporitancously or as 
a result of treatment with a whole range of carcino- 
gens. This may reflect a fundamental difference in 
tlleir rcsponte and must be taken into account in any 
interpretation of radiation-induced transformation 
studies employing the currently available rodent cell 
lines [L9, Lll]. Complete transformation of normal 
human diploid fibroblasts by physical or chemical 
agents has rarely been achieved [M3, N5]. Immortali- 
zation leading to turnorigeriicity is a rare event in 
human diploid cells, whereas certain characteristics of 
morphological transformation, such as anchorage- 
independent growth, may be induced quite easily [LlO, 
L1 1 1. 

226. Nevertheless, Uiere are several general character- 
istics of cell transformation in vuro that support its 
relevance as a model system for studying the early 
stages of radiation-induced carcinogenesis in vivo and 
the effects of dose rate. These have been summarized 
by Little [ L l l ]  as follows: 

(a) the commonly used cell transformation systems 
provide quantitative information on the conver- 
sion of non-tumorigenic to tumorigenic cells; 

@) there is a high correlation between the carcino- 
genicity of many chemicals tested in both ani- 
mals and cell transformation systems. Similar 
correlations hold for a number of inhibitors and 
promoterj of carcinogenesis that have been 
tested both in virro and in vivo; 

(c) cell transformation responds to initiation and 
promotion similarly to two-stage carcinogenesis 
in tissues of experimental animals; 

(d) transfection assays have shown that cells 
transformed in virro have activated oncogenes 
that can be isolated and will transform recipient 
cells. The DNA of parental, non-transformed 
cells is inactive in such transfcction assays. 
These findings are analogous to those with 
human tumours and normal cells in the same 
DNA transfection assay. 

227. Cell transformation systems currently in use 
divide into two main categories. The first one is short- 
term explants of cells derived from rodent or human 
embryos, e.g. Syrian hamster embryo cells. These have 
the advantage that they are normal cells with a normal 
karyotype allowing parallel cytogenetic experiments. 
As such, they have a limited life-span in culture. 
Immortal transformants are identified by their altered 
morphology as suwivors against a background of 
senescing normal cells. Spontaneous transformation of 
these cells occurs at a low frequency (of about 1 0 ' ~  
per cell), and in these assays cell survival and trans- 
formation irequency are measured hl the same cell 
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234. It is now recognized that nlcasurcmenls of 
radiation-induced transfon~lation need to be made with 
cells that have beell allowcd to attain asynchronous 
growtll by plating at low density at least 40 hours 
before treatment IM9, HlOj. Before 40 hours, transient 
parasyechronous growth may cause large fluctuatio~u 
in obscrved transfonnatio~r frequencies for relatively 
small variations in plating time, because the sus- 
ceptibility of the ccll to transfomlation varies through- 
out the ccll cycle. This may also be affected by radia- 
tion-induced cell cycle delay. The failure to recognize 
the importance of allowing cells to achieve asynchro- 
nous growth may account for some of the more 
complex dose-response relationships that have beer. 
observed. For example, Miller et al. [M8, M9] 
measured the effect on C3HlOTN cells of x-ray doses 
down to 0.1 Gy delivered just 24 hours after seeding. 
They found a plateau in the incidence of transformants 
per surviving cell between about 0.3 and 1.0 Gy 
(Figure XVIII). With this unusual dose-response curve 
there could be substantial ur~dercstimation of the effect 
at low doses if projecting from high doses alone on 
the basis of a linear model. 

235. A similarly shaped curve can be fitted to the 
results of Borek and Hall [B21], which were obtained 
by irradiating fresh explants of golden hamster 
embryos either with single doscs or with two fractions 
of x rays. Because of the greater sensitivity of this 
system, the apparent plateau in response is at doses 
below 0.1 Gy. However, a linear rclationship cannot 
be excluded on statistical grounds. Similar dose- 
response kinetics have becn observed for experiments 
perfomled with asynchronously growing cells and in 
some cases with cells irradiated in the platcau phase. 

236. C3HlOTS cells irradiated at low density 48 
hours or more after initial seeding are determined to 
be growing asynchronously and increasing exponen- 
tially [H9, HlO]. The dose-response data reported for 
low-LET radiation, expressed as transformation fre- 
quency per surviving cell, can be fined to a linear 
model for doses up to about 2 Gy. However, the 
quadratic model cannot be excluded on statistical 
grounds. For single exposures to *CO gamma rays 
(1 Gy min-') Han et al. [H5, H6] reported a linear 
response up to 1.5 Gy for transformation in C3HlOTM 
cells described by I(D) = 2.58D lo4 G ~ - '  (Figure 
X E ) ,  which agrees renlarkably well with the dose 
response obtained up to 2 Gy lor acute x-irradiation 
(4 Gy nlin") of I@) = 2.50 t O.llD lo4 Gy" by 
Balccr-Kubinck et al. [B l ]  for 36-hour asyrlchronous 
cultures (Figure XX; scc also paragraph 245). In both 
of these experiments the lowest dose used was 0.25 
Gy. Little [LS] has compared results for two related 
mouse ccll transformation systems: BALBl3T3 and 
C3HlOT'h cells. Following exposure to up to 3 Gy 
from x rays, the shapes of the dose-response curves 

differed significatrdy: that for C3HlOTH cells 
appcarcd to follow a linear-quadratic or quadratic 
rclationship, while that for BALBl3T3 cells was nearly 
linear (Figure XXI). A linear rclationship was also 
obtained lor BALB/3T3 cclls exposed to beta particles 
from tritiatcd watcr [Ll l ] .  

237. A linear dose-response rclationship for trans- 
formation freque~lcy with no suggestion of a threshold 
was also obscrved at doscs up lo 1.5 Gy for golden 
hamster embryo cclls irradiated 72 hours after culture 
initiation [W3]. Above this dosc a rather more shallow 
increase in transfonnation frequency per surviving e l l  
was observcd. By contrast, Bettega ct al. [ B l l ]  
irradiated asynchronously growing C3H10T1h cells 
with 31 MeV protons (-2 keV mm-l), finding a trans- 
formation frequency per surviving cell that showed a 
marked change in slope over the dose range examined 
but in the opposite direction. Between 0.25 and 2 Gy 
the frequency was observcd to increase slowly with 
dose, but above 2 Gy and up to 7 Gy it steepened very 
sharply. 

238. X-irradiated contact-inhibited (plateau-phase) 
C3HlOTM cells have also becn used to investigate 
induced transfonnation [TI]. A steep increase in trans- 
formation frequency up to a dosc of about 0.5 Gy was 
observed with a doubling dose of about 0.2 Gy, fol- 
lowed 'by a slower increase over 1-4 Gy with a 
doubling dose of 1 Gy and a plateau above 6 Gy. For 
plateau cclls the Do was 1.53 Gy. Contact-inhibited 
cells are perhaps closer to the state prevailing in vivo. 
However, there are technical problems associated with 
the cell density of plating that may affect the results 
from confluent cultures, as well as with the more 
widely used technique of low-density plating of asyn- 
chronously growing cells. 

2. Dose rote nnd fractionation 

239. Early results for the exposure of C3HlOTh cells 
to fractionated doses of x rays H4 and for exposures 

la to high and low dose rates of Co gamma rays [H5, 
H6] using an experimental system involving irradiation 
of established asynchronously growing C3HlOT'h 
cells, which had been in culture for at least 40 hours, 
indicated that transformation frequency per surviving 
cell was reduced significantly with fractionated or 
protracted exposure as cornpared with single acute 
exposures. Analysis of the cxpcrin~cl~tal data suggested 
fractionation allowed the error-free repair of subtrans- 
formation damage. 

240. When considering protracted or fractionated 
exposures to low-LET radiation, the relative times of 
cell plating and irradiation are important Conlplcx 
dose-response relationships have been shown in the 
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region of 0.3-1.5 Gy when C3I-I10T'h cclls arc irradia- 
ted soon after sccdi~~g (Figure XVIII). Approxialate 
doubl i~~g of the tra~rsfornlatio~~ frequency per irradiated 
ccll call Ilc ob~crvcd WIICII doscs in this range are 
given ill two fraclio~~s IM81. I ligllcr r~ur~lbcrs of cqual 
fr;tctio~rs, up to hrcc or four, sl)rc;ld over 5 hours lead 
to an almost prc~porlional incrc;~sc in the obscrvcd 
tra~uform;~tion frcqucr~cy [H 1 1. This c~ thance~ l l c~~ t  was 
also obscrvcd when freshly pl;~tcd C3HlOT'A cells 
werc irradiated with gamlna rays to a dosc of 
1 Gy delivered over 6 hours rather than 10 minutes 
[Hl]. Above a dosc of about 1.5 Gy, no cnl~anccment 
at reduced dosc rate was observcd. Thus using this 
particular cxpcrir~~enlal approach in h e  dose range of 
about 0.3-1.5 Gy, the transfonnation frequency can be 
enhanced either by splitting the dose into a number of 
fractions or by protracting the dosc over a similar 
interval. At 2 Gy, no effect was observed. A similar 
enhancement in the observcd lransfonnation frequency 
per surviving ccll has been observed with freshly 
seeded Syrian hamster embryo cclls irradiated with 
fractionated doses of 0.5 and 0.75 Gy [B21, B23-1, for 
similarly treated BALBnT3 cclls at doscs below 2 Gy 
[L8] and for C3HlOT'h cclls exposed to 2 J 4 ~ m  alpha 
particles giving doses in t l~e  range 2 mGy to 3 Gy 
[B43]. 

241. This enhance~ncat in tr;iasfonuatio~~ with 
fractionation of the (lose has not been observed for 
other biological effects of low-LET radiation either in 
vitro or in vivo, and the ex~)lanation appears to lie in 
Lhc shape of the dose-rcsl)o~ise curve for cells 
irradiated soon after seeding, when parasynchroniza- 
lion effects may apply. In the plateau region between 
0.3 and 1.5 Gy, where the effect is roughly indepen- 
dent of dosc (Figure XVIII), irradiation with two 
fractions that are assumed not to i~~teract  will 
approximately double the transforn~ation yield. In 
addition, from this curve, extrapolation from inter- 
mediate and high doses will substa~ltially under- 
estimate the true transfonnation freque~~cy at low 
doses, particularly when dclivcrcd at low dose rate or 
in several fractions. These results are in contrast lo 
radiobiological expectations, and in view of the 
interest surrounding Ihcrn, further, nlore extensive 
experiments havc been conducted [ B l ,  B2, H6, H9, 
HlO]. 

242. Han ct al. [H6]  havc coml)ared t l~c  transfor- 
mation frequency in C3H1OT1h cclls exposed to either 
single doscs (0.25-1.5 Gy: 1 Gy III~II- ' )  of 6 0 ~ o  
gamma rays or five equal frections (0.5-3 Gy; 0.5 Gy 
mill-') separated by 24 hours. T r a ~ ~ s i c ~ ~ t l y  parasyn- 
chronous cells werc incubi~ted for at least 40 hours 
before h e  begiru~ing of irradiation to ensure asyn- 
chronous growth. For both patterus of exposure the 
dose response could be fitted with a linear function, 
but for fractionated exposures the tra~~sfonliation 

frcqueilcy for surviving cclls (0.8 lo4 Gy-') was 
about a third of th;11 obta i~~cd aftcr acute exposurc (2.6 
lo4 Gy-l), iadicatiag a DDREF of 3.2 (Figure XIX). 
The reductio~~ il l  t l~c  slope wit11 fractio~~ated cxposure 
indicates tl~at subtr ;~~~sfor~a;~t ion dnnlage can be 
repaired cvcr~ il l  the dosc r c g i o ~ ~  wl~crc transformation 
is apparcatly l i~~carly dcpc~~dcnt  on the dose. This is 
clearly contrary to the auto~lomous single-hit intcrpre- 
t;ltion of the l i ~ ~ c a r  dose-resl)onsc relationship. How- 
ever, it is possible Illat linear and quadratic terms are 
both present, but thi~t the datii iirc insufficient to allow 
h e m  to be resolved. 

243. Similar results have been obtained by Terasima 
et al. [TI], who compared the illduction of cell trans- 
forxnation and cell killing in plateau-phase C3HlOTS 
mouse cclls by single doses or two fractions separated 
by intervals between 3 and 15 hours. On the linear 
component of the dose-response curve (up to 4 Gy) 
with total doses of 0.9 and 1.9 Gy, fractionation 
decreased transformation frequency by about 50%, 
allhough very variable results were obtained. At the 
highest dosc uscd (3.7 Gy) the decrease was by a 
factor of aboh  2. Walanabc ct al. [W3] have reported 
that for asynchro~~ously growing golden hamster 
embryo cells exposed to x rays at various dose rates, 
lower dose rates (0.5 Gy min-l) were less effective in 
i~~duciag t r a~~s fo r~nn t io~~s  than high dose rates (6 Gy 
min-l) by a fhctor of about 2. 

244. The use of C3HlOTS cclls in plateau phase also 
demonstrated the repair of potential transfornlation 
damage. Results obtained by Tcrasima et a]. [TI, TI31 
showed that a rapid reduction of transformation 
freque~~cy occurred over a period of 6-7 hours aftcr a 
single dose (3.7 Gy) of 200 kVp x rays, if the irra- 
diated cultures were kept in a confluent state before 
plating cells at a low density for transforniation assay. 
In two of the three media uscd, the overall 
transforniation Gequcncy was reduced to about one 
fourth'of that obtai~~ed with IIO post-irradiation period 
of incubation. The results indicated the rcpair of 
potential transforniation damage had a half-tirne of 
about 3 hours. At times longer than about 7 hours the 
transformation Gequency t e ~ ~ d c d  to increase again, 
although the results were widely variable. 

245. B;llccr-Kubiczck et al. [B l ]  studied the dose-rate 
effect i l l  C3HIOT'A cclls in some detail, using 
protracted exposure to x rays of transforn~cd and non- 
transfor~ucd cells. In ill1 i r l i t i ; ~ l  study on 36-hour 
asynchroaous cultures, siniili~r survival curves for both 
ccll types at doscs up to 2 Gy (0.4 Gy III~II-') were 
obtained, i ~ ~ d i c a t i ~ ~ g  si~nilar repair capacity of trans- 
formed and non-lransforrned cclls, a result consistent 
with hat  of Hill et al. [Ha]. In a second series of 
experiments, ccll transformation from acutc exposure 
was comparcd with that fronl protracted exposure. For 
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prolraclcd cxposurc the dosc ratc was ~)roportio~lal to 
UIC total dosc, giving a coestant cxposurc time, so that 
the repair timc was cqual at all doses Icvcls. Thc dosc- 
rcsponsc curvcs for oncogcnic tra~~sfor~nation in thc 
low-dosc range bctwccr~ 0.25 and 2 Gy wcrc consist- 
cnt with a lincar rcspoasc, giving paralncters of 2.5 t 
0.11 1.5 1?. 0.03 a ~ ~ t l  0.87 t 0.05 lo4 G ~ - ~  
for acutc ( 4  min) and 1-hour and 3-hour protracted 
cxposurcs. respcctively (Figurc XX). Thcsc results 
indicate that in thc linear dose-respoase range between 
0.25 and 2 Gy, oncogcnic transforniatio~~ is reduced by 
a factor of up to about 3 with protraction of cxposurc. 
A linear-quadratic model could also bc fittcd to the 
results, but without a cornmon l i ~ ~ c a r  tcr~n. The results 
arc consistent with a reduction in slopc of the dose 
response as the exposure time is increased. 

246. 111 an extension of this work, Balccr-Kubinck ct 
al. [B2] cxamined the effcct of dosc protraction in thc 
range 0.25-2 Gy with acute cxposurc and protracted 
cxposures over 1, 3 and 5 hours. Rcsults similar to 
those of the prcvious study were obtaiucd for compar- 
able exposure conditions (2.33 1.55 lo4 and 
1.01 lo4 G ~ - ~  for acute, 1-hour and 3-hour exposures, 
respectively). For protraction of thc dosc ovcr 5 hours, 
a transfomlation frcqucncy of 0.56 lo4 G ~ - ~  was 
obtained. Thus, the overall reduction in o~lcogenic 
transfornlatiori with protraction was by a factor 4.5. 
Based on an analysis of thc dose-rcsponsc data using 
a linear-quadratic function, a rcpair half-ti~ne for ccll 
transfonnation of 2.4 hours (95% CI: 1.8-3.0) was 
estimated. Intercstingly, this compares well with a 
typical value for chronioso~nal aberratio~~s of about 2 
hours [PSI. 

247. Thc effect of dosc ratc on tra~lsfonnation 
frequency has also been cxamincd in golden hamster 
embryo cells exposed to x rays at diffcrc~rt dose ratcs 
(0.05 Gy min-', 0.75 Gy min-I and 6 Gy min-I), giv- 
ing total doses up to 4 Gy. The transformation fre- 
quency increased steeply with increasi~~g dosc at all 
dose rates up to a total dose of 1.5 Gy, with the 
highest dosc ratc giving a transfonnation frequency 
about 1.5 times that of thc lowest dose ratc at doses of 
about 1 Gy. At highcr doses the i~lcrcase in transfor- 
mation frequency was less stccp, a ~ ~ d  at 4 Gy the 
transformation frequency at thc highest dose rate was 
about twicc (hat at the lowcst dosc ratc [W3]. 

248. An cxtcr~sivc serics of studies has cxarni~~cd the 
effects of high-LET radiation on ccll trarrsfonnation. 
Thcsc studics havc bccn conlincd largcly to neutrons, 
covcring a wide range of cncrgics, although some data 
on the effects of hcavy ions (95 MeV "N, 22 MeV 
4 ~ e )  have also bccn publishcd 15241. For acute 

cxposurc~ t11c cffcr~ivc~~css  of high-LET radiation OII 

transfor~nation i ~ ~ d u c l i o ~ ~  follows a pattern sinlilar to 
thal for C I ~ ~ O I I ~ O S O I I I ~ I I  aberration induction, ccll killing 
and otllcr cellular end-points 116, S121. 111 a rcvicw of 
published data, Barendscn [B9] suggcstcd that a niaxi- 
rnum RBE valuc of bctwccn about 10 and 20 is typi- 
cally fou~ld for 0 .41 McV ncutrons. Thcsc RBE 
values tcnd to bc highcr than thc equivalc~~t values for 
ccll rcproductivc death by a faclor of 2-3 [I71 but 
similar to those found for diccntric aberration induc- 
tion [I6, L12, S12j and so~n;~tic ccll gene mutation by 
high-LET nionoc~~crgctic ions [Cl I]. Barc~~dscn [B8] 
interprctcd this difference as bcing duc to the rcla- 
tivcly large linear componcnt found for ccll repro- 
ductive death i~~duccd by low-LET radiation, in com- 
parison with the corresponding valuc for ccll transfor- 
mation. In a reccnt review of data on oncogenic trans- 
fonnation of C3HlOTS cells Miller and Hall [M46] 
noted that irradiation of cells with monoenergetic 
neutrons l iavi~~g ericrgies betwecn 0.23 and 13.7 MeV 
to doses of 0.05-1.5 Gy resulted in a linear rcsponse 
for both transfonnation and cell killing. When com- 
pared with rcsults obtaincd with 250 kVp x rays, all 
ricutroll cncrgics wcrc Inore cffcctivc at both cell 
killing a l~d illduction of transfonnation. Valucs of the 
maximu~n biological effcctivc~~css, RBE,, were calcu- 
latcd fro111 the initial lincar tcrln (a , ,  cquation 11) for 
a linear-quadratic modcl fit to data on low-LET 
radiation such that 

RBE, = a,/% (17) 

that is, the ratio of the i~iitial slopes for ccll trans- 
formation followi~~g exposurc to ncutrons, a,, and 
x rays, a,. Both cell survival and the induction of 
transfor~nation showed an i~iitial incrcase in effcctive- 
ness with i~lcreasing neutron cncrgy, reaching a maxi- 
lnuni at 0.35 MeV, followed by a subsequent decline 
(Figure XXII). This pattcrn of response is gcncrally 
c o ~ ~ s i s t c ~ ~ t  with microdosinietric predictions, in that the 
neutron-induccd recoil protons are shiftcd to lower 
lineal c~~crgies  as the neutron energy increases, and the 
effcct of heavy recoils is lessened by saturation 
effccts. The results obtair~cd with hcavy ions gave 
RBE values, relative to "CO gamma rays, of 3.3 for 
'%I (530 kcV ~III - ' ) ,  2.4 for 4 ~ c  ions (36 keV p n - l )  
and 3.3 for 4 ~ e  ions with a 100 pin A1 absorber (77 
kcV p~ll-l) [S24]. 

249. As ~)rcviously described, fractionated and low- 
dose-rate cxposurcs to low-LET radiation generally 
show a dccrcasc i n  cffectivcncss for ccll transforma- 
tion. For high-LET radiation, howcvcr, such a dose- 
ratc cffcct is not usually observed, lcading to higher 
values of RBE for low-dosc-ratc or fractionated cxpo- 
sure co~~ditions. Thus, for fission spcctruln ncutrons at 
high dosc ratc (0.1-0.3 Gy min-I), thc RBE for trans- 
fonnat io~~ of C3HIOTH cells was about 2.5 when 
co~~lparcd with high dosc rate (1 Gy min-')gamma-ray 
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exposure from 6 0 ~ o .  With protracted exposure 
(0.86 mGy min-l) or fractionated exposure (five 
fractions over 4 days at high dose rate) the RBE was 
about 20. Higller values of RBE might be expected 
with fractions given at low dose rate [Hl l ] .  Some cell 
transformation experiments have, however, indicated 
an inverse dose-rate effect, with certain energies of 
neutrons giving a greater tra~lsformation frequency at 
low dose rates than at high dose rates v 8 ,  H10, H11, 
M l l ] ,  although others have not [B3, B4, B12, H7, 
H201. 

250. Hill el al. [H8, HlO] first described an inverse 
dose-rate effect for oncogenic transformation in 
C3HlOTfl cells exposed to fission spectrum neutrons 
produced by the Janus reactor a l~d suggested that irra- 
diation times of at least 50 minutes were necessary for 
enhancement of transformation. At low doses, fission 
neutrons administered either in dose fractions over 5 
days [ H l l ]  or continuously for 5 days [H8] induced 
higher frequencies of transformation than cells 
exposed to single doses (Figure XXIII). Thus at doses 
in the range 0.025-0.1 Gy, a linear fit to the data at 
0.38 Gy min-' gave a transformation frequency of 5.96 
lo4 G~- ' ,  while at lower dose rates (0.86 mGy min") 
the frequency of transformation was 5.3 l o 3  G ~ - ' .  
Thus the incidence of transformation increased at the 
lower dose rate by a factor of about 9, corresponding 
to a DDREF of 0.11 [HlO]. Later studies intended to 
clarify this effect have failed to find a factor of this 
magnitude. A two- to threefold enhancement at low 
dose rates of fission spectrum neutrons has been 
observed for transformation of fresh cultures of Syrian 
hamster embryo cells [J2], and a similar response has 
been found by Redpath et al. [R2, R16] with a 
HeLa x skin fibroblast human cell hybrid system 
exposed to fission neutrons from both the Janus and 
TRIGA reactors. An enhancement in transformation 
frequency has been found by Yasukawa et al. [Y5]. 
For C3HlOT'h cells exposed to 2 MeV neutrons from 
a Van de Graaff generator, fractionation of a dose of 
1.5 Gy (two fractions of 0.75 Gy at a 3 hour interval) 
increased the transformation frequency by about 50%, 
although with 13 MeV neutrons from a cyclotron the 
transformation frequency was reduced by about 30% 
with a similar exposure schedule. Enhancement of 
transformation was also seen by Yang el al. [Yl], who 
irradiated confluent cclls with accelerated argon ions 
(400 MeV amu"; 120 keV pn- ')  and iron ions (800 
MeV amu-l; 200 keV p " )  and found an enhance- 
ment of transformation at low dose rates. This 
enhancement was found to be greater at lower doses. 

251. Several laboratories have reported no inverse 
dose-rate effect with C3HlOT'h cells for other high- 
LET radiations, such as 2 4 4 ~ n 1  alpha particles [B12] 
and 2 4 1 ~ m  alpha particles [H7]. Balcer-Kubiczek el al. 
[B3, B4, B39] examined the dose-rate effect in some 

detail, using fission spectrum neutrons from a TRIGA 
reactor to irradiate experientially growing or stationary 
cultures of C3HlOTYi cells. No significant inverse 
dose-rate effect was obtained following exposure to 
0.3 Gy at dose rates from 0.005 to 0.1 Gy min-l. 
These data argue strongly against the hypothesis that 
differer~ces in proliferative status of C3HlOT'A may 
play a role in the dctennination of any dose-rate 
effect. In a second series, consisting of nine experi- 
ments, the induction of trans for ma ti or^ in actively 
growing C3HlOT'h cells at neutron doses from 0.05 to 
0.9 Gy at dose rates of 0.0044 or 0.11 Gy min-' was 
examined. Again, no discen~ible dose-rate effect was 
obtained [B39]. In a third series, concurrent with the 
second and with the same exposure parameters, muta- 
genesis at the lrprt and a ]  in AL cells was measured, 
and again no dose-rate effect was observed [B39]. 

252. Hill [H20], using both 30- and 46-MeV protons 
on beryllium failed to observe enhancement of trans- 
formation for low-dose-rate exposures. No difference 
in transfornlation frequency of rat tracheal epithelial 
cells was obtained in exposures to neutrons at 0.1-0.15 
Gy min-' and 50.18 mGy min-'. There was also no 
difference in Ihe induction of metaplasia and tumours 
in tracheal cells exposed at high and low dose-rates. 
The exposure times for the low-dose irradiation were 
between 18 minutes and 3 hours [T14]. 

253. Saran et al. [S35] examined the effect of 
fractionation of the dose of fission-spectrum neutrons 
on exponentially growing C3HlOTh cells. With total 
doses of 0.11, 0.27, 0.54 and 1.1 Gy given either as 
single doses or in five equal fractions at 24-hour 
intervals, no significant difference in either cell 
survival or neoplastic transformation was obtained. In 
further studies. C3HlOT'A cells were exposed to 1 and 
6 MeV neutrons giving doses of 0.2.5 and 0.5 Gy 
either as single doses or in five fractions given at 
2-hour intervals. Again, IIO significant difference 
between acute and fractionated exposures was obtained 
for survival or neoplastic transformation [S36]. 

254. Miller et al. [Ml l ] ,  investigated the effects of 
dose fractionation for monoenergetic neutrons of vari- 
ous energies generated by a Van de Graaff particle 
accelerator. Comparison of C3HlOTfl cells exposed to 
low doses of neutrons given either in a single acute 
exposure or in five equal fractions over 8 hours 
showed th;~t, of the wide range of neutron energies 
studied (0.23, 0.35, 0.45, 5.9 and 13.7 MeV), s ig~if i -  
cant enhancement of transformation occurred only 
with 5.9 MeV neutrons. Of the rleutron energies 
examined, 5.9 MeV neutrons had the lowest dose- 
averaged lineal energy and linear energy transfer. 

255. From these studies and a comparison of the 
available transformation data for C3HlOTLA cells irra- 
diated with neutrons, a dose-rate enhancement factor 
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of about 2-3 at low doscs lcss than 0.3 Gy) and dosc 
rates below 0.01 Cy sl i l l s  was saggested [M12]. It 
was concluded tliat Uic c~ihiinccmcnt of tra~isformatio~i 
by fractio~~atcd or low-dose-rate exposures to neulro~~s  
appciirsto depend on radiatio~~ quality, wit11 some neu- 
tron e~icrgies both i~bovc and below 5.9 MeV showing 
110 dose-rate effect (Figure XXIV). 

256. In a furlher study, Miller ct al. [M28, M46] 
exa r~ i i~~ed  transfonnation inductio~~ in C3HlOT'A cells 
cxposcd lo gradcd doscs of 5.9 MeV neutrolis given as 
a s i ~ ~ g l c  acute cxposurc (30 mGy mia-') or in five 
equal fractions 2 hours apart, or continuously over an 
8-hour period at low dosc rates (from 0.21 to 
1 mGy min-I). Although cell survival studies showed 
no differences in effect with a change in dose rate, 
oncogcriic transformation was enhanced by a factor of 
2-3 when the dose rate was reduced (Figure XXV). 
When the neutron dose was divided into five fractions 
given over 8 hours, the cffect was inter~nediate be- 
tween that for acute and low-dose-rate exposures. 
Further irradiatio~l was given with dcutero~is witb a 
LET of 40 keVPm-', approximati~~g the rneasured 
dose-mean lineal energy deposited in the nucleus of 
C3HlOT'A cells by 5.9 MeV monoenergetic neutrons. 
An inverse dose-mte/dosc-fractionation effect for the 
induction of transfonnation by these high-LET deuter- 
ons was observed when the tirne between each of 
three fractions for a 0.3 Gy total dosc was at least 45 
minutes. AlUiough the t ransfor~i~at io~~ frequency 
increased by a factor of about 2, no further enlrance- 
ment was seen for longer friictionatioa periods, sug- 
gesting h a t  very protracled exposures of high-LET 
radiation would produce no additional cnhanccmetlt 

257. A variety of results have thus bcen reported on 
the effects of dosc rate on ccll ~ra~ufoniiation in vilro. 
The consistent features that have emerged on the 
response of C3HlOT'A cells to various patterns of 
neutron exposure have recently been su~nmarized 
[B30, H311: 

(a) enhanccment of vansformation with dose pro- 
traction is not observed with low-LET radiation; 

@) the greatest cnhancemc~~t for fission neutrons 
occurred at dosc rates below -10 mGy niin-l: 

(c) for fission (and all other) neutron irradiation at 
dose rates abovc -10 nlGy I I ~ ~ I I - ' ,  little or no 
enhancement is apparent: 

(d) monocnergctic ncutro~ls producc a significantly 
smaller enhanccmcnt tl~an do fission neutrons; 

(c) charged particles wit11 LET much ahove 140 keV 
~ 1 n - l  produce little or no enhancc~ncnt; 

(9 the effect appears ~ r ~ o s t  pro~ninent at doses 
around 0.2 Gy, with less cvidc~~cc of e~~hance-  
merit at doscs much abovc or bclow this. 

258. A nun~ber of biophysical ~nodcls have bcen pro- 
posed to account for this inverse dose-rate effect. The 

rclcvallcc or  diffcrc~~tial radiation sensitivity through 
the ccll cyclc was poi~~tcd out by Oftcdal 1021, and its 
applicatio~~ to the i ~ ~ v r r s c  dose-rate effect observed in 
transfor~nation studies was first f o n i ~ i ~ l i ~ c d  by Rossi 
and Kcllcrer [R5], wlio postulated tl~al cclls in a parti- 
cular " w i ~ ~ d o w "  of [heir cyclc may be more sensitive 
to radiation (for tlic end-point of i~~tcrcst)  than cells in 
lbc rest of the ccll cycle. IC this is the case, an acute 
exposure of cycling cells to high-LET radiation will 
result in some fraction of these sensitive cells receiv- 
ing (on average) very large deposits of energy, much 
greater than required to produce the damage that may 
lead to o~~cogenic  transfonnation. On the other hand, 
if the exposure is protracted or fractionated, a larger 
proportion of sensitive cells will be exposed, althougb 
to smaller (on average) amounts of energy depositcd; 
the tolal energy deposition per ccll would still be suf- 
ficient to produce a poterltially oncogenic change in 
the cell. To  the extent that this latter postulate may not 
apply to low-LET radiation, the inverse dose-rate 
effect would not be expected to apply. T o  account for 
the data first published by Hill ct al. [HlO], suggesting 
e~thancc~ncnt by a factor of up to 9 with fractionated 
cxposurcs, a rather short "windown of only about 5 
minutes duration was proposed. With the exception of 
this early report, the data on enhancement due to dose 
protraction now all suggest an enhancement factor of 
up to about 2 or 3, and on this basis the model frame- 
work proposed by Rossi and Kcllerer IR5] has been 
revised by Bre1111cr and Hall [B30] and Hall et al. 
[H31], as su~nmarized bclow. 

259. The probability that a particular cell will be 
exposed to a given number of tracks is given by the 
Poisson distribution. Thus the probability, P, that a ccll 
will receive at lcast one track will be 

p = 1  - c - N  (18) 

where N is the avc rag  nunibcr of tracks, which at a 
dose D (givcn in Gy), delivered acutely, will be 

N, = S D ~ ' / ~ ,  (19) 

where yF is the (frequency) average lineal energy (the 
~nicrodosi~~~etr ic  correlate of LET (given in kcV pm-l) 
depositcd in the nucleus, which is assumed to be 
spherical with dia~neter d (given in pm). It is assumed 
that the entire nucleus is the target. Not all the cells 
will be in the sensitive phase during a short acute 
exposure; the proportion in the sensitive phase, Q,, 
will be 

Q, = T/S (20) 

where t is tile durittion of tlic sensitive period of the 
cell cyclc a ~ ~ d  s is tile total I c~~g th  of the cycle. Now, 
a s s u n ~ i ~ ~ g  that any I I U I I I ~ C ~  of high-LET tracks is 
equally likely to produce the damage that can lead to 
transfom~ation, the ovcrall probability will be 
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where Pa is given by equations 18 and 19. Thus, the 
transformation rale due to this process will be 

T = KQ,Pa (22) 

where K is a constant. It seems unlikely that cells in 
the rest of the cell cycle will be conipletely insensitive 
to thc induction of transformation. Based on the low- 
LET dose response where the effect of the sensitive 
phase should be less evident, the dose-response rela- 
tionship for cells damaged in phases other than their 
sensitive phase can be approximated by a linear-quad- 
ratic function. Thus, the total transfornlation rate is 

If the dose is not delivered acutely but at a dose rate 
D over a time t (= DP), then the average number of 
tracks through each nucleus in the sensitive phase will 
decrease from N, to N,: 

N, = N,r/(t + r) (24) 

However, the proportion of cells exposed in the 
sensitive phase will be increased from Q, to Q,: 

Q, = (t + t ) / s  (25) 

For t + t c s,  the overall transformation rate will be 

where PC is given by equations 18 and 19. Finally, for 
an irradiation that is divided into n equal fractions, 
where the time behveen fractions is longer than r, the 
expressions become 

Nf = N,/n and Qf  = n t / s  (27) 

and 

where Pf is given by equations 18 and 19. 

260. Based on the critical assumption of a target size 
of 8 ,um (corresponding to the average size of the 
nucleus of a C3HlOTlA cell) and a value for of 
0.29 lo4, determined from experimental data [MB] ,  
the parameters a l ,  K and t were determined as a best 
parameter fit for the experinlental data shown in 
Figure XXV for 5.9 MeV neutrons. The model fit to 
tbe data was obtained with a period of sensitivity of 
61 minutes and values for al of 4.0 2 2.1 lo4 G ~ - '  
and for K of 1.3 2 0.19. This rather longer period of 
sensitivity, t ,  is more reasonable in terms of the period 
of the entire cell cycle. A fcature of the model is that 
the time between fractions needs to be longer than r ,  
the length of the sensitive window, for a dose- 
fractionation effect to be observed. As the time 

betweell fractions decreases, the exposure will become 
increasingly sinlilar to an acute exposure. The model 
appears to give a reasonable fit to much of the 
reported experimental data on the C3HlOTH syste~n 
and predicls liltle eahancement of effect for alpha- 
particle irradiation, as is observed. For intermediate- 
LET r;tdiation, such as fission neutrons, the effect 
would be c o ~ ~ f i ~ l e d  to intermediate doses, as the model 
predicts that both acute and conti~~uous transformalion 
rates will have the same initial slopes. 

261. The hypothesis that there is a narrow window 
(about 1 hour) of sensitivily to oncogenic transfornla- 
tion requires that cells be cycling for the inverse dose- 
rate effect to be observed and therefore predicts no 
effect for plateau-phase cells. In  a further study, Miller 
et al. [MI71 investigated the LET-dependence of the 
inverse dose-rate effect using charged particles of 
defined LET. Parallel studies were conducted with 
plateau-phase and exponentially-growing C3HlOT'A 
cells exposed to single or fractionated doses of 
chaked particles with LETS between 25 and 2.50 kV 
pn". Doses were delivered in three dose fractions, 
with various intervals from 0.3 minutes to 150 minutes 
between the fractions. Dose fractionation with pro- 
longed time intervals enhanced the yield of trans- 
formed cells, compared with a single acute dose for a 
range of LET values between 40 and 120 kV p - l .  

Radiations of lower or higher LET did not show this 
enhancement. This enhanced effect for cycling cells in 
log phase was not seen for cells in plateau phase, 
lending strong support to the model by Brenner et al. 
[B30]. These data by Miller et al. [MI71 have also 
been analysed by Brenner et al. [B16] in the context 
of their model, but with the additional modification 
that tbe constant K was varied to reflect the specific 
energy deposition in the nucleus wilh varying LET. 
They concluded that tbe observed LET effects were 
well explained by the model, assuming a period of 
sensitivity within the cell cycle of about 1 hour. The 
inverse dose-rate effect disappears at very high-LET 
because of a reduction in the number of cells being hit 
and disappears at LET below about 40 kV ,urnm1 
because the majority of the dose is deposited at low 
values of specific energy insufficient to produce the 
saturation phenomenon central to the effect. At even 
lower LET danlage repair will produce a characteristic 
"sparingn associated with protraction of x- or gamma- 
ray doses. 

262. In a further analysis, the predictions or the model 
were ccsted by Harrison and Balcer-Kubinek [H34]. 
Their analyses, based on unweighted least-squares 
techniques, suggested that there is no unique solution 
for t and that its value is critically dependent on the 
nuclear diameter. There were also difficulties applying 
the model to other neutron data on cell transformation. 
It is clear that the model proposed by Brenner and 
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Hi111 [B30], or some future derivative of i t ,  will ticcd 
to be tested for different doscs, dose ratcs ;lnd dosc- 
fractionation schemes to fully cxaniille its gcncral 
applicability. Ultimately a coniplctc undcrstatlditlg of 
the inverse dose-rate effect Inust dcpc~id on experi- 
mental studies designed to elucid;ite thc rncchaaistic 
basis of the observations [B45]. 

263. Cell trallsfor~nation studies can yield itiforniation 
of practical use in radiation protection in addition to 
giving insight into the initial rncclianisl~~s of carcino- 
genesis. At present, the most quantitative data can be 
derived from cell systems that are not typical of the 
epithelial cell systems irivolvcd in niost Iiunral~ can- 
cers. The niost commonly used ccll lines irrcludc 
cultured embryo cells and the mouse fibroblast cell 
lines C3HlOTS and BALBfc3T3. Thus, when altempts 
are made to extrapolate to cancer induction in cpi- 
thelial tissues in man, the biological limitations of 
these assay systems must be considered. 111 addition 
cell transformation studies have proved to be very 
difficult to standardize and there are tech~rical 
uncertainties which must be taken into account in 
assessing the results of any studies. These illclude the 
effects of changes in response during the ccll cycle, of 
plating density and of promoters and suppressors, 
some of which may be normal componet1t.c of the 
growth medium, particularly the serum, and therefore 
difficult to control. 

264. Nevertheless, in carefully controlled cxpcri~nents 
where asyncl~ronously dividing cells or, in so~lic cases, 
non-dividing plateau-phase cells have beet1 irradiated, 
the resulting observations of dose or dose-ratc cffccts 
for low-LET radiation are in general agreement with 
those relating to other cellular effects, such as cell 
killing and the induction of mutations or chromosomal 
aberrations. Dose-response curves per cell at risk have 
a number of features in common with tumour induc- 
tion in vivo, showing an itlitial rise in transformation 
frequency with increasing dose to a niaxiaiuln atid 
then a decline. When plotted as transformants per sur- 
viving cell, the dose response for low-LET radiation 
generally shows the expected lincar or linear-quadratic 
relationship tailing off to a plateau at higher doses. 
When low doses of x rays or ganinia rays are dcliver- 
ed at low dose rate or in fractionated intervals, a dose- 
rate reduction factor of between 2 and 4 is corntiionly 
found. It is noteworthy that sonic exper ia~e~~ta l  data 
suggest that the linear tenn in the dose response may 
alter with dose rate, but this may be accoulited for by 
the lack of precise data at low doses. 

265. Exposures to high-LET radiatioli results in a 
higher transformation efficiency with a tendency 

tow;ircls a liricar rcli~tiotlship, in litic with data for 
cllrotliosoliial aberrations and again tending to a 
plalcau at high doscs. As expected from this pattern of 
response, there is no tcndcncy for the responsc to 
decrease at low dosc rilles or with fractionation, and in 
practice, a nuliiber of studics have shown an enhanced 
cl'l'cct. Tlic main cvidctlce for an inverse dose-rate 
effect with high-LET radiation seenis to be limited to 
5.9 MeV or tiision spectrum neutrons, and over the 
past few years estimates of the magnitude of the 
il~crcascd effect Iravc been reduced, from factors of 
about 9 to factors of about 2 or 3. Results reported 
fro111 a eumber of laboratories have become reasonably 
coesistctit, and it has been possible to develop a model 
that call satisfactorily predict many experimental 
results. The rnodcl is based on the assuniption that the 
targct il l  the cell, taken to be the nucleus, has a 
"window" in t l ~ e  cell cycle during which it is more 
sensitive to radiation. 

266. Wilh protracted or fractionated exposures there 
is a greater opportunity for this particular "windown to 
be hit by at least one track and thus make possible an 
enhancement of Iransfor~nation frequency with a 
rcductioll in dose rate. The magnitude of any effect 
will dcpe~ld on the lineal energy, and with alpha- 
particle irradiation little enhancement would be 
expected, as is in fact observed. Although such a 
model appears to be consistent with much of the 
expcrilnestal data, it will need to be tested at different 
doscs, dose rates and dose-fractionation schedules to 
fully exaniine its general applicability. Ultimately a 
complete understanding of the inverse dose-rate effect 
must depend on experimental studies designed to 
elucidate the mechanistic basis of the observations. 

267. Despite this apparent explanation for the inverse 
dose-riite effect, there remains the problem that it is 
largcly based 011 the results obtained with the 
C3HlOT'h ccll syste~n and may well have only limited 
apl)lic"ion to human carcinogenesis. The dcvclopmer~t 
of epithelial ccll systems that arc of much more direct 
rclcva~lce to human carrcer should be a research prior- 
ity. Wtrilc some qualitative information is becoming 
avai1;tble from such cell systems, no quantitative 
assays iIl)l)ear to be available at present. 

268. 11 is getierally believed (and pointed out in 
Anl~cx E, "Mechanisms of radiation oncogenesis") that 
the principal mecl~anism resulting in a rlcoplastic ini- 
tiatillg evetit is iliduccd dalriage to the DNA molecule 
that  redis is poses target cells to subscquenl malignant 
dcvcloplnent. There is also strong evidence linking a 
tiunlbcr of tuniours to specific gene mutations. Aficr 
Ute ~~rilnary i~litiatilig event many gcactic, physiologi- 
cal atid ~~~viroli l~icti t ; l l  factors will influence the deve- 
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lopment and subsequent nlanifestation of a tumour. 
There is, however, a clear need to u~lderstand the role 
of both dose and dose rate in this initial genetic 
change. Studies on somatic and germ cell mutations 
boll1 in viva and in virro are directly relcvanl to this 
question, although the results obtained have been 
somewhat variable. The effect of dose and dose rate 
on radiation-induced mutation in mammalian cells has 
been reviewed by Thacker [T5], and a review of 
specific locus mutation rates in rodents was also 
prepared by the NCRP [Nl]. 

1. Somatic mutations 

269. A number of mutation systems have been de- 
scribed in the literature, but only a few are sufficiently 
well defined for quantitative studies. Mutation of a 
single gene is a relatively rare event; the majority of 
experimental systems are therefore designed to select 
out cells carrying mutations. Commonly used systems 
employ the loss of function of a gene product (en- 
zyme) that is not essential for the survival of cells in 
culture. Thus, cells may be challenged with a toxic 
drug that they would normally metabolize with fatal 
consequences. If mutation renders the gene producing 
the specific enzyme ineffective, the cell will survive, 
and thus the mutation frequency can be obtained by 
measuring the survivors. A frequently used example of 
such a system is that employing the loss of the 
enzyme hypoxanthine-canon phosphoribosyl trans- 
ferase (HPRT), which renders cells resistant to the 
drug 6-thioguanine (6-TG), and of the enzyme thymi- 
dine kinase (TK) which gives resistance to trifluoro- 
thymidine (TFT). HPRT activity is specified by an X- 
linked gene hprt, while T K  is specified by an 
autosoma1 gene tk, and therefore has to be used in the 
heterozygous state. 

270. There are a number of difficulties witb such 
somatic cell systems, and these have been reviewed 
[TS]. In particular, the mutation frequency of a given 
gene is to some extent modifiable, depending on the 
exact conditions of the experiment. There may also be 
a period of time for the mutation to manifest itself. In 
the unirradiated cell the enzyme would normally be 
produced and thus will be present for some time in the 
irradiated cell, even if it is no longer being replenished 
as a result of a specific mutation. An expression time 
is therefore normally left after irradiation before a cell 
is challenged by the specific drug. Ideally the mutation 
frequency would increase with time after irradiation to 
reach a constant level. This is not always the case, 
however, and tile mutation frequency may reach a 
peak arid subsequently decline. Thus the true mutation 
frequency may be difficult to determine, and this can 
present difficulties in studies of the effect of dose rate 
when exposures can be spread over varying periods of 
time. 

271. Several established cell lines, derived from 
mouse, hanistcr or hu111a11 tissue, have been used to 
measure mutant frequencies at different dose rates. 
The cells lines used cxperilnentally can have 
scnsitivilies that depend on the stage of the cell cycle; 
therefore, to ensure as consislent a response as 
possible, it  is preferable to use a stationary culture in 
plateau phase in which only a limited number of the 
cells will be cycling in the confluent monolayer [H21, 
M30]. The range of published data encompasses both 
a lack of cffect of dose rate and a marked effect on 
induced mutant frequency [T5]. The data presented 
here are intended to illustrate the range of results 
available. 

272. The first report on the effect of dose rate on 
hamster cell lines at low dose rates used hamster V79 
cells and the 11prt locus system [T2]. The cells were 
irradiated at dose rates of 1.7 Gy mid1 and 3.4 mGy 
min", with exposures taking up to five days at the low 
dose rates. A reduction in mutant frequency was 
obtained at low dose rates with a reduced effectiveness 
of between about 2.5 and 4 at total doses between 
about 2 and 12  Gy. The dose-response relationship for 
mutation and survival was approximately the same. 
Further studies [C17] used growing V79 cells and 
compared dose rates of 4 Gy mid1 with 8.3 and 1.3 
~ n G y  min'l. The authors reported that 8.3 mGy min-' 
reduced the mutant frequency compared with the high 
dosc-rate exposure, and that, surprisingly, 1.3 mGy 
min-' increased it. 

273. A series of studies in Japan on a number of 
mouse ccll lines [F6, N6, N7, S25, U29] reported that 
mutation frequency in growing cells was substantially 
reduced with decreasing dose rate over a range of dose 
rates from about 5 Gy min-' down to 0.8 mGy min''. 
Thus, for mutation resistance to both 6-TG and metho- 
trexate a reduced effectiveness by a factor of about 2, 
was obtained at low dose rates for L5178Y cells when 
the linear term (al) of the linear-quadratic model fit to 
high- and low-dose-rate data were compared [N6]. 
Similar results were also found with Ehrlich ascites 
niouse tumour cells used in plateau phase with the 
liprr gene locus system. At a dose rate of about 11 
mGy min-' compared with 10 Gy min-l, there was a 
reduction in effectiveness by a factor of about 2, 
although the extent of the reduction varied wilh 
experimental conditions [IS]. It was noteworthy in all 
lhese studies that change in mutant Gequency with 
dose rate was parallelled by changes in cell inacti- 
vation, which might reflect mechanisnls of DNA 
damage processing (TI 71. 

274. Further studies were reported by Furuno-Fukushi 
et al. [F7], who used the hprt assay for 6-TG resist- 
ance and nleasured cell killing in growing mouse 
L5178Y cells exposed to 0.5 Gy min", 3.3 mGy min-' 
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and 0.1 nlGy mine'. A marked increase in cell survival 
was observed with decreasing dose rate. At the low 
dose rate no reduction in the surviving fraction of cells 
was found up to a dose of 4 Gy, although only about 
10% survival was obtained for the same total dose 
delivered at high dose rate. The induction frequency 
for mutations found at 3.3 mGy min-' was less than 
that obtained at the high dose rate (0.5 Gy min") by 
about a factor of about 2. Surprisingly, there was little 
decrease in mutation frequency at the low dose rate 
(0.1 mGy min-') compared with that at 0.5 Gy min-' 
up to a total dose of about 3 Gy, and at the highest 
dose (4 Gy) the reduction was between that found at 
the high and intermediate dose rates. These results 
therefore suggest an inverse dose-rate effect for the 
low dose rate compared with the intermediate dose 
rate. 

275. In a subsequent study, LX830 mouse leukaemia 
cells, which are more sensitive to cell killing by x rays 
than U178Y cells and 2-4 times more sensitive to 
mutation induction, were also exposed to 
0.5 Gy min-l, 3.3 mGy rnin" and 0.1 mGy min-' F8]. 
A slight, but significant increase was observed in cell 
survival with decreasing dose rate up to a dose of 
about 1 Gy. Beyond that, increasing doses at the 
lowest dose rate (0.1 Gy min-l) did not reduce 
survival further, although the higher dosc rates 
continued to show an exponential decrease in survival 
with increasing dose. The mutation frequency 
increased linearly with dose at all three dose rates, but 
no significant difference in response was found 
between the different dose rates. This is consistent 
with the finding that the LX830 cells are deficient in 
repair and that this produces a nearly dose-rate- 
independent response for mutation [E4]. 

276. A very different sensitivity has been reported by 
Evans et al. [ES], who assayed for the hprt gene 
mutant frequency in the radio-resistant L5178Y-R 
cells. At very low dose rates (0.3 mGy min-' from 
x rays), there' was little difference in mutation 
frequency compared with that at 0.88 Gy mid1. The 
results also indicated the progressive loss of slow- 
growing mutants. 

277. Evans et al. [E7] also compared the effects of 
dose rate (0.88 Gy min-' and 0.3 mGy min-l) on 
mutation frequency in two strains of LS178Y cells 
with differing radiation sensitivities. The induction of 
mutants at the heterozygous tk locus by x-irradiation 
was dose-rate-dependent in W178Y-R16 (LY-R16) 
cells, but very little dose-rate dependence was 
observed in the case of L5178Y-S1 (LY-S1) cells. 
This difference may be attributed to the deficiency in 
DNA double-strand break repair in strain LY-R16. 
Induction of mutants by x-irradiation at the 
hemizygous hprt locus was dose-rate-independent for 

both strains, suggesting that in these strains, the 
majority of mutations at this locus are caused by 
single lesions. 

278. Suspension cultures of human TK6 cells assayed 
for mutations at the l~pr f  and rf loci after exposure to 
nlultiplc acute doscs of 10-100 mGy min-' for 5-31 
days showed no significant cell inactivation but linear 
dose-response functions for mutation. The induction 
frequency was very similar to that following acute 
exposures. Similar results were obtained by Koenig 
and Kiefer [K4], who found no changes in mutant 
frequency in human T G  cells at low dose rates (0.45 
and 0.045 mGy mine'). 

279. In recent experinlents Furuno-Fukushi et  al. [F2] 
examined the induction of 6-TG resistance in cultured 
near-diploid mouse cells (m5S) in plateau and log 
phase following exposure to gamma rays at dose rates 
of 0.5 Gy min-', 3 mGy min-' and 0.22 mGy min-'. 
In plateau-phase culture, lowering the dose rate from 
0 5  Gy rnin" to 0.22 mGy min" resulted in an 
increase of cell survival and a marked decrease in 
induced mutation frequency. A reduction factor of 
more than about 3 was obtained at 2 Gy from data 
obtained for high- and low-dose-rate exposures. The 
frequency at 0.22 mGy min-' was not higher than that 
obtained at 3 mGy mid1, contrary to previous findings 
on growing mouse b-178 cells PI. In contrast, in 
log-phase culture, the magnitude of the dose-rate 
effect was not marked, and up to about 5 Gy almost 
no differences in mutation frequency were found at the 
three dosc rates examined. These results, together with 
those indicating an inverse dose-rate effect in growing 
mouse I5178 leukaemia cells [F7], show that cell 
growth during protracted irradiation significantly 
influences the effects of gamma rays, particularly for 
mutation i~iduction. 

2. G e m  cell mutations 

280. The measurement of germ cell mutation rates 
presents additional difficulties, as animal studies are 
needed to demonstrate the mutational response. The 
effect of dose rate on the induction of specific locus 
mutations has been reviewed by Searle [SE] ,  by the 
NCRP [Nl] and by Russell and Kelly [Rll]. No 
repair of radiation damage has been demonstrated in 
mature sperm [Nl ,  R6], reflecting the lack of 
cytoplasm and e~lzynlic activity. A series of studies 
involving in vifro fertilization and embryonic culture 
of mouse oocytes has demonstrated, however, that 
x-ray-induced damage in mature sperm following 
exposure to 1-5 Gy can be repaired in the fertilized 
egg. Assay of chromosome aberrations in fertilized 
eggs treated with various DNA inhibitors has demon- 
strated that DNA lesions induced in sperm comprise 
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mainly double-strand breaks arid base damage. It 
remains to be deterniined if the specific involvement 
of repair of a particular type of DNA damage leads to 
cl~romosomc aberrations arid mutations in fcr~ilizcd 
eggs, and whether there is a dose-rate effect for such 
damage. No dose-rate effects appear to have been 
denionstrated so far [M48, M49, M50, MS1). Unlike 
mature sperm, sperniatogonial cells are metabolically 
active, and repair proccsscs can modify the yield of 
mutations or chromosomal aberrations with protracted 
irradiation. Mouse sperniatogonial stem cell studies 
provided the Erst demonstration of a dose-rate effect 
for mutational changes. 

281. Russell ct al. [R6, R l l ]  first showed that specific 
locus mutation frequencies after chronic exposures to 
I3'cs gamma rays (58 mGy mid1) were lower than 
after comparable acute x-ray exposures (0.72-0.9 Gy 
mid1) at doses up to about 6 Gy (Figure XXVI). 
Similar results were reported by Phillips [P6]. The 
data available have been summarized by Searle [S26]. 
For chronic exposures the dose-response data were 
fitted with a linear function, but for acute cxposures a 
peaked response was obtained; thus, the relative effect- 
ivcncss of acute and chronic exposures (i.e. the 
magnitude of the dose-rate effect) varies with the 
exposure level considered. By comparing the linear fits 
of the data from 0. 3 and 6 Gy points following acute 
x-ray exposures with all the data obtained following 
chronic exposures (at 0.01 and 0.09 mGy min-l), 
Russell [R7] obtained a ratio of 3.23 2 0.62. Alterna- 
tively, fining a linear function to the acute data 
obtained up to 3 Gy, on the assumption of a cell 
killing function being present at higher doses, gives a 
ratio of 4.0 [S26]. 

282. More information on the dose-rate cffect for 
mutation frequencies in spermatogonia has been ob- 
tained with various dose rates and fractionation re- 
gimes. Russell et al. [R7, R11, R17] reported that 
mutation frequency decreased markedly as the dose 
rate is reduced from 900 mGy min-' to 8 mGy min", 
although there appeared to be no further reduction at 
dose rates down to 0.007 mGy min-l. Because this in- 
dependence of dose rate had been shown over a more 
than one thousand-fold range, it was thought unlikely 
that mutation frequency would be further reduced at 
even lower dose rates. The mutation frequenc 1 obtained at dose rates from 720 to 900 mGy min- , 
with total doses up to about 6 Gy, was compared with 
that obtained at low dose rates, on the basis of linear 
fits to the data, to give a DDREF of 3.0 2 0.41, in 
close agreement with previous estimates [Rl 11. 

283. To examine further this dose-rate effect, Lyon et 
al. [L17] compared the effects of single doses of about 
6 Gy from x rays or gamma rays with those of various 
fractionation regimes. They found that if the gamma- 

ray exposlire was split into 60 equal fractions of 
100 niGy, given daily at 170 mGy min-l, the mutation 
freque~~cy (4.17 10" per locus) was less than one third 
of that froni a si~lgle amma-ray exposure at the same S dose rntc (15.39 10' per locus) and similar to the 
frequency obtained after giving a coriiparable dose at 
0.08 niGy mia-' over 90 days (3.15 10.' per locus). 
However, if 12 weekly doses of 0.5 Gy from x rays 
were given acutely the mutation frequency was similar 
to that found after a single acute exposure (12.61 loJ 
per locus). It may be concluded that repeated small 
doses, even if given at a moderately high dose rate, 
have less mutagenic effect than the same dosc given 
at one time. With fewer fractions (he. larger doses per 
fraction) the effect is iritcnnediatc between the 
response for an acute exposure and chronic exposurc 
(Table 16). 

284. These results are very similar to those obtained 
for lung tunlour induction in mice by Ullrich et al. 
[U26] (Section II.A.2.b), where the incidence of 
tuniours for a given dose again depended on the dose 
per fraction. A similar explanation can be invoked, 
namely that with small doses per fraction, in this case 
-100 mGy given at a moderately high dose rate, the 
effect of each fraction will lie predominantly on the 
linear portion of the dose-response curve, and thus the 
overall response is similar to that for low-dose-rate 
exposure. With larger fractions (0.5 Gy) the quadratic 
function makes an increasing contribution to the 
response, and thus an effect between acute and chronic 
exposure conditions is obtained. 

285. Based on the above results of dose-rate effects 
on mutation rates in spermatogonia, a DDREF of 3 
has bee11 applied by the Committee since the 
UNSCEAR 1972 Report [US] for assessing the risks 
of hereditary disease at low dose rates. This value of 
DDREF was also applied in the UNSCEAR 1988 
Report [Ul]. 

286. It is also possible to examine the effects of 
radiation on translocations induced in spermatogonial 
cells by subsequent examination of the spermatocyte 
stage. Clear evidence of dosc fractionation effects 
have been observed in the mouse, and these were 
reviewed by the NCRP [Nl ]  and more recently by 
Tobari ct al. [Tg]. Dose-rate reduction factors from 3 
to >10 have been obtained. 

287. In a rccclit study [T9], the induction of reciprocal 
translocations in the spern~atogonia of the adult crab- 
eating nionkey (Macaca fascicrrlaris) was examined 
following chronic gamma-irradiation to total doses of 
0.3, 1.0 arid 1.5 Gy (0.018 mGy min", about 0.024 
Gy in 22 h d-I). Two or three monkeys were used for 
each dose level, and in each testis reciprocal trans- 
locations were scored in 1,000- 1,250 spennatocytes. 
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The dose-response relationship for the frequency of 
translocation per cell could be represented by a linear 
function I@) = 0.09 + 0.16D, wliere I(D) is the 
frequency of translocatiol~s (%) and D is the dose 
in gray. After acute exposurc to x rays at high dose 
rates (0.25 Gy min-') the dose response was also 
found to be linear, at least below 1 Gy, and fitted by 
the equation I@) = 1.08 + 1.79D [M18]. Thus, at high 
dosc rates the incidence of translocations was higher 
than at low dose rates by a factor of about 10. 

288. In contrast, van Buul et al. [B24] found that, 
when the testis of the rhesus monkey was exposed to 
a gamma-ray dose rate of 0.2 mGy min-' to give a 
total dose of 1 Gy, the yield of translocations was 
0.38%, about one half the yield obtained at the same 
x-ray dose delivered at 0.3 Gy min" (0.83%). If a 
correction is made for the RBE of gamma rays, which 
is possibly about 0.5-0.7, the translocation yield would 
become more than one half that at high dose rate. It 
would appear from these results that the dose-rate 
effect is less pronounced in the rhesus monkey than in 
the crab-eating monkey. 

289. These results suggest that a wide range of dose- 
rate effectiveness factors nlay be obtained, depending 
on the species and strain used for particular study. 
Reciprocal translocations are, however, two-hit 
aberrations, and the yield will be very dependent on 
recovery processes occurring between successive 
events. The marked difference in dose-rate effects 
between species may be accounted for by variable 
rates of repair in different species. 

290. Effects of dose rate have also been studied in 
some of the germ-cell stages present in female mice. 
Mature and maturing oocytes have a much larger 
dose-rate effect than that found in spermatogonia 
[R18], and unlike the situation described earlier for 
spermatogonia one study has reported that the size of 
the dose-rate effect continues to increase when the 
dose rate is lowered below 8 mGy mine'. 

291. Selby et al. [S38], using the specific-locus 
method, examined the effect of dose rate on mutation 
induction in mouse oocytes irradiated just before birth. 
Female mice were exposed to 3 Gy of whole-body 
x-irradiation at dose rates of 0.73-0.93 Gy min-' and 
7.9 mGy mid l  at 18.5 days after conception. The 
frequency of specific-locus mutations was assayed in 
the offspring of both control and exposed animals. The 
radiation-induced mutation frequency decreased from 
6.1 lo-' to 4.2 lom6 n~utations per gray per locus, i.e. 
by a factor of about 14, between acute and chronically 
exposed animals. Although the confidence limits of 
this estimate of the magnitude of the dose-rate effect 
are wide with an upper bound of infinity, the results 
indicate that mutational damage in females irradiated 

just bcforc birth has a pronounced dose-rate effect. 
The mutation rate following exposures at low dose 
rates did not difler significantly from that in controls. 
Similar calculations, based on rcsults of irradiating 
nlature and maturing oocytes at the same dose rates 
(0.8-0.9 Gy min-I and 8 mGy min-l) [R18, R191, 
suggest an approximately fourfold reduction in the 
induced mutation frequency in the adult. With protrac- 
ted exposure and lower dose rates (0.09 ~ n G y  min-I), 
a further reduction in mutation frequency was ob- 
tained. It was concluded that although the confidence 
limits on these estimates of the reduction factor at low 
dose rates were large, the results suggested that 
females irradiated just before birth had a more 
pronounced dose-rate effect for mutational damage to 
oocytes than those irradiated later [S38]. 

292. Irradiation of mice with high-LET radiation from 
fission neutrons has shown average values of RBE of 
about 20 (range: 10-45), relative to chronic irradiation 
with gamma rays, both with spermatogonial and 
oogonial irradiation [I6, S121. Spermatogonia show 
little or no dose-rate effect with fission neutrons [R8] 
except at high doses (>2 Gy), where there is a 
suggestion of a reduced effectiveness, presumably due 
to selective cell killing of the spermatogonial 
population [B32, R8]. 

3. Summary 

293. Studies on somatic mutations in virro and germ 
cell mutations in vivo are relevant to assessing the 
effect of dose and dose rate on the primary lesion in 
DNA involved in tumour initiation, although sub- 
sequent tumour expression will depend on the influ- 
ence of many other factors. The results obtained in 
different studies on somatic cell mutations in mice 
have been somewhat variable, but the overall extent of 
the dose-rate effect indicates a maximum value of 
about 2-3. A DDREF of about 3 for specific-locus 
mutations has also been found in mouse spermato- 
gonia for dose rates that vary by a factor of more than 
1,000, and for reciprocal translocations DDREFs up to 
about 10 have been reported, although there appear to 
be considerable differences between species. Based on 
these results, a DDREF of 3 for damage to sper- 
matogonia has been applied by the Committee since 
the UNSCEAR 1972 Report [U5] for assessing the 
risks of hereditary disease at low dose rates. The 
DDREF in mature and maturing mouse ooeytcs 
appears to be larger than that in spermatogonia, w i h  
the main difference being that the mutation rate 
continues to decrease when the dose rate decreases 
below 8.0 mGy min-l. Mouse oocytes present just 
before birth appear to show a more pronounced dose- 
rate effect than mature or maturing oocytes, with a 
DDREF of about 14. 
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111. DOSE AND DOSE-RATE EFFECTS IN HUMAN CANCER 

294. In general, cpidemiological studies OII the induc- 
tion of cancer in human populations following expo- 
sure to low-LET radiation do not provide information 
on exposures at different dose rates that allow esti- 
mates to be made of dose-rate effectiveness factors. 
Furthermore, dose-response data are generally not 
available at the low doses needed to make good esti- 
mates of the linear component of the dose response 
(slope a ~ ,  Figure I). There are, however, some human 
data that can be used to assess likely dose-rate effects; 
these have been reviewed by the Committee [Ul, U2]. 

295. In the UNSCEAR 1986 Report [U2] it was 
concluded from a review of dose-response relation- 
ships for radiation-induced tumours in man that for 
low-LET radiation the data available in some cases 
(lung, thyroid and breast) were consistent with linear 
or linear-quadratic models. For breast cancer linearity 
was considered more probable, as the incidence is 
little affected by dose fractionation. The Committee 
considered that for low-LET radiation linear extrapola- 
tion downwards from effects measured at doses of 
about 2 Gy would not overestimate the risk of breast 
and possibly thyroid cancer, would slightly over- 
estimate the risk of leukaemia and would be likely to 
overestimate the risk of bone sarcoma (see paragraph 
16). For radiation-induced cancers of most other 
organs only experimental data from animals were 
available 011 dose-response relationships, for which 
upward concave curvilinear dose-response relation- 
ships with pronounced dose-rate and fractionation 
effects are commonly found. The Committee con- 
cluded that if similar curves are applied to cancers in 
humans, a linear extrapolation of risk coefficients from 
acute doses in the intermediate dose region (0.2-2 Gy) 
to low doses and low dose rates would very likely 
overestimate the real risk, possibly by a factor of up 
to 5. Although some reference was made to the data 
on the survivors of the atomic bombings in Hiroshima 
and Nagasaki, the data were not fully utilized because 
of the uncertainties regarding the revision of the 
dosimetry. It was also noted that bone sarcoma induc- 
tion after intake of radium isotopes shows a pro- 
nounced inverse relationship of latency to dose, 
resulting in an apparent threshold at low doses. For 
assessing the risk of lung cancer from exposure to 
radon the flattening of the response at higher 
cumulative exposures could result in an underesti- 
mation of the risk by linear extrapolation to low doses. 

296. In the UNSCEAR 1988 Report [Ul]  epidemio- 
logical data on the effects of low-LET radiation 
relevant to assessing risks at low doses and dose rates 
were also summarized. The Committee considered the 
then most recent data on the atomic bomb survivors in 
Japan [P4, S9, SlO], which took account of the new 

@S86) dosimetry. For Icukaemia, a significant 
differcncc in the excess relative risk per Gy of organ 
absorbed dose among survivors exposed to 0.5 Gy or 
more, as opposed to lhose exposed to lower doses 
(5.53 versus 2.44, rcspcctively) was noted, suggesting 
a curvilinear dose-effect relationship for haemopoietic 
malignancies. For all cancers except leukaemia the 
excess relative risk associated with higher doses does 
not differ significantly from that at lower doses (0.41 
versus 0.37, respectively) suggesting a linear response. 
No significant excess risk was observed at doses 
below 0.2 Gy, however. The scatter of the data points 
in the low dose region was such that they could be 
fitted almost equally well by a quadratic, linear- 
quadratic or linear dose-response relationship [Sg]. 

297. The Committee also reviewed epidemiological 
studies of individuals exposed to l3'1, which suggested 
that radiation doses from chronic internal exposures 
arc less carcinogenic than similar doses of acute 
external radiation by a factor of at least 3 [N2] and 
possibly even 4 [Hl5], although non-uniformity of 
dose distribution within the thyroid gland may be a 
contributing factor. Breast cancer studies involving 
fractionated exposures provide some information on 
low-dose and low-dose-rate effectiveness factors. No 
fractionation effect was evident in a Massachusetts 
study of breast cancer following n~ultiple fluoroscopic 
examination [B15]. However, in a similar but larger 
Canadian study, a non-linear dose response, especially 
at high dose, appeared to have been found. This would 
suggest a low-dose and low-dose-rate effectiveness 
factor greater than 1. 

298. From examination of bolh experimental and 
human data the Committee concluded that reduction 
factors will vary with dose and dose rate and with 
organ system but will generally fall within the range 
2-10. No dose or dose-rate reduction factor was 
considered necessary for high-LET radiation at low 
doses. 

299. Since the publication of the UNSCEAR 1988 
Report [Ul], more information has become available 
from cpideniiological studies that relate to considera- 
tions of dose-rate effects for low-LET radiation. The 
relevant studies are reviewed below. 

A. LEUKAEMLA AND 
ALL OTHER CANCERS 

1. S u w i v o ~ . ~  of the atomic bombings in Japan 

300. The follow-up study on the survivors of the 
atomic bombings in Hiroshima and Nagasaki continues 
to provide the main source of information on the 
effects on a population of exposure to ionizing radia- 
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tion. Information is available from 1950 to 1985 on 
mortality in just under 76,000 survivors for whom 
revised estimates of doses based on the new DS86 
dosimetry system [R4] have been calculated [S9, SlO]. 

301. The dose-response relationship for cancer 
mortality anlong t11e survivors of the atomic bombings 
in Japan has been examined by Pierce and Vaeth [P2, 
P3]. Their aim was to determine the degree of 
curvature in a linear-quadratic dose-response model 
that is consistent with the data. From this, possible 
values for a linear extrapolation overestimation factor 
(LEOF), which is equivalent to the dose and dose-rate 
effectiveness factor (DDREF), were derived. 

302. Figure XXVII gives dose-responses for Ieukae- 
mia and all cancers except leukaemia on the assump- 
tion of an RBE for neutrons of 10. For both sets of 
data any estimates of dose above 6 Gy (shielded 
kenna) have been reduced to 6 Gy. In both cases the 
data indicate a levelling off in the relative risk at 
doses above about 3 Gy. This apparent plateau at high 
doses may be due, at least in part, to cell killing, as 
appears to be the case in a number of animal studies 
(see Chapter 11) and other human studies [S45], 
although it may in part be attributed to errors in 
exposure estimates. 

303. Because of uncertainties as to the reason for this 
plateau, two approaches were taken by Pierce and 
Vaeth [P2, P3] in evaluating the dose-response data, 
namely: 

(a) the dose range was limited to 0-4 Gy as well as 
0-6 Gy. While this restriction in the range of 
exposures studied reduces the statistical power in 
studying the dose response, it should alleviate 
any bias in this relationship due to errors in 
estimates of high exposures. The linear-quadratic 
model assumption is also less critical if made 
over a restricted range of exposures; 

@) adjustments were made for random errors in the 
dosimetry of about 35% across the whole range 
of exposure estimates. Again, such errors could 
bias the shape of the dose-response curves and 
would lead to risk estimates higher by about 
10%. Results of the unadjusted analysis were 
given for comparison. 

The model fit adopted for all cancers except leukaemia 
was taken with excess relative risk constant in age-at- 
risk, but depending on age-at-exposure and sex. 

304. Estimates of the LEOF were obtained based on 
the exposure range 0-4 Gy (DS86), with or without 
adjustment for random errors in dose estimates [P2]. 
Data were given for leukaemia, for all cancers other 
than leukaemia as a group and for combined inferen- 
ces, assuming common curvature in these two disease 

categories. Estimates of the LEOF from analyses 
based on the range 0-6 Gy were lower than those 
based on the 0-4 Gy range. However, even after 
allowing for random errors in the exposure cstirnatcs, 
there is an indication that the analyses based on the 
0-6 Gy range are i~nduly affected by the lcvellirlg off 
in the dose response beyond 4 Gy. Hence, the analyses 
based on the 0-4 Gy range are likely to be more rele- 
vant for the extrapolation of risks to low doses. 

305. For the grouping of all cancers other than 
leukaemia, the maximum likelihood estimate of LEOF 
was 1.2, with a 90% confidence interval (CI) ranging 
from less than 1 to 2.3. However, after adjusting for 
random errors in the dose estimates, the best estimate 
of LEOF was 1.4 (90% CI: <I->3.1). Thus the data 
for all cancers other than leukaemia are fitted well by 
a linear dose-response model, although they are also 
consistent with a linear-quadratic model for which the 
linear extrapolation overestimation factor is between 1 
and 3. For leukaemia, the maximum likelihood esti- 
mate of the LEOF from the Japanese data was 1.6 
(90% CI: 1.0->3.1) without adjustment for random 
dosimetry errors and 2.0 (90% CI: 1.1->3.1) with 
adjustment for these errors. Thus, these data for 
leukaemia suggest that a linear dose-response model 
does not provide a good fit and that a linear-quadratic 
model with an LEOF of the order of 2 is to be prefer- 
red. For all cancers together an LEOF of 1.7 (90% CI: 
1.1-3.1) was obtained with adjustment for random 
errors. Pierce and Vaeth [P2, P3] emphasized that the 
use of LEOFs much above 2 would need to be based 
upon infornlation from experimental studies and that 
their inferences depended strongly on the assumption 
that a linear-quadratic model is appropriate for 
extrapolation to low doses. 

306. It is clear that there are a number of limitations 
in the analysis of these data. The plateaus in the dose 
response at intermediate doses (Figure XXVII) imply 
that analyses of the shapes of the dose-response curves 
that include groups exposed at doses much above 
3 Gy are likely to underestimate the contribution of 
the quadratic component to the dose-response function. 
Yet it is these same groups that make a significant 
contribution to the overall assessment of risk at high 
doses and high dose rates. A further problem lies in 
determining the initial slope of the dose-response 
function when only limited data are available at low 
doses. 

2. Exposures from the nuclenr industry 

307. Several studies have been conducted of nuclear 
industry workers. In the United States, Gilbert [GI41 
performed a joint analysis of data from about 36,000 
workers at the Hanford site, Oak Ridge National 
Laboratory and Rocky Flats weapons plant. Neither for 
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the groupilrg of all cancers nor for leukaemia was 
h e r e  an indication of an increasing trend in risk with 
dose. The upper limit of the 90% confidence interval 
for the lifcti~rie risk corresponded to a value of 
8.2 SV-I for all cancers and 0.6 1 0 ' ~  SV" for 
leukaen~ia. 

308. A recent stildy of just over 95,000 individuals in 
the National Registry for Radiation Workers (NRRW) 
in the United Kingdom cxa~ilirred cancer mortality in 
relation to dose [Kll] .  For all malignant neoplasms, 
the trend in the relative risk with dose was positive 
but was not statistically significant (p = 0.10). Based 
on a relative risk projection model, the central estimate 
of the lifetime risk based on these data was 10 lo-' 
SV" (90% CI: c0-26 lo-*). For leukaemia (excluding 
chronic lymphatic leukaemia, which does not appear 
to be radiation-inducible), the trend in risk with dose 
was statistically significant (p = 0.03). Based on a 
BEIR-V type projection model [Cl] ,  the central esti- 
mate of the corresponding lifetime risk was 0.76 

SV-' (90% CI: 0.07-2.4 10.~1. The NRRW there- 
fore provides evidence of a raised risk of leukaemia 
associated with occupational exposure to radiation, 
but, like the combined study of workers in the Untied 
States [G14], is consistent with the risk estimates for 
low-dose, low-dose-rate exposures derived for workers 
by ICRP [I21 from the Japancse survivor data (4 
SV" for all cancers and 0.4 SV-' for leukaemia) 
which include a DDREF of 2. In particular, combining 
the results of the NRRW and the United Statcs studies 
produces ccntral estimates for the lifetime risk of 4.9 
lo-* SV-I (90% CI: c0-18 for all cancers and 0.3 

SV-' for leukaemia (excluding chronic lymphatic 
leukaemia) [Kll] .  These values are similar to the 
ICRP [I21 risk estimates, and generally support the use 
of a low DDREF in assessing risks at low doses and 
dose rates from high dose and dose-rate studies. 

309. Information has recently become available from 
a number of low-dose-rate studies in the former 
USSR. Kossenko et al. [KlO] have followed up the 
population of about 28,000 persons exposed as a result 
of the release of radioactive wastes into the Techa 
river in the southern Urals. The study shows a statisti- 
cally significant increase in the risk of leukaemia 
estimated to be 0.85 (CI: 0.24-1.45) per lo4 PY Gy. 
This is substantially snialler than the value of 2.94 per 
lo4 PY Gy derived for the atomic bomb survivors 
[S9]. Some risk estimates are also available for 
cancers in a number of organs arid tissues that are 
similar to those obtained fro111 the atoniic bomb sur- 
vivors, but the confidence i~rtervals are wide. The risk 
estimates for leukaen~ia therefore suggest a reduction 
in risk at low dose rates by a factor of about 3, 
although the data must be rcgarded as preliminary. 
Further extended analyses are planned. Data are also 
available on the incidence of leukaemia among the 

workers at the Chelyabiask-65 nuclear weapons plarit 
[K12]. Filrii badge data arc available on 5085 men in 
two facilities. Avcrage cu~iiulativc doses varied 
between 0.49 and 2.45 Sv. When corriparcd with 
USSR natiorral rates for tlrc period 1970-1986, the 
relative risk of Icukaeaiia :~pl)cared lo be illcreased 
with a ~.elative risk of 1.45 G ~ " ,  which is about 2.7 
times less than that based on ttle atomic bomb 
survivors (220 ycars, excess RR = 3.92 Gy" [Sg]). 

310. A substantial nuniber of studies have reported 
excesses of thyroid cancer in populations exposed to 
external radiation. Many of Uiese studies were sum- 
marized in the UNSCEAR 1988 Report [Ul]  and by 
the NCRP p 2 ] .  The information summarized in [N2] 
suggested risks of radiation-induced thyroid cancer are 
greater in children than in adults, by about a factor 2, 
and that females appear to be more sensitive than 
males by a factor of 2 to 3. Radiation-induced thyroid 
cancer risks in a population were calculated to be 7.5 
lo4 G ~ - '  and in adults to be about 5 lo4 Gy-'. 

311. Information on the dose-response relationship for 
radiation-induced thyroid cancer is available from 
studies by Shore et al. [ S l l ]  on about 2650 persons 
who received x-ray treatrncnt for purported enlarged 
thymuses in infancy. The 30 thyroid cancers detected 
in the irradiated group (el expected), when allocated 
to 5 dose groups, coilld be fitted by a linear dose- 
response relationship (Figure XXVIII) I@) = 3.46 ? 

0.82 per lo4 PY Gy (21 SE, p < 0.0001), although a 
linear-quadratic relationship could not be excluded. 

312. Shore et al. [ S l l ]  also examined the effect of 
dose fractionation, as the number of dose fractions 
ranged from 1 to 11, with most subjects having 3 or 
fewer. Three semi-independent variables were tested: 
number of fractions, dose per fraction, and average 
interval between fractions. No evidence was obtained 
for a significant sparing effect for thyroid cancer 
associated with any of these three fractionation 
variables, although numerically the excess cancer risk 
per Gy was grcater in the lowest dose-per-fraction 
group (0.01-0.49 Gy) than in the higher dose-pcr- 
fraction groups (0.5-1.99 Gy and 2-5.99 Gy), namely 
by a factor of 2-3, again possibly reflecting an effect 
of cell killing. 

313. Data on thyroid canccr illduction also comes 
from patients given 1311 for diagnostic reasons [H13, 
H15, H35]. Holni et al. [HI31 reported a retrospective 
study of 10,133 subjects given 13'1 for suspected 
thyroid disease. The population (79% fcniales) had a 
mean age of 44 years. For the 9,639 adults (>20 years 
of age) the mean calculated thyroid dose was 0.6 Gy, 
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whereas in the 494 younger subjects the mean dose 
was 1.6 Gy. Patients were followed for a mean time 
of 17 years after exposure to l3'1. Only patients dia- 
gnosed more than 5 years after I3l1 exposure were in- 
cluded in the analysis. No excess of thyroid cancer 
was found, although the number of observed cases 
was small (8 observed, 8.3 expected). 

314. For 35,074 patients in Sweden examined for 
suspected thyroid disorders between 1951 and 1969 
the mean follow-up was 20 years [HIS, H22]. The 
mean age at administration of 1 3 1 ~  was 44 years; 5% 
were under age 20 years and the mean dose to the 
gland was about 0.5 Gy. Persons with a history of 
external radiotherapy to the head and neck region, or 
who had been given internal emitters, were excluded 
from the study. No overall excess risk of thyroid 
cancer in this group was observed. 

315. Further information on thyroid cancer induction 
is available from groups given 1311 for the treatment 
of hyperthyroidism. Although a number of studies 
have been reported, no evidence for radiation-induced 
cancer in these groups has been obtained. Treatment 
for hyperthyroidism, however, involves the adrninistra- 
tion of large quantities of l3'1 giving substantial doses 
to the thyroid (>20 Gy), which would be expected to 
result in substantial cell killing [H32]. 

316. An increased incidence of thyroid nodules has 
been seen in the inhabitants of the Marshall Islands 
who were exposed to weapons fallout [C19]. However, 
although a large proportion of the dose was contri- 
buted by short-lived isotopes of iodine (132.133*135~), 
there was also a contribution from external radiation 
with only a small proportion of the dose coming from 

It is therefore difficult to use the dam to assess 
any effect of dose rate on turnour induction. 

317. There are some uncertainties regarding dosimetry 
in the studies of Holm et al. [H14. H15, H221. The 
main factors influencing the calculated thyroid dose 
are the mass of the gland and the initial uptake of 1311. 
Animal studies suggest differences in distribution 
throughout the gland will be of less importance (see 
Section II.A.2.e). The mean thyroid weight was 
estimated on the basis of information in the records 
and available thyroid scintigrams to be <30 g in 42% 
of the patients, 30-60 g in 38%, and >60 g in 12%. In 
8% of patients the thyroid weight was not assessed. 
No information is given in the paper on the uptake of 
1311 by the gland, but the calculated doses suggest 
30% has been used, in line with recommendations by 
the ICRP [I3]. Both these parameters may affect the 
dose calculations, but taken together are unlikely to 
alter the average doses calculated by more than a 
factor of 2 The studies therefore suggest that 1311 is 
less carcinogenic than acute exposure to external 

radiation, although these studies mostly involved 
adults who appear to be less sensitive to the induction 
of thyroid cancer tl~ari young persons. 

C. BREAST CANCER 

318. Since the publication of the UNSCEAR 1986 
Report [U2] further information has become available 
on possible effects of dose rate on breast cancer 
induction. Miller et al. [M32] have reported data from 
a number of provinces in Canada on mortality from 
breast cancer in tuberculosis patients irradiated during 
fluoroscopic examinations. Mortality data have been 
obtained for 31,710 women treated at sanatoriums 
between 1930 and 1952, known to be alive in 1950 
and followed to 1980. A substantial proportion 
(26.4%) had received doses to the breasts of 0.1 Gy or 
more from repeated fluoroscopic examinations during 
therapeutic pneumothoraxes. The principal difference 
among sanatoriums was that in Nova Scotia the 
patients usually faced the x-ray source, whereas in 
other provinces they were usually turned away from it. 
Various dose-response models were fitted to the data. 
The best fit was obtained with a linear dose-response 
relationship, and it was nolable that a greater effect 
per unit dose was found in Nova Scotia than in the 
other provinces. Thus, the increases in relative risk 
were 1.80 and 0.53 G ~ - ~  for Nova Scotia and the other 
provinces, respectively. In the BEIR V Report [Cl] 
the difference in relative risk was given as a factor of 
6. Even allowing for the differences in orientation 
during exposure this difference in response is 
surprising, and the authors considered that it could be 
due to a dose-rate effect. Although the mean numbers 
of fluoroscopic exposures were similar in the two 
groups, the dose rate in Nova Scotia was higher by 
more than an order of magnitude, although not higher 
than that in the atomic bomb survivors. These results 
would therefore be consistent with a dose-rate 
effectiveness factor greater than 1. 

D. SUMMARY 

319. The human data that are available for assessing 
the effects of dose rate on tumour induction from low- 
LET radiation are limited. In general, the in for ma ti or^ 
available is from exposures at high dose rates, and 
little information is available at doses of less than 
about 0.2 Gy. Analyses of dose-response relationships 
for solid tumours in the atomic bomb survivors are 
generally consistent with linearity but also with a 
small reduction in the slope of the dose-response at 
lower doses. For leukaemia among the atomic bomb 
survivors, however, the data are inconsistent with 
linearity, and the central estimate of the DDREF at 
low doses is about 2. Model f i t  to the dose-response 
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data for the atomic bomb survivors over the dose 
range 0-4 Gy kerma for all cancers combined, sug- 
gests a DDREF in the range of about 1.7 (when ad- 
justed for randoni errors). For solid cancers alone, 
however, li~learily provides a good fit, althougt~ the 
data are also consistent with a DDREF of the order of 
2. This interpretation of the data depends on the 
assumption that a linear-quadratic model is appropriate 
for extrapolation to low doses and that the linear term 
can be adequately resolved. Information on thyroid 
cancer induction by acute external irradiation com- 
pared with low dose-rate exposure from intakes of l3'l 
are consistent with a DDREF of about 3, although 
therc is some question over the contributions that 
heterogeneity of dose and uncertainties in the dose 
estimates as well as the effect of age make to the 

overall reductio~~ in risk. For female breast cancer the 
information is conflicting. Dose-response relationships 
for acute exposures and for fractionated exposures at 
high dose rates ;Ire consistent will1 a linear dose- 
response rcl;~tionsl~ip. However, comparative data from 
Nova Scotiii and from other Canadian provi~lces sug- 
gest a DDREF greater than one may be appropriate for 
assessi~lg cancer risks at low dose rates. Although 
epideniiological studies of low dose-rate exposure 
should be more relevant for the purposes of radiolo- 
gical protection than studies at high dose rates, the 
fornler type of study at present lacks sufficient 
statistical power to allow risks to be estimated with 
tight confidence limits. Howcver, the results of studics 
such as thosc of radiation workers are consistent with 
low values of DDREF. 

IV. DESIGNATION O F  LOW DOSES AND LOW DOSE RATES 

320. The choice of bounds for low and high doses of 
low-LET radiation that are appropriate for decisions 
on whether to apply dose and dose-rate effectiveness 
factors (DDREFs) is not straightforward, as it is essen- 
tial to understand both the physical and biological 
factors involved and their interactions. The 
physical factors, unlike the biological factors, are well 
understood as a result of the advances that have taken 
place in recent years in microdosimetry at the cellular 
and subcellular levels [B18, B20, G6, P1, R14). This 
Chapter reviews the physical, experimental and epi- 
demiological data that can be used as a basis for 
assessing either the doses or the dose rates below 
which it would be appropriate to apply a DDREF. 

A. PHYSICAL FACTORS 

321. The microdosimetric approach to defining low 
doses and low dose rates uses fundamental microdosi- 
metric arguments that are based on statistical consi- 
derations of the occurrence of independent radiation 
tracks within cells or cell nuclei (Section I.A.3). 
Photons deposit energy in cells in the form of tracks, 
comprising ionizations and excitations from energetic 
electrons, and the smallest insult each cell can receive 
is the energy deposited from one electron entering or 
being set in motion within a cell. For *CO gamma 
rays and a spherical cell (or nucleus) assumed to be 
8 p n  in diameter, there is on average one track per 
cell (or nucleus) when the absorbed dose is about 
1 mGy [B18, B20]. This dose, corresponding to one 
track per cell, on average, varies inversely with 
volume and is also dependent on radiation quality. 
being much larger for high-LET radiation [G4, 141. 

322. If the induction of cancer by radiation at low 
doses depends on energy deposition in single cells, 
with no interaction between cells, there can be no 
departure from linearity, unless there have been at 
least two independent tracks within the cell. The 
number of indcpendcnt tracks within cells follows a 
Poisson distribution, as illustrated in Table 17, with 
the mean number of tracks being proportional to dose. 
For average tissue doses of 0.2 mGy from 6 0 ~ o  gam- 
ma rays, spherical cells (or nuclei) of diameter 8 p 
each receive, on average, about 0.2 lracks (Figure 111). 
Hence, Table 17 shows that, in this case, just 18% of 
the cells receive a dose and 90% of these cells receive 
only one track. Thus less than 2% of cells receive 
more than one track. Halving the dose will simply 
halve the fraction of the total cells affected, and so  at 
such low doses the dose-effect relationship should be 
linear. There sllould be no dose-rate effect, because 
this only affects the time interval between energy 
deposition in different cells (Section I.A.3). This 
argument applies to all biological effects where the 
energy deposited in a cell produces effects in that cell 
and in no other cell. It is generally thought to apply to 
cell killing, chromosome aberrations and mutations. I u  
applicability to transformation and cancer is less cer- 
tain. It would need modification, for example, if the 
probability of effect were so enhanced by a second 
track at a later time that the small minority of such 
cells were doniinant. This could conceivably bc the 
case for multi-stage carcinogenesis if more than one 
essential stage was likely to be caused by radiation. 

323. To employ h e  microdosimetric argument for 
assessing low doses, a knowledge of the autonomous 
sensitive volume within a cell is required. Biological 
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effects are believed to arise predominantly from 
residual DNA changes that originate from radiation 
damage to chromosomal DNA. It is the repair re- 
sponse of the cell that determines its fate. The major- 
ity of damage is repaired, but it is the remaining 
unrepaired or misrepaired damage that is then con- 
sidered responsible for cell killing, chromosomal 
aberrations, mutations, transfornlations and cancerous 
changes. The link between DNA damage and cellular 
effects leads to the notion that the cell nucleus is the 
critical volunle that should be used for these micro- 
dosirnetric estimations of a low dose. A sphere of 
8 p diameter is representative of some cell nuclei; 
others may be smaller or larger. On this basis a low 
dose would be estimated to be less than 0.2 mGy. If 
part of the nucleus alone responds autonomously to 
radiation insults and repair, then a smaller volume 
may be appropriate, and the estimate of a low dose 
would increase. Conversely, if the entire cell or 
adjacent cells can be involved in a cooperative 
response, a larger volume may be appropriate. 
Figure XXIX shows, for various volumes and radia- 
tions, the doses that would correspond to this 
microdosimetric definition of a low dose. The most 
fundamental corresponding criterion for a low dose 
rate is that the dose should not be exceeded in a 
lifetime (say, 60 years), so that there should be 
negligible scope for radiation to cause multiple 
changes in a single cell or its progeny. By this 
criterion, a low dose rate would be less than about 

mGy min-'. A less cautious criterion, applicable 
to single-stage changes only, is that a low dose should 
not be exceeded in a time characteristic for DNA 
repair, say a few hours. In this case, a low dose rate 
would be less than about 10'~ mGy min". 

B. BIOLOGICAL FACTORS 

324. A second approach to estimating a low dose and 
low dose rate is based on direct observations in animal 
experiments. The results of animal studies designed to 
examine the effect of dose and dose rate on tumour 
induction (see Section 1I.A and Table 8) suggest that 
an average dose rate of -0.06 mGy min-I over a few 
days or weeks may be regarded as low. The choice by 
the Committee in the UNSCEAR 1986 Report [U2] of 
a low dose rate to include values up to 0.05 mGy 
min-' appears to have come directly from dose rates 
used in animal studies. If it is assumed that dose-rate 
effects arise when sufficient damage accumulates in a 
cell within repair times characteristic for DNA damage 
(a few hours), then a rounded value of 20 mGy may 
be regarded as a low dose. 

325. It should be noted, however, that experimental 
studies at "highn dose rates were mainly carried out in 
the range from about 100 to 800 mGy min-' (Table 8), 

i.e. dose rates more tllan a thousand times those at the 
"lown dose rates for which a DDREF between 2 and 
10 has been obtained. It seems likely that a reduction 
in tumour ield similar to that obtained at about 0.06 
mGy inin-'would have been obtained at dosc rates a 
few times higher, or lower, than this. There are ana- 
logies here with the data on mutation yield in mouse 
spermatogonia, for which a threefold reduction in yield 
was obtained at 8 ~ n G y  min-' compared with 720-900 
mGy min-' (Section II.C.2), with no further reduction 
at 0.007 nlGy min-' IRIS]. It may be concluded, 
therefore, on the basis of animal experiments that a 
low dose rate can be taken to be 0.1 mGy min-' when 
averaged over about an hour. 

326. A third approach to estimating low doses comes 
from parametric fits to observed dose-response data 
for cellular effects. As described in Section 1 . k 2 ,  the 
effect can be related to dose by an expression of the 
form 

in which al and a2, the coefficients for the linear and 
quadratic terms fitted to the radiation response, are 
constants and are different for different end-points. 
This equation has been shown to fit data on the induc- 
tion of chromosome aberrations in human lympho- 
cytes, for example, and also data on cell killing and 
mutation induction. For some types of unstable chro- 
mosome aberrations in human lymphocytes, the al /% 
quotient is about 200 mGy for *CO gamma rays 
[L12], and thus the response is essentially linear up to 
20 mGy, with the dose-squared term contributing only 
9% of the total response. At 40 mGy the dose-squared 
term still only contributes about 17% to the overall 
response. On this basis it could, therefore, be esti- 
mated that 20-40 mGy is a low dose. 

327. A fourth approach to estimating a low dose is 
based on the analysis of data from epidemiological 
studies, in particular from data on the survivors of the 
atomic bombings in Japan. Analysis of the dosc 
response for mortality from solid cancers in the range 
0-4 Gy (adjusted for random errors) has suggested an 
all- quotient from a minimum of about 1 Gy with a 
central estimate of about 5 Gy p2, P3]. An all% 
quotient of 1 Gy suggests that at a dose of 100 mGy 
the dose-squared term contributes less than 10% to the 
response and at 200 mGy the contribution of the dose- 
squared term is still less than 20%. This would sug- 
gest that for tumour induction in humans a low dose 
can be taken to be less than 200 mGy. There is, in 
practice, little evidence of a departure from linearity 
up to about 3 Gy. In the case of leukaemia in the 
atomic bomb survivors, where there is significant 
departure from linearity at doses above about 1.5 Gy, 
the central estimate of all? has been calculated to be 
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1.7 Gy, with a niinimun~ value less than 1 Gy [P2, 
P3]. On the basis of this central estiniate the dose- 
squared tern1 would contribute about 10% to the 
response at a dose of 200 mGy and about 23% at 
500 n~Gy. 

328. A number of approaches based on physical, 
experimental and epiden~iological data have bccn exa- 
mined for assessing either doses or dose rates for low- 
LET radiation below which it would be appropriate to 
apply a dose and dose-rate eITectiveness factor 
(DDREF). The fundamental ~nicrodosirnetric argument 
indicates that a low dose, at which fewer than 2% of 
cells receive more than one track (assuming a cell 
diameter of 8 pm), is about 0.2 mGy. Since halving 
the dose will simply halve the fraction of cells 
affected, at such low doses the dose-effect relationship 
should be linear. This fundamental microdosimetric 
approach would have severe practical limitations in 
radiological protection, and there do not appear to be 
any experimental or epidemiological data that suggest 
that it should be applied. 

329. Dose-response studies for cells in  culture suggest 
that doscs of less Ulan about 20-40 niGy are low; 
however, epidemiological studies on the illduction of 
solid tumours in the survivors of the atoniic bombings 
in Japan iridici~tc a li~lear dose respollse up to about 
3 Gy, which suggests that for turnour induction a low 
dose would bc at least 200 mGy. For leukacnlia induc- 
tion there is a signific~nt departure from linearity at 
doses above about 1.5 Gy, hut again a low dose can 
be taken to be less than 200 mGy. 

330. Infom~ation on low dose rates for tumour 
induction can at present be obtained from animal 
studies. The results of a series of studies in experi- 
mental animals that arc summarized in Table 8 suggest 
that a low dose rate can be taken to be less than about 
0.1 mGy minml given over a few days or weeks. 

331. The Committee concludes that for the purposes 
of assessing the risk of tunlour induction in man a 
dose-rate effectiveness factor (DDREF) should be 
applied either if the total dose is less than 200 mGy, 
whatever the dose rate, or if the dose rate is below 
0.1 mGy min-l (when averaged over about an hour), 
whatever the total dose. 

CONCLUSIONS 

332. Information on dose and dose-rate effects on 
radiation response has been reviewed in this Annex 
with the aim of providing a basis for assessing the 
risks of stochastic effects at low doses and low dose 
rates from infomiation available at high doses and 
high dose rates. 

333. The conventional approach to estimating both the 
absolute and the relative biological effectiveness of a 
given radiation at minimal doscs is based on the 
assumption, derived here in general terns of target 
theory, that the induction of an effect can be 
approximated by an expression of the form 

I@) = ( a lD  + ?D 2, e -<P ID PP 4 (30) 

in which a, and 9 are coefficients for the linear and 
quadratic terms for the induction of stochastic effects 

stant and independent of dose rate. In practice, how- 
ever, tumour induction has rarely been observed either 
in experirncntal animals or in epidemiological studies 
at acute doses of much less than 200 mGy. 

334. The reduction in effect per unit dose observed at 
low doses and low dose rates, compared with effects 
at high doses and high dose rates, is termed a dose 
and dose-rate effectiveness factor @DREF), although 
the terms dose-rate effectiveness factor @REF), linear 
extrapolation overestimation factor (LEOF) and low- 
dose extrapolation factor (LDEF) have also been used. 
At sufficiently low doses, when cell killing can be 
disregarded, the DDREF can be defined from the 
previous equation as 

DDREF = ( a ,D  + %D 2 ) / a l ~  = 

= 1 + (%/al)D 
(31) 

and p1 and P2 are coefficients for linear and quadratic 
terms for cell killing. This equation has been shown to where D is the dose (in gray) at which the effect is 
give a fit to much of the published data on the effects measured. 
of radiation on cells and tissues, including cell killing, 
the induction of chroniosome aberrations, mutation in 335. In the absericc of clear information on lhe shape 
somatic and germ cells, cell transforniation and of the dose-response curve for tumour induction at low 
tumour induction. For tumour induction it is generally doses, the initial slope, a l ,  of the response at low 
assumed that at sufficiently low doses al will be con- doses can be determined, in principle, from exposures 
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at low dose rates. There are, however, limited data on 
dose-rate effects on tumour induction iii human popu- 
lations and no information on the mechanisms in- 
fluencing tunlour development from which qi~antitative 
estimates of dose-rate effects can be inferred. Animal 
studies and experinlents on ccll transfomlation and on 
somatic and gem1 cell liiutation rates are therefore 
needed to provide insight into the likely effccls of 
both dose and dose rate on turnour induction. Biophy- 
sical models of radiation action also provide an  
approach for understanding how the fundamental inter- 
actions of radiation with cells can play a part in dose- 
rate effects. 

336. Models of radiation action. Guidance on 
expected effects at low doses and low dose rates can 
be sought from radiobiological and epidemiological 
data in terms of the quantitative models that have been 
developed to describe thern. Radiobiological data for 
effects on single cells under a variety of conditions 
have led to the development of maliy quantitative 
models, mechanistic or phenomenological, for single 
radiation-induced changes in cells. Multi-stage models 
of radiation carcinogenesis, based on epidemiological 
or animal data, assume that one or more changes are 
required before a cell becomes malignant and that 
radiation can induce at least some of these changes 
(see Annex E, "Mechanisms of radiation oncogene- 
sis"). The biophysical concepts underlying the 
different models are described in terms of general 
features of target theory, based on the insult of 
ionizing radiation always being in the form of finite 
numbers of discrete tracks. In this way fundamental 
expectation can be sought on the nature of overall 
dose responses, their dcpendence on dose rate and 
their features at the low doses of practical importance. 

337. Dose-response relationships can be subdivided 
into regions. In region I a negligible proportion of 
cells are intersected by more than one track, and hence 
dose responses for single-stage effects can be confi- 
dentiy expected to be linear and independent of dose 
rate. In region II many tracks intersect each cell, but 
multi-track effects may not be observed in the experi- 
mental data, and hence independent single-track action 
is commonly assumed, although true linearity and 
dose-rate independence hinge on the validity of this 
assumption. In region Illmulti-track effects are clearly 
visible as non-linearity of dose response and hence 
dwe-rate dependence is likely. The simpler forms of 
dose response can be expanded as a general poly- 
nomial, with only the dose and dose-squared terms 
being required to fit most experimental data, although 
sometimes a separate factor is added to account for 
competing effects of cell killing at higher doses. In 
this approach it is common to regard the fitted linear 
coefficient as being constant and fully representative 
of the response extrapolated down to minimally low 

dose and dose ratc. However, the literature conpins 
data from numerous studies that violate illis simple 
expectation, for both low-LET and high-LET radiation. 
Many of these imply that mulli-track effects can occur 
in the intermediate-dose region (II) and that even 
when the dose response appears linear it may exhibit 
dose-rate dependence and non-linearity at lower 
doses. 

338. Low-dose and low-dose-rate expectations based 
on rnulti-stage processes of carcinogenesis depend 
crucially on the radiation dcpcndence of the individual 
stages and on the tissue kinetics. Expectations could, 
in principle, readily range between two opposite 
extremes. On the one hand there could be the total 
absence of a linear term, implying vanishing risk as 
the dose tends to zero, as should be the case if two (or 
more) tinie-separated radiation steps were required. On 
the other hand, there could be a finite slope of the 
dose response down to zero dose, and this could even 
increase with decreasing dose rate, as may occur if 
either of the stages can occur spontaneously and if 
there is clonal expansion between thern (see Annex E, 
"Mechanisms of radiation oncogenesis"). 

339. Lge shortening in experi~nenlal animals. 
Radiation-induced life shortening in experinlental 
animals following exposure to both low- and high- 
LET radiation at low to intermediate doses is mainly 
the result of an increase in tumour incidence. There is 
little suggestion that there is a general increase in 
other causes of death into the lethal range, although 
degenerative diseases in some tissues may be in- 
creased at higher doses. On this basis, life shortening 
can be used to assess the effect of dose fractionation 
and protraction on tunlour induction. 

340. The majority of comprehensive studies on the 
influence of fractionation of low-LET radiation on 
life-span have used the mouse as the experimental 
animal. The effect of fractionation appears to be very 
depende~it on the strain of mouse and the spectrum of 
diseases contributing to the overall death rate. For 
example, in some strains thymic lymphoma incidence 
is increased by fractionation. Where this is a major 
contributor to the fatality rate, fractionation can lead 
to a greater loss of life expectancy than acute 
exposures. Overall there is no clear trend, and the 
results from a number of studies suggest that, when 
compared with acute exposures, the effects of 
fractionation on life-span shortening are small and, a1 
least for exposure times of about a month, simple 
additivity of the injury from each dose increment can 
be assumed. For fractionation intervals over a longer 
time there is a tendency to a longer life-span with an 
increasing interval between the doses, but the increases 
in life-span observed are generally less than those 
found with protracted exposures. 



341. When the effects in nlice of acutc exposures to 
~OW-.LET radiation arc con~pared with chose of pro- 
tracted irradiation given more or less continuously, the 
cffectivcncss of the radiation clearly decreases with 
decreasing dosc rate and increasing time of exposure. 
With lifetime exposures Illere is some difficulty 
assessing the total dose contributing to t l ~ c  loss of 
life-span. However, the res~llts available suggest that 
with protracted exposures over a few months to a year 
the effect on life-span shortcning is reduced by factors 
between about 2 and 5 compared with acute expo- 
sures. The effcct of dose ratc on tumour induction and 
life-span shortening has also been examined in rats 
and beagle dogs, although no significant differences 
have been found. In these two studies dose rates 
varied by factors of 60 or less, whereas in the studies 
with mice they varied by factors of 100 or more. 

342. A number of early studies suggested that frac- 
tionated exposures to high-LET radiation induced 
more life shortening than single exposures. More 
recent studies have shown, however, that when total 
doses are low and the dosc per fraction is small, there 
is no significant difference in life shortening between 
fractionated and acutc exposures. Although the data 
are limited, the available information suggests that 
protraction of exposure docs not affect life shortening. 

343. Turnour induction in experimental animals. A 
number of studies have been published that permit the 
effect of dose ratc from low-LET radiation on tumour 
induction in experimental anirnals to be examined. The 
data that have been reported by various authors cover 
a wide range of dose-respol~se patterns, and with 
different dose ranges, differing values of DDREF may 
be calculated. A wide rangc of DDREFs for tumour 
induction in different tissues has been found for dose 
rates generally varying by factors between about a 
hundred and a thousand or more. Some of the tumour 
types for which information is available have a human 
counterpart (myeloid leukacmia and tumours of the 
lung, the breast, the pituitary and the thyroid), 
although the tumours involved may not be strictly 
comparable to the human disease. Other types either 
have no human counterpart (Harderian gland) or 
require for their development substantial cell killing 
and/or changes in hormonal status (ovarian tumour, 
thymic lymphoma). In practice, the DDREFs found in 
these two groups arc little different, falling in the 
range from about 1 to 10 or more, and there is no 
clear trend with tissue type. 

344. Myeloid leukacmia has been induced in lZFM 
and CBA mice, although there are differences in 
sensitivity between the strains and between the sexes. 
DDREFs between about 2 and more than 10 have 
been obtained, but with no consistent trend with 
changing dose rate. A reasonably consistent finding is 

that DDREFs for tulnour induction in manllnary tissue 
in rodents tend to be low, although c v c ~ ~  here one 
author bas reported a s~~hslantial effect of dose frac- 
tionation on the tumour rcspollse in mice. DDREFs for 
lung turnour induction also tel~d to be low, with values 
falling in the range of ahout2-4 following exposure lo 
both external radiation at different dose rilles and to 
inhaled insoluble radionuclides with different effective 
half-times in the lung. The results of the principal 
studies that l~ave been reviewed are given in Table 8, 
together with the dose ranges over which the DDREFs 
have been estimated. 

345. It has also been dernonstratcd that the effect of 
fractionation on tumour response depends on the dose 
per fraction. With small doses per fraction, which lie 
predominantly on the linear portion of the dose- 
response curve, the tumour response is similar to that 
obtained at low dose rates. At higher doses per 
fraction, the response approaches that obtained for 
single acute doses. 

346. The main conclusion to be drawn from the 
results of the studies on radiation-induced life short- 
ening and those on the induction of specific tunlour 
types following exposure to low-LET radiation is that 
tunlour induction is dependent on the dose rate, with 
a reduction in incidence at low dose rates. While the 
absolute value of the DDREF varies with the condi- 
tions of cxposure, the animal strain and gender, 
tissue/tumour type and the dose range over which it is 
calculated, there is a consistent finding of a difference 
in tumour yield per unit dose for dose rates varying by 
factors of between about 100 and in excess of 1,000. 

347. The animal studies also indicate that the presence 
of a dose-rate cffect could not necessarily be inferred 
from dose-response relationships obtained at high dose 
rates alone, since for a number of studies the dose- 
response data for tumour induction up to a few gray 
could be adequately fitted by a linear function. This 
would imply the absence of a visible quadratic (i.e, 
multi-track) function in the dose response, which 
according to conventional interpretation would appear 
to be a prerequisite for an effect of dose rate on 
tumour yield. Clearly, when information is available 
only for exposures at high dosc rates, any attempt to 
assess the effect at low doses and low dose rates, and 
hence a value of the DDREF, by simply fitting a 
linear-quadratic or similar function to the dose 
response is unlikely to be fully successful. The lirnit- 
ing factor is the amount of information available at 
low doses from which the linear tenn (a, of equalion 
30) can be accurately defined. For planning future 
animal studies it is clear tl~at tilost information is 
likely to come from studies on animals exposed at 
different dose rates, rather than fro111 attempting to 
obtain information on the risks at very low doses. It is 
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to be hoped that more studies will be carried out to 
suppleliient (he infonnation presently available. 

348. From the limited and somewhat disparate data on 
high-LET radiation it is difficult to generalize. There 
is, howcvcr, little cxpcrin~cntal support for applying a 
DDREF to high-dose or high-dose-rate cxposurcs to 
calculate risks at low doscs and dose ratcs. Sin~ilarly, 
thcrc is ii~tlc evidcncc to suggcst that, in the absence 
of cell killing, thcrc is an appreciable cnhancement of 
tumour yield when the dose from high-LET radiation 
is protracted or fractionated. 

349. Cell fransforrndion. Cell transformation studies 
can yield infonnation of practical use in radiation 
protection in addition to giving insight into the mccha- 
nisms of carcinogenesis. At present, however, the most 
quantitative data is derived from the least physiologi- 
cally relevant cell systems, such as cultured embryo 
cells or the mouse fibroblast cell lines C3HlOT41 and 
BALBIc3T3. Thus, when attempts are made to extra- 
polate to cancer induction in man, which occurs 
mainly in epithelial tissues (lung, gastrointestinal 
tract), the biological limitations of these assay systems 
must be considered. In addition there are a number of 
technical uncertainties that must be taken into account. 
These include the effects of cell cycle time, of plating 
density and of pronioters and suppressors, some of 
which may be nonnal conlponcnts of the growth 
medium, particularly the serum, and therefore difficult 
to control. 

350. Nevertheless, in carefully controlled experiments 
where asynchronously dividing cells or, in some cases, 
non-dividing plateau-phase cells have been irradiated, 
the resulting observations on dose or dose-rate effects 
for low-LET radiation are in general agreement with 
those relating to other cellular effects, such as cell 
killing and the induction of mutations or chromosomal 
aberrations and to tumour induction in animals. Dose- 
response curves per cell at risk have a number of 
features in common with tumour induction in vivo. 
showing an initial rise in transformation frequency 
with increasing dose to a maximum and then a 
decline. When plotted as transformants per surviving 
cell, the dosc response for low-LET radiation gene- 
rally shows the expccted linear or linear-quadratic 
relationship tailing off to a plateau at higher doses. 
When low doscs of x rays or gamma rays are deliv- 
ered at low dosc rate or in fractionated intervals, a 
DDREF of bctwccn about 2 and 4 is obtained. Bc- 
cause of the liniiti~tions of the cxperin~cntal system, 
the range of dose rates applied i n  experimental 
animals has not been used, with the maximum range 
being a factor of about 40. It is noteworthy that some 
experimental data suggest that the linear term may 
alter with dose rate, but this may be accounted for by 
thc lack of precise data at low doses. 

351. Exposures to high-LET radiation result in a 
higher transfor~natiori c f i c i c ~ ~ c y  with a tendency 
towards a linear relationship, in line with data for 
chromosomal aberrations and again tending to a pla- 
tcau at high doscs. As cxpcctcd fro111 this pattern of 
response, Uierc is no tendency for the responsc to 
decrease at low dosc ratcs or with fractionation, arid in 
practice, a number of studies havc shown an enhanced 
effect. The main evidcncc for an "inverse" dose-rate 
effect with high-LET radiation sccnis to be limited to 
5.9 MeV or fission spectrum neutrons, and over the 
past few years cstimatcs of the magnitude of the 
increased effect have been reduced from factors of 
around 9 to about 2 or 3. Resulls reported from a 
number of laboratories havc become reasonably 
consistent, and it has been possible to develop a model 
that can predict many experimental results. 

352. The model is based on the assumption that the 
target in the ccll, taken to be the nucleus, has a "win- 
dow" in the cell cycle lasting about 1 hour during 
which it is more sensitive to radiation. With protracted 
or fractionated cxposurcs there is a greater opportunity 
for this particular window to be hit by at least one 
track, and thus the possibility for an enhancement of 
transforniation frequency with a reduction in dose rate. 
The magnitude of any effect will depend on the lineal 
energy, and with alpha-particle irradiation little 
enhancement would be cxpcctcd, as is in fact 
observed. Although such a model appears to be 
consistent with much of the experimental data and has 
been tested in onc series of studies, it is critically 
dependerit on the target size and will need to be 
examined at different doses, dose rates and dose-Gac- 
tionation schedules to fully examine its general appli- 
cability. Ultimately a full understanding of the inverse 
dose-rate effect must depend on experimental studies 
designed to understand the mechanistic basis of the 
observations. 

353. Despite this possible explanation of the inverse 
dose-rate effect, there remains the problem that it is 
largely based on the results obtained with the 
C3HlOT?4 mouse-embryo-derived fibroblast cell line 
and may well havc only limited application to human 
carcinogenesis. The development of epithelial cell 
systems that are of much more direct relevance to 
human cancer should be a research priority. 

354. Mutagenesk in sonzatic and genn cells. Studies 
on soniatic mutations in virro and gcrlll ccll mutations 
in vivo are relevant to assessing the effect of dose and 
dose rate on the primary lesion in DNA involved in 
tumour initiation, although subsequent tumour 
expression will depend on the ir~fluence of many other 
factors. The results obtained in different studies on 
somatic cell mutations in mice have been somewhat 
variable, but the overall extent of the dose-rate effect 
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indicates a ~naximurn value of about 2-3. A DDREF 
of about 3 for specific-locus mutations has been found 
in nlouse spennatogonia for a dose rate of 8 mGy 
n~in-' compared with a dosc rate of about 900 niGy 
min", although no further reduction in effect was 
obtained at lower dose rates down to 0.007 mGy 
min-l, i.e. an overall range in dose rates in cxccss of 
a factor of 10'. Based on these results, a DDREF of 
3 for damage to spcrmatogonia has been applied by 
the Committee since the UNSCEAR 1972 Report [US] 
when assessing risks of hereditary disease at low dose 
rates. For reciprocal translocations, DDREFs up to 
about 10 have been reported, although there appear to 
be considerable differences between species. Reci- 
procal translocations are, however, two-hit aberrations, 
and the yield will be very dependent on recovery pro- 
cesses between successive events. The marked differ- 
cnces in dose-rate effects between species may be the 
result of variable ratcs of repair. The DDREF in 
mature and maturing mouse oocytes is larger than thal 
in spermatogonia, wilh the main difference being thal 
the mutation rate continues to fall when the dose rate 
decreases below 8 mGy min-'. Mouse oocytes present 
just before birth show a more pronounced dose-rate 
effect than mature or maturing oocytes, with a 
DDREF of about 14. 

355. Epidemiology. The human data that are 
available for assessing the effects of dose rate on 
tumour induction from low-LET radiation are limited. 
Ln general, the information available is from exposures 
at high dose rates, and little information is available at 
doses of less than about 0.2 Gy. Analyses of dose- 
response relationships for solid tumours in the atomic 
bomb survivors are generally consistent with linearity 
but also with a small reduction in the slope of the 
dose-rcsponse at lower doses. For leukaemia anlong 
the atomic bomb survivors, however, the data are 
inconsistent with linearity, and the central estin~atc of 
the DDREF at low doses is about 2. Model fits to the 
dose-response dab for the ato~nic bomb survivors over 
the dose range 0-4 Gy kerma for all cancers com- 
bined, suggests a DDREF in the range of about 1.7 
(when adjusted for random errors). For solid cancers 
alone, however, linearity provides a good fit, although 
the data are also consistent with a DDREF of the 
order of 2. This interpretation of the data depends on 
the assun~ption that a linear-quadratic model is appro- 
priate for extrapolation to low doses and that the linear 
term can be adequately resolved. Information on 
thyroid cancer induction by acute external irradiation 
compared with low dose-rate exposure from inlakes of 
l3'1 are consistent with a DDREF of about 3, although 
there is some question over the contributions that 
heterogeneity of dose and uncertainties in the dose 
estimates as well as the effect of age make to the 
overall reduction in risk. For female breast cancer the 
information is conflicting. Dose-response relationships 

for acute exposures and for Gnctionated exposures at 
high dose ratcs are consistent with a linear dose- 
response relationship. However, comparative data from 
Nova Scotia and fro111 other Canadian provinces sug- 
gest a DDREF greater than onc may be appropriate for 
assessing cancer risks at low dose rates. Although 
epidcniiological studies of low dose-rate exposure 
should be more relevant for the purposes of radiologi- 
cal protection than studies at high dose ratcs, the 
former type of study at present lacks sufficient 
statistical power to allow risks to be esti~nated with 
tight confidence limits. However, the results of studies 
such as tl~ose of radiation workers are consistent with 
low values of DDREF. 

356. Dose criteria. The designation of low doses and 
low dose rates below which it is appropriate to apply 
dose and dose-rate effectiveness factors @DREFs) in 
assessing risks of human cancer resulting from 
radiation exposure have been considered by the 
Committee. A number of approaches based on physi- 
cal, experinlental and epidemiological data have been 
reviewed. It was concluded that for assessing the risks 
of cancer induction in man a DDREF should be 
applied either if the total dose is less than 200 mGy, 
whatever the dosc rate, or if the dose rate is below 
0.1 mGy min-I (when averaged over about an hour), 
whatever the total dose. 

357. Sutttmary. The dose-response information on 
cancer induction in the survivors of the atomic 
bombings in Japan provides no clear evidence for 
solid tumours for a DDREF much in excess of 1 for 
risk estimation at low doses and low dose rates of 
low-LET radiation. For leukaemia, the dose response 
fits a linear-quadratic relationship with a best estimate 
of the DDREF of about 2. There is only limited sup- 
port for the use of a DDREF from other epidemio- 
logical studies of groups exposed at high dose rates, 
although for both thyroid cancer and female breast 
cancer some data suggest a DDREF of possibly 3 may 
be appropriate. 

358. The results of studies in experimental aninlals 
conducted over a dose range that was similar, although 
generally sonlewhat higher, than the dose range to 
which the survivors of the atomic bombings in Japan 
were exposed, and at dosc rates that varied by factors 
between about 100 and 1,000 or more, give DDREFs 
from about 1 to 10 or more with a central value of 
about 4. Sonic of the aninial tumours have no counter- 
part in human cancer. Similar results to those obtained 
with arri~nal tumour rnodcls have been obtained lor 
transforniation of cells in culture, although the 
DDREFs obtained have 1101 been as large. In a number 
of these experimental studies linear functions would 
give a good fit to both the high- and low-dose-rate 
data in the range from low to intermediate doses. This 
indicates that if the cellular response can, in principle, 
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bc fittcd by a lincar-quadratic dose rcsponse, in prac- 
ticc it  is not always possiblc to rcsolvc tl1c colnlnon 
linear tcrnl for cxposurcs at different dosc ratcs. 

359. If the hurnan response is similar to that in 
cxpcrimcntal animals, then it can be c~lvisagcd h a t  at 
lowcr dose rates than were cxperienccd in Hirosl~ima 
and Nagasaki, a DDREF grcater than that suggcslcd 
by analysis of the dosc-rcsponsc data could bc 
obtaincd. Howcvcr, inforn~ation from human popula- 
tions cxposed at low dosc rates suggcsts risk cocffi- 
cicnts that arc not very different from those obtaincd 
for the atomic bomb survivors, although the risk 
estimates have wide confidcncc intervals. Takcn to- 
gether, lhe available data suggest that for tumour 
induction the DDREF adoptcd should, on cautious 
grounds, have a low value, probably no more than 3. 
Insufficient data are available to make recomn~cnda- 
tions for specific tissues. 

360. For dlc purposes of applying DDREFs for 
asscssirlg cancer risks il l  man, thc Conirnittcc con- 
cludcd citller that dosc ratcs less dial1 0.1 n ~ G y  min" 
(avcragcd ovcr about an hour) or acutc doses lcss than 
200 rnGy rnay be regarded as low. 

361. For high-LET radiation, a DDREF of 1 is at 
prcscnt indicated on thc basis that cxpcrin~cntal data 
suggcst littlc cffect of dosc ratc or dose fractio~lation 
on tumour rcsponse at low to intermediate doses. It is 
noted that a DDREF of somewhat lcss than 1 is 
suggested by some studies, but the results are 
equivocal and cell killing may be a factor in the tissue 
rcsponse. 

362. In the case of hcreditary disease, the adoption of 
a DDREF of 3 is supported by cxpcrimental data in 
male mice, although a somewhat higher value has 
bccn found with one study in female mice. 
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Tnble 1 
Summary o l  reductlon ftrctors for esLirnutlng cancer risk 81 low dose t ~ n d  low dose rat= for low-LET radinlion 

Not specitid 
Far radiological proteaion purpcncr. 

' C d d  be higtru. as d i s a u d  in Annex G of h e  WSCEAR 1977 Rcpon [W] (paragaphs 314 and 318). 

Source 

Gmmittec on Ihc Bidogial EIfear BDR In 
d lmidng Radiation BElR V 

Lukrania 
Solid canmr 

Intcrnatimd Commissim rm Radidog'cal ICRP 
Prdcaion 

Natiod b a l  on Radiation Rotut im NCRP 
and Meuurcrnents (United Sh tu )  

National Radidogicd Prdeairn Board NRPB 
(United Kingdan) 

United N a t i o ~  Scientific Committee UNSCEAR 
cn the Effccls of Alanic Radiation 

United Stales Nudear Rcgulalory hUC 
Commission 

Year 

1960 
1990 

1911 
1991 

1980 

1988 
1993 

1 9 n  
1986 
1988 

1989 
1991 

Hduoiun  
f i ~ r o r  

225 

2 
2-10 

2 
2 

2-10 

3 
2 

2.5 
up to 5 

2-10 

3.3 
2 

Rc/. 

1 ~ 4 1  
ICll 

p7-1 
1111 

P I 1  

IS311 
W36j 

IU41 
1 ~ 2 1  

[A101 
[A61 

Aircrnaitr 
condiriuru for npplyhr a 

Dare 

(GY) 

4. 1 
4 .1  

b 

~ 0 . 2  

42  

4 . 1  
4 . 1  

0 

cO.2 
4 . 2  

4 .2  

redwrbrr farror 

Dare rare 

b 

c0.1 Gy h" 

4.05 Gy y-' 

4 . 1  Gy d.' 
c0.1 mGy mine' 

e0.05 mGy min" 
4 .05  mGy min" 

c0.05 Gy d.' 
4 . 1  Gy h" 
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Table 2 
Ionizetion clusters produced directly In a DNA-relnted target by a slngle radiation track a 

[G6, G21] 

" A similar, a slightly largcl, n m b c r  d excitst im~ are produced, in additim. 
Estimated range in parcnth-. 

Rodhion rypc 

Gamma rays 

Alpha partidca 

Table 3 
Damage products Ln a single-cell nucleus traversed by tl single radiation track a 

[G6, G21] 

AWage number of iorizaiionr in 

" Nurnba d t h e  breaks, based m linear extrapolation to low dose of a s c l d m  of u;perirnalal data, and the range estimated from the minodosirnulie Variatim 
d single tracks. 
Estimated range in parentheses. 

DNA scgmenr of length 2 nm 

1 (0 to >a) 

2 (0 to ~15) 

Rodhion iypc 

Gamma rays 

Alpha partided 

Table 4 
Age at death of RF female mice exposed at 10 weeks of age to whole-body gamma-radiation 

W81 

Nuclearome 

2 (0 to >20) 

10 (0 to 90) 

Atwage number of 
ionira~ionr 

70 (1-1500) 

VOOa (1-100,ooo) 

" Study terminated at 799 days cf age. 
Dab for conlrds from [U21]. 

Chromnrin segmnu of lcngrh U nm 

2 (0 to >45) 

50 (0 10 >2W) 

Avaagc number of induced br& 

C u e  of &arh 

All caurcs 

All cauaes aha than neoplsstic 

D M  singlrsrrad k c a h  

1 (0-20) 

aM, (0400) 

Adjured mean age ai dcarh 
(days) 2 ST ' 

577 r 8 
552 r 13 
473 2 17 

611 r 10 
650 r 18 
657 r 30 

Dare 

(GY) 

0 
1 
3 

0 
1 
3 

Difference /ram controh 

p c 0.02 
p c 0.001 

p > 0.20 
p > 0.30 

DNA d o u b l e - s n d  breaks 

0.04 (0-few) 

35 (0-100) 

Nwnbcr of 
~ i m k  

232 
95 
92 

104 
29 
20 

Chromatin 

0.01 (0-few) 

6 (0-20) 
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Table 6 
Mean lifespan and incidence of melignancles In C57BI mlce exposed at 3 months or age lo single and 
Iractionakd doses of ganrrne rodlallon 

[MU)] 

Table 7 
Life shortening fmm single, fraclionatd and continuous gamma-ray exposure of mice 

[nl 

Peamcre 

I 24 once p a  we& I 22.6 r 22 I IT101 
60 mu p a  wak 17.5 2 3.3 IT121 

k c  

PY) 

Exposure parrnn 

D P ~  of =w= 

I For 23 week I 15.8 r 22 I 17sl 
For 59 w+ck 7.7 r 0.2 WTs] 

SI~& 

hfean lifc+pan (d t SO 

I 

TLK panen 

8 /rcurionr 
m 3-how t r r d  

 SUM^ 

I 0  /rarrimr 
m 24-how inrm& 

0 

0.25 
1 
2 
4 

606 2 29 

Corff;icnr o/ 
life sharcninr 

(dqs lasf pcr Gy) 
Rc/. 

600 ? 60 
610 z 59 
609 t 59 
516 : 51 

576 r 38 
540 2 36 
S32 2 38 
478 2 43 

'Ihymoma 

All leukacmia 

Cardncmaa and .arcanas 

All malipandu 

611 t 62 
Ml r 22 
545 t 55 

0 

0.25 
1 
2 
4 

0 

0.25 
1 
2 
4 

0 

0.25 
1 
2 
4 

0 

0.25 
1 
2 
4 

D~HMC incidence (%) 

1.27 

:.65 
0 
23 
13.29 

1.89 
5.38 
7.83 

4.63 
0.66 
0 
23.7 

20.93 

16.16 
15.04 
13.62 
2657 

20.75 
30.11 
32.17 

24.07 
24.14 
22.61 
35.59 

16.3 

19.44 
16.1 
19.13 
2034 

14.04 
8.94 
14.29 
16.08 

26.42 
27.96 
24.39 

33.19 

28.51 
21.95 
26.37 
39.16 

45.28 
51.61 
51.3 

39.81 
36.2 
36.52 
54.24 



692 UNSCEAR 1993 REPORT 

Table 8 
Ihm and dose-rate elfertiveness facton (DDREFs) for tumour Induction by low-LET radlntion In expcrlrnental 
nnlrnab 

ILgh dose rstc from "Y; low d a e  rate from '"G CT %r. 
Ten frodims d 0.2 Gy each. 

' *ll source (fractimatcd exposure). ' tiigh doc rnte ban x rays; low dose rate from "'1. 

Eflecl 

h d a i r n  dud 
hrmurrs 

h g  
adcnmrdnanrr 

lung o n m  

Mnmary turnoun 

Munmary 
rdcnmranan.r 

Mydad Icukrania 

Onrim tumaurr 

Pltuiluy lumoun 

Skin tumoun 

Thymic lymphana 

Thynid turncurs ' 

T d  ~ m o u n  

Animal siudiai 

RFM f d e  mice 

BALBIc f d c  mice 
BALBlc fanale m i a  

Beagle dogr 

BALBIc mice 
Spngw-Dawlcy rats 
Spngue-Dawlcy rau 
BALBic mice 
WAGlRU ntr  

Spnguc-Dawley tau 

RFM rndc mice 
(BAM rmlc mice 
RFMNn f m l c  mice 
RF frmdc mice 

RFM fanrlc m i a  
BALBlc fandc mice 

BALBIc mice 

LBA/H fcrmle rn i a  

Rrm fcrmlc mice 
RFM male m i a  

(BA r n i a  
Lmg Ennr  rau 
R.U 

Spngue-Dewley 
male rats 

Rc/. 

[vl& ul4. 
UlS] 

[vl% u l s ]  
[U61 

[GI01 

[u61 
~ 1 5 1  
[G71 
F"J21 
[ B u l  

[ s  151 

[UZl] 
[MI31 
PIS)  
Lu2ll 

[UlSl 
[vlsl 

[U14, U 151 

(U12, UlS] 

wll 

rW2l 
PI 
1 ~ 4 1  

[M431 

V& 

-3 

2 8  
3.2-4.2 

-3 

11.4 
-1 

1.6-1.7 
1.9 
-1 

4 

5.1 
22-5 
9.7- 
-8 

-5.5 
6.7 

-6 

-2 

5.8 
2 6  

2-10 
-1 
-10 

-3 

DDREF 

Upper range of dare for 

h e  r a c  

tlixh 

450 

4W 
350 

350 
100 

10-30 
450 

(2 GY) 

100 

800 
2M 
450 
67 

450 
400 

450 

< 

450 
800 

(15 Gy) 
2sW 

(11 GY) 

1.3 

rvdu01l“m 

Hixh 
d m  rare 

2 

2 
2-3 

0.25 
0.9 
1.8 
2 
2 

0.9 

1 
1.5-4.5 

3 
3 

2 
2 

3 

6 

2 
4 

15 
0.94-10.6 

11 

2 8  

( m ~ y  min-I) 

Low 

0.06 

0.06 
0.06 

0.07 
0.3 

0.M-0.14 
0.06 

(2 GY) 

(L3 

0.04-0.6 
0.04-0.11 

0.06 
0.00d0.7 

0.06 
0.06 

0.06 

0.06 
O.M-O.6 

(64-160 Gy) 
(03-85 Gy) 

(100 GY) 

0.022 

(Cy) 

Low 
dnse rare 

2 

2 
2-3 

0.25 
2 7  

2 
0.5 

2 

2 7  

3 
1.54.5 

2 
6 

2 
2 

2 

6 

2 
4 

64-160 
0.845 

100 

3 
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Table 9 
Tumour Incidence in mice and evaluation of dose and dose-mte efrecUveness facton (DDKEF) for exposure to 
gamma-radiation 

[ml 

' B s s d  m linm fil wa d a c  range speaficd f a  mlurt~ion (i.e. a+& 
Estirnsrcd ban thc fraaicmd standard errors in the acute and chronic incdeaccr. 

DDREF Ifigh dan rare 

Dare rMge 

(Gyf 

LOU' dose rare 

Myeloid leuhernia (RF male micc) [U21] 

Incidcncc. 

an 
(% pcr GY) 

+I SE 

Dore rmgc 

(GY) 

U p p e  range o/ dare fa cvaluarwn 

(GY) 
V ~ U C  ' 

Inciduuc, 

a~ 
(96 pr Gy) 

21 SE 
High dare rnrc 

=lsb 
Low dasc r u e  

5.1 3.08 3.8-7.0 
0-1 
0-15 
0-3 

Myeloid Itukarmi* (RF lemde mice) [U21] 

14.4 r 3.2 
17.4 ? 21 
14.3 z 1.7 

1 
0-3.08 
0-3.29 
0621 

28 z 0.8 
26 z 0.7 
0.87 r 0.53 

5.8 
6.14 

3 
3 

0-3 
0-5 

Piluibry tumoun (Whl fcmmlc mice) [Ulq 

6.5 
9.6 

6.8 r 2.0 
3.7 z 1.2 4.5-9.6 

6.3-15 

(L3.1 
0-5.8 
06.14 

4.6 
8.1 

0-2 
0-3 

0.99 r 0.47 
1.01 z 0.38 
0.71 2 0.31 

2 
3 

1.8-1 1.5 
3.3-20 

Hmrdtrian dand tumoun (RM Iemalc mice) [UlS] 

2 
2 

22 r 0.8 
3.9 r 0.7 

0-1 
0-15 
0-2 
0-3 

0-2 

1.5 

2 

0.48 : 0.70 

3.8 2 1.2 
3.3 r 0.9 
5.7 r 1.2 
5.4 z 0.7 

Ovarian tumoun (RFM female mice) [Ulq 

2 

2 

0-1 
0.2 22 

3.8 

1.5 z 0.9 
1.5 r 0.5 

0.5 
1 
2 

0-05 
0-1 
0-2 

1.5-3.1 

27-5.3 

0-1 
0-2 

42 r 72 
36 r 9 

25.6 r 5.4 

Thymic lymphoma (RFM female mice) [U15) 

2 
2 
2 

1.7 r 3.5 
6.2 r 3.9 

3.5-9.6 

6.8 
5.8 
4.1 

3.7-12 
359.7 
256.9 

2 2 5.8 0-2 16.7 r 1.8 0-2 29 r 1.9 
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Tahlc 10 
CalculaUons or 1)I)REF nllowlng for unccrialnlles In the dose-t-csponsc for gammtr-rndl~ctlon 81 high and low 
dase rates 
[FBI 

Table 11 
Acute myeloid leukacmia In male CBNH mice exposed to gamma radiatlon 

[MI31 

Eficr 

Mycloid lculuaoir 
Myeldd lcuhania 
Pituitary lumoun 
Hardaim gland rumours 
&rim tumcura 

Dcsc rate 0.25 Gy min.'. 
Dcsc rate 0.25 Gy mino' in 20 rractionr. 5 days w d y  for 4 wceb: or 0.044.11 mGy midl  lor 28 days conrinucurly. 
Two groups of mice wed uirh numbers in parcnrhau. 

DDREF a 

5.6 
11.4 
25 
4.2 
8 

Table 12 
Lung adenocarclno~na lncldence In BALRlc mice exposed to single, fractlonatcd and prolrscted gemma mdiatlon 

P261 

Aninvrl 

Male mice 
Fcmdc mice 
Female mice 
Fcmde mice 
Fcmdc mice 

DDREF 

2 2  
2 8  
5 

+ I  SE 

3.8-8.1 
6.3-20 

3-= 
274.3 
3.5-18 

f o r d  darc 

ICY) 

1.5 
3.0 
4.5 

Inddcnce r SE. 
Expected incidence b . 4  m I = 11.9 t 4D + 4.30' (D in Gy). 

' Two fnaicna ~cparalcd by m c  day (&cup 5) and 30 days (Grurp 6). 
0.083 Gy d.' (0.06 mGy min-I). 

Hc/: 

[u211 
I u 2 l l  
P 151 
1 ~ 1 5 1  
[ u  151 

Upper range of dare fa cvalunrion 

(G,) 

Chronic a p o s w e  

High dose rare 

1 
3 
3 
2 
1 

N u m b  of mice ' 

143 (72/11) 
131 (65166) 
131 (65166) 

Arwe ~ p a n v c  

7 

Erpcrlai incidence 

@) 

37.3 
21 
21 
25 
29 
29 

Low dose rorc 

3.08 
6.14 

2 
2 
2 

LerVtacmia (%) 

5 
6 
5 

Nvmbrr of m'ce 

99 
83 

105 

G r o q  

1 
2 
3 
4 
5 
6 

L a h e m i n  (5) 

11 
17 
25 

Darc r a e  

(Gy mi7-l) 

0.35 
0.083~ 
0.35 
0.35 
0.35 
0.35 

Ohrenod incidcncc 

(961 

38.6 r 5.4 
21.4 z 2 6  
21.3 2 3.3 
27.9 r 4.5 
30.3 r 6.4 
32.9 z 6.8 

f o r d  dare 

(GY) 

2 
2 
2 
2 
2 
2 

ErpMyr regimen 

I&& dae ralc 
Low dose rrrc 
0.1 Gy per f rad im 
0.5 Gy p a  fradim 
1 Gy p a  f rad iw ' 
I Gy per fracriw ' 
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T ~ ~ b l c  13 
Lung adenocarcinorna Incidence in UALBlc nlice eslimalcd lmni niodel fits lo experimenhl data for 
gamnin-rndialion exposun: 

["261 

Expeaed incidence bsed m I = 11.9 + 4D + 4.3~' (D in Gy). 

Table 14 
Mammary adenocarcinoma Incidencx! In BALBlc mice exposed to single, frnclionated and protracted gamma 
rndiation 

[U261 

DDREF 

1.1 
1.2 
1.3 
1.5 
2 0  
2 1 
3.2 
4.2 

Dosc 
(GY) 

0.1 
0.2 
0.3 
0.5 
0.93 

1 
2 
3 

a lnadcoce r SE * Expected incidence bared m 1 = 7.7 + 3.SD + 1 5 0 ~ '  (D in Gy). 
0.1 Gy d" (0.07 mGy mine'). 

Tunuw incidcnce (SJ 

Table 15 
Mammary adenocarcinoma incidence In BALBlc mice estimated fmm model fils to experimental data for 
gamma-radiation expcrrure 

[U261 

Group 

1 
2 
3 
4 
5 
6 

Hixh dose role 
(0.35 Gy I&.') 

O b d  incidence ' 
(46) 

9 r 3.2 
15 r 4.8 
20 r 4.6 
7.9 2 2.1 
7.5 2 2.3 
17 r 4.1 

Expecced inddmcc l a a d  an I = 7.7 + 3.SD + IMD' (D In Gy). 

Low dare r u e  
(0.1 Gy p a  Jrocrion) 

Toral 

12.34 
12.87 
13.49 
14.98 
19.34 
20.20 
37.1 
62.6 

kpecrcd incidence 
(%) 

9.6 
14.4 
18.0 
8.5 
8.5 
18.3 

Torn1 dose 

(GY) 

0.1 
0.2 
0.25 
0.25 
0.25 
0.25 

Toral 

1230 
1270 
13.10 
13.90 
15.60 
15.90 
19.90 
23.90 

Excers 

0.44 
0.97 
1.59 
3.07 
7.44 
830 

25.20 
50.70 

DDKEF 

3 
5.3 
7.4 
9.6 
11.7 

Dose 

(GY) 

0.0s 
0.1 
0.15 
0.2 
0.25 

Dcers * 

0.40 
0.80 
1.20 
2.00 
3.72 
4.00 
8.00 

12.00 

Expsure regimen 

lii& Q.c rate 
High dosc rate 
High dosc rate 
Low dose rate 
0.01 Gy daily hacliom 
0.05 Gy duly f n a i m s  

Dosc rere 
(Gy mine') 

0.35 
0.35 
0.35 
0.1 
0.05 
0.05 

Tumolu incidcncc 1%) 

Il igh dcue role 
(0.35 Gy min-') 

Low dose role 
(0.1 Gy per frocrian) 

Toral 

8.27 
9.55 

11.60 
14.40 
17.96 

Tord 

7.89 
8.05 
8.23 
8.40 
8 . 9  

ficrs f 

0.57 
0.65 
3.9 
6.7 

10.26 

Exccrf 

0.19 
0.35 
0.53 
0.70 
0.88 
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Table 16 
Spclflc-locus mutations In adult spermatogonle of mice expnsed to x- or gantma-radlnllon 
[Ll'l 

Table 17 
Proportions of a cell population traversed by tracks at various levels of track density 

,EsfImrc c m d i r i w  

mCn gamma rays, 12 fractions wcddy 
@CO pmma rayr, 60 fractions daily 
X ray4 12 hadims weckJy 
mCo gamma rays, acute 
"Co g a m  rays, acute 

g- rap ,  chronic (90 days) 

At Ihae vdua appreciable poportims of the a l l  populatioo uill incur more than 5 track. 

I)arc r a c  
(mGy "&-I) 

0.6 
170 

600-700 
170 
720 
0.08 

Tord date 
~CY)  

6.15 
6.26 
6. 15 
6.36 
6.70 
6.18 

Table 18 
Alternallve criteria for upper limits of low dose and low dose rate for assessing risks of cancer induction In man 
(for low-LET radiation) 

Frcgrcncy p a  locw 

6.26 10" 
4.17 10.' 

1261 10' 
13.07 10" 
15.39 1 ~ '  
3.15 10.' 

P m c m g c  of 
hir c d k  

wirh only I track 

95.1 
90.3 
n .1  
58.2 
31.3 
3.4 
0.05 

MCM masks 
per rcU 

0.1 
0.2 
0.5 
1 
2 
5 ' 

10 " 

* Averagd over about an hcur. 

Pcrccnmge of re/& in populaion suflcring 

Low dare rare 
(mGy m x l )  

0.05 
0.1 ' 

10" (lifetime) 
1u3 (DNA rcppir) 

0.M 

Mcrhod tf enimnrion 

UNSCE4R 1966 Repat IU2j 
?his Annex 

Lincar tmn dominant in parametric tits lo dngleo*l do= rcsponscr 

Miaodaimaric nnluntioo of minimal multi-track coincidences in cell nucleus 

Obacwcd dosc-rate cKcas in animal carcinopncsia 

Epidcmidogid slud~es of rurnvorc of the atomic banhngs in Japan 

LOW' dose 
( ~ G Y )  

200 
200 

20 - 40 

0.2 

200 

4 nncks 

0.2 
1.5 
9.0 
17.5 
1.9 

3 narks 

0.015 
0.10 
1.3 
6.1 
18.0 
14.0 
0.8 

0 tracks 

905 
81.9 
60.7 
36.8 
13.5 
0.7 

0.005 

>5 n a c h  

0.4 
5.3 
56.0 
97.1 

1 nark 

9 
16.4 
30.3 
36.8 
27.1 
3.4 

0.05 

2 aarks 

0.5 
1.6 
7.6 
18.4 
27.1 
8.4 
0.2 



ANNM F: INFLUENCE OF IIOSE AND DOSE RATE ON STOCI IASnC EFFE.'E(JIS OF RADlAnON 697 

A - lligh absorbed doses and high dose rnles 
I3 - Linear, no threshold, slope aH 
C - Low dme rate, slope aL LOW-LET 
D - Limiting slope Tor low & rate, slope a~ 

ABSORBED DOSE (Gy) 

Figure I. 
he-response  relationship for rndiatlon-induced cancer. 

Possible lnii?renres are iliustraled in extrapolating data availnble at high do= and high dose rates 
to response a1 low doses and dme rates for low-LET radiation. 

[Nil 

''1 Data from wl4]  
0 Data from [D?] 

Figure 11. 
Incidence of myeioid leuknemln In male CBA/H mice lollowlng brief exposum to x rays. 

InZ MI41 



1 2 3 4 

ABSORBED DOSE (Gy) 

. . . . . . . 
Epidemiological or cxpcrimcntal data C I I1 

111 
Dose regions (gamma rays) 

0.001 -I I I I I I I I 1 

0.001 0.01 0.1 1 10 100 1000 10000 

TRACKS PER NUCLEUS 

I ---+ 11 -+ 111 - 
I I I I I 1 

0.0001 0.001 0.01 0.1 1 10 
GAMMA-MY DOSE (Gy) 

1-4- I I - + t I I i  - 
I I I I I 

0.0001 0.001 0.01 0.1 1 
NEUTRON DOSE (Gy) 

0.001 0.01 0.1 1 
ALPHA-PARTICLE DOSE (Gy) 

Figure 111. 
Schematic dose-tpsponse relatlonshlps for Induction of stochastlc blologlcal effects 

by hlgh-LET (slow neutrons and alpha particles) and low-LET (gamma rays) radhtlon 
on llnear (upper plot) and logarlthmlc (lower plot) scales. 

These example curves do not refled all types of observed response, 
and In some in v i w  systems alpha particles may be less eKective than neutrons. 

[CZS, GS] 
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I b 

W S E  

I b 

DOSE 

I b 

DOSE 

I b 

DOSE 

Figure 1V. 
Various shapes of dose-mponse curves for turnour induction. 

w21 



Figure V. 
Expected cumulative lncldence of radlatlon-Induced cancer according to a Ilnear-quadratlc model wlth cell kllllng. 

Cell survlval tuncUons S deflned by = 0.1 Gy-I and = 0.08 Gy-2, 
Smi, deflned > $1 = Od Gy-1 and Pz = 0.08 Gy-2. 

Incidence (upper plot) normalized to 150 104 at 3 Gy. 
Helallve rfsk (lower plot) wllh normallzaUon lo the same value of a,. 

w21 



Single exposure (error bars in the centre of the symbol) 
0 Fractionated exposure (error ban lo the lcft of the symbol) 

Figure VI. 
Lire-span rcduclion In male BALBlc m e lollowing exposure to single or  fractionated doses 

or gamma rays. 

Figure VII. 
Llle shortening Ln fen~ule RFM mice following exposure l o  1 J 7 ~ s  gamma rays 

at hlgh and lnlermediale dose rates. 
IS131 
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Figure VIII. 
Mycloid leukaemltr lncldcnce In FW mice lollowing exposure to x rays at high and lntermcdlatc dose rates. 

w121 

40- E 

Flgurr 1X. 
Lung ~~dcnocurclnomu incidence In female BAI,B/c mice (nge-adusted) 

following exposure to 137C.5 gamma rays at hlgh nnd intermcdlnte dose rates. 
WlS, u26l 

FEMALES 0.067 G min-1 
0 0.004-0.r mGy min-1 

W 

4 
I I I I 
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TIME A F E R  INFIALATION MI'OSURE (d) 

Figure X. 
Theoretical beta-radlaUon dose rates to l u n g  of beagle dogs 

for various inhaled radionuclides incorporated In fused aluminosilicate particles. 
Thc dose rates have been normalized to an IniUtil dose rate of 1 Gy d-1. 

[Mil 

Figure XI. 
Memmnry tumour lncidcnce in female DALllIc mice (npe-ndjuskl) 

following exposure to 13'Cs gamma rays at  h l ~ h  end intermediak dme nib. 
lUlS1 
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Flgure X11. 
Incidence of liver tumours in 3-month-old BC3FI mule mice (age-adusled) 

following exposure to 250 kVp x rays (upper plot) and llsslon neutrons (lower plot). 
P31 

100- 

80- 

h 

NEUTRONS 

E 60- 
,., 

f 
a- E 
20 - 

0 

t 
I I I I 1 

0 0.5 1 1.5 2 2.5 

DOSE (GY) 
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Flgure XIII. 
Herderinn gland lumour lncldence In female RFM mice (age-adusted) 

followlng exposun? to 137Cs gamma rays at high and intcrmcdiate dare rates. 
w121 

Figure XIV. 
Ovarian tumour Incidence in female RFM mice (age-ncUusted) 

followlng exposure to InCs gamma rays nt high and intermediate dme rates. 
w121 



1 I I I I I 
0 0.5 1 1.5 2 25 3 

DOSE (Gy) 

Figure XV. 
Thymic lymphon~a incidence in lemale RFM mice (age-aausted) 

lollowing exposure tn lnCs gamma rays at high and Inkrnicdiate dme ram. 
[U121 

Figure XVI. 
LireUme risk cocmclents for tunlour Induction in rats exposed Lo radon nt various exposure ram. 

la1 

- 

- 

- 

500 WLM per week 
0 50 WLM per week 

5 WLM per week 

I I I 1 
to1 12 ld 1 o4 I$ 

EXPOSURE (WLM) 



Figure XVII. 
General characteristics or incidence or  cell transformation per latcd cell induccd hy low-LET radiation. 

Pammetcn al = 104 Gy-1, a2 = 104 Gy-2, PI = PO-1 G y l  and P2 = 10.' G y 2  
have bccn selected (o illustralc the inlporlance of lincnr and quadratic Lcrn~s in the induction of transformnUons 

and or cell rcproducllve death. The broken line rcpmenls  the inltiiil siopc, dekrmlned by al. 
P91 

Singlc doses 
0 Fractionated do= 

Figure XVIII. 
TMnsformation frequency In C3HlO'I?4 ells  roll ow in^ exposure to single o r  rrnctionlitcd dmes or x rays 

berore Ule establishment of asynchronous growth or cells. 
In the case of lracllonated doses, the radIaUon was delivered in two equal expacures separated by flve hours. 

[ M X I  



'1 Single exposure, 1 Gy min-1 

0 Five Iractions, 0.5 Gy rnin-l 

Flgure XIX. 
'ItaasformaUon fmuencv In CJHlOTH cells - -  - - ~  ~ 

foUowlng exposure to slngle or fkctio&eted doses of 6@Co gamma rays. 
ws, H6l 

Flgum XX. 
nPruformaUon f q u e n c y  In C3HlOTH cells 

following exposum to rlngk or protracted doses of x rays. 
Llnea am flu b the data wllh a Ilnenr dwe-rwponse funcUon. 

Pll 
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Figure XXI. 
Transformallon lrequency In C3HlOT35 and BALB-313 cells 

following exposure to single dm= o l  x rays. 
L111 

Neoplastic transformation 
Survival 

I 

0 

12 

NEUTRON ENERGY (kcV) 

N ~ U R  XXlI. 
Maxlmal mlallve blologlcal elfectlvenesr (RBEM) for rurvlval and 

neoplasllc transformallon as a luncUon of rnonoenergetlc n e u h n  energy. 
RE& repr~senlr the raUo of the inlllal slopes 

of h e  dose-response curves (44 lor each energy. 
IMW 



Figure XXIII. 
Transbrmatlon Itxqurncy in CJHlOTH cell. exposed to Ilsslon spectrum n e u h n s  at  hloh *nd In" *-9 r a h .  

Ilmken Ilni - -  -a Urn.. but I=s. 

I 
03 Gy reactor-produd neutrons 

0 0.3 Gy aurlcntor-produd neutrons 
0.21 Gy reactor-produced neutrons 

W S E  RATE (Gy min-1) 

Flgure XXIV. 
Inverse dose-rate e f k t  In (UHIOTH cells irradlaled wlU1 Ilsslun spcclrum and 5.9 hleV neutrnns. 

[MI21 



Single doses 
0 Five frictions equally sprcad over 8 h 

6 - Con~inuous exposure for 8 h 

4 - 

2 -  

0 I I I 
0 0.1 0.2 0.3 0.4 0.5 

DOSE (Gy) 

Figure XXV. 
lkansformalion lrcquency in C 3 H l W  cells following exposure 
to single, lractlonated or  conllnurd dmesof 5.9 hleV neulmns. 

The equations and pnmmelcrs of the flttcd curves am given in paregraphs 259 and X O .  
IB30, M B I  

I I I I I I I I I 
0 1 2 3 4 5 6 7 8 9 

DOSE (Gy) 

Flgun! XXVI. 
Mutation rate in mouse spermetogonla lollowing acute end chrunlc exposures. 

S h l g h t  lines of best n t  by the method or maximum likelihood lor specific-locus data. 
IR111 
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EQUIVALENT DOSE IN BONE MARROW (Sv) 

2.5 1 CANCERS OTHER THAN LEUKAEMIA I 

I I I I I I I I 1 
0 1.1 2.2 3.3 4.4 5.5 

EQUNALENT DOSE 1N INISI'ESTINES (Sv) 

Figure XXVII. 
Excecs relatlve risk of morlallty from leukaemla and cancers other than ieukaemla in  the Life Span Study. 
(m86 dmlmetry, both citles, both sexes, age a1 e x p u r e  gmups 0-19, 20-34 and r35 yean. 1950-1985). 

Points are estimalcd relative risk i n  each equivalent dme intcrvt~l, averaging with equal weights over six 
age-atexposure and sex grnup. RBE Is assumed equal lo 10. U n a  am smoothed avenge of the points. 

Error ban refer lo lhe smoothed values. 
IP9 



ABSSORBED DOSE IN THYROID (Gy) 

Flgure XXVIII. 
AcUusted thymld cancer Incidence in relatlon to radlation dme In the thymld gland. 

IS111 
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GAhfMA 9 McV ALI'IIA MONOENERGEJlC NEUTRONS 
S IJM'I1CIES 

MONOENEIIGETIC NEUlRONS 
plus 1096 gamma rays 

0 
8 pm 

0 
12 urn 

0.1 1 10 0.1 1 Ib 
NEUTRON ENERGY (MeV) NEUTRON ENERGY (MeV) 

Figure XXIX. 
Upper limit of a low dose for various assumed sensitive volumes within a cell. 

[G41 
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INTRODUCTION 

1 . Evaluation of the hcrcditary hazard associaled 
with the cxposurc of human populations to io~~ iz i r~g  
radiation has been a major concern of thc Cor~i~~ii t tcc 
sincc its inccptio~l . Meny approaches have bccr~ uscd 
to formulate optimal predictions ofthc cxtcnt to which 
a givcn dose of ionizing radiation will incrcasc thc 
na~urally occurring nlulation rate of germ cclls and of 
how such an incrcasc will aficcl the health of future 
hunian populations . However. an exlrcmcly coniplex 
set of problems rcniai~~s. and thcre are rnariy questions 

h a t  cannot bc answered givcr~ the prcscnt slate of 
knowlcdgc . 
2 . Attc~nl~ts at risk cst i~llntio~~ cntail uncer~aintics. 
in part hcci~usc i t  bas not been possible to dircctly 
confirln radial ion-induccd mutations in hu~nan popu- 
lations . Gcactic risk cstin~atcs have rclied on a gcnc- 
ral knowlcdgc of hunian genctics and on tbe cxtrapola- 
tion of results from animal cxpcrimcnts . Limited data 
from long-tcrni studies on thc children of radiation- 
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exposed parents, parlicularly those cxposcd to the 
atonlic bombings ofl-liroshi~lla and Nagasaki, may be 
used to set outside linlils oe gcnctic risk es~in~ales.  
These data indicate that t l ~ c  hcrcditary cffccb of 
niodcratc irradiiition of a large 11u11la1l population arc 
minimal, at lcasl for acutc exposure. 

3. Progress is being made in scvcral areas of human 
gcnctics. Thcrc have been major advances in the 
knowlcdgc of non-traditional inheritance and so-called 
multifactorial disease in humans. Prcvious UNSCEAR 
Rcports raised the queslion of whether, and how, to 
include cstiniatcs of gcnctic risk for mu!tifactorial 
diseases. This category of disease represents a hetero. 
geneous group for which the underlying mechanisms 
are poorly understood, although they clearly have a 
genetic component Multifactorial diseases are related 
in a complex way to other risk factors and to popula- 
tion structure and living conditions. Radiation damage 
may affect the regulation of genes involved in multi- 
factorial inhcritance by many different niechanisn~s 
and may also affect the structure and function of 
singlc gcnes. Thesc n~ultifactorial discases and non- 
traditional mechanisms of inhcritance arc discussed in 
this Annex in order to emphasize the complexity of 
human genetics and biology, as well as the difficulty 
of obtaining accurate risk estimates from studies of 
only a few well-defined disordcrs in animal models. 

4. The understanding of human gcnctics on a 
~nolccular lcvcl is incrci~sing cxtrcr~~cly rapidly. As 
disc~~sscd in this AIIIICX, new laboratory tccllniqucs 
allow a more prccisc aniilysis of the typc of genetic 
damage causcd by various i~gcnts, includillg radiation. 
Eventually, thc scquc~lcing and identification of cvcry 
gcnc oa cvery cl~ron~osomc will provide a rllctl~od of 
direct access to the cffccL$ of radiation on humall 
gcnes at t l~e  molccul:~r level. Knowledge of population 
genetics, gaincd frorn rcgistrics of birth defects, is 
improving estimates of the current incidence of serious 
birth dcfects, wilh which any cstimate of risk from 
radiation may be compared. 

5. The knowlcdgc gained from the Japanese ex- 
pericncc, from advanccs in human genetics, and from 
animal studies should allow uncertaintics of risk 
estimates to be gradually reduced. However, as the 
difficulties inherent in Lhc estinlation procedures 
beconic even rnore apparent, there is increased un- 
certainty and/or inability to specify appropriate and 
realistic values. Practical solutions arc needed. In this 
Anncx, the cornplcxitics irivolvcd in making human 
risk estiniates using animal models are pointed out, the 
best estimates of genetic risk that can be made at this 
time are discussed, and ways of obtiiining infonnation 
that could lead to Inore rcliablc genetic risk estimates 
arc suggcstcd. 

I. GENETIC DISEASES IN HUMANS 

6 .  Genetic diseases occur because of alterations to 
the structure or regulation of DNA in the cells of an 
organism. Genes are units of heredity, comprised of 
specific sequences of DNA and carried on the chronio- 
somes and in mitochondria. Mutations (changes in 
DNA structure, arrangement or amount) occur sponta- 
neously or are caused by physical or chcmical agents. 

7. Genetic disorders have traditionally been classi- 
fied into three categories: (a) single-genc disorders, (b) 
chromosomal aberrations, (c) multifactorial disorders. 
Although many recent dcvelopn~cnts in molecular 
biology and new concepts rclating to mechanisms of 
disease processes have made these distinctions less 
clear, the classification will be rctaincd for the 
discussion that follows. 

A. SING1,E-GENE DISORDERS 

8. Single-gene disorders are usually recognized by 
their clinical nlanilestatio1~5, but research is now iden- 
tifying many disorders on the rnolecular level. Disease 

traits occur bccausc of mutations to the normal gene. 
Alleles are alternative forms of a gene at a particular 
locus, or position on the chromosonie. Thcre are two 
levcls on which the genetic constitution of an indivi- 
dual may be considered: the gcnotype, or particular 
alleles of a given gene carried by an individual, and 
h e  phenotype, or the physical, bio-chemical or physio- 
logical characteristics dctcrrnincd by these allclcs. 
These si~lgle gene dcfccb arc often called Mcndclian, 
aftcr Mcndcl, who first described thcsc unib of 
hcrcd ity. 

9. Simplc Mcndclian trails are inherited by auto- 
somal transmission (LC. the gcnes for then1 are carried 
on one of the 22 pairs of autosomcs, or non-sex chro- 
mosomes) or by X-linked tra~lsnlission (i.e. thc gcnes 
are carried on tlle X-chro~nosoa~e). Wit11 autosorl~al 
gcnes, one copy ofthe genc is ~ronnally col~tributcd by 
Ule mother and olle by the father. X-linked gcnes will 
always come lrom the motl~cr in a male (as he has 
rcccivcd a Y-chro~noson~e from his father), or from 
both parents in a fe~nale (since she has reccived an 
X-chroniosonie from each parent). 
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10. Dominant disorders are those in which tl~ere is a 
clinically recognizable abnonl~ality produced, even if 
only a single copy (allele) of the gene is abnonnal, i.e. 
in the heterozygous state. On average, the autosolnal 
dominant gene (kc. the abnonnal allele for the trait) 
will bc transmitted to 50% of the offspring of an 
affected individual. Unaffected individuals will not 
usually carry or transmit the abnormal gene. Affected 
individuals will have an affected parent, except in the 
event of a new mutation of the gcne. 

11. Autosomal doniinant Lraits are not always 
expressed to the same degree in all individuals who 
carry them. In complex genetic and environmental 
interactions, some mernbcrs of a family may be scve- 
rely affected and others only mildly so. There may 
even be transmitters of a dominant allele who appear 
phenotypically normal. To  describe this phenomenon, 
the terms penetrance and expressivity have been 
developed [T9]. 

1 2  Heterogeneity is the term used to describe 
situations in which the same or nearly the same 
phenotype is produced by different mechanisms. There 
are many situations in which heterogeneity appears to 
exist. For instance, homocystinuria can produce a 
symptom complex that strol~gly resembles Marfan 
syndrome [B7]. 

13. Conversely, it is possible that two different 
mutations in the same gene will produce different 
phenotypes. This niay occur when the mutations lie in 
different domains, or regions, of the protein product 
and thus affect different functions of the same protein. 
For example, ostcogcncsis imperfccta types 1 and I1 
and some occurrences of Ehlers Danlos syndrome may 
be caused by murations in the alpha 1 chain of type I 
collagen, but depending on which portion of the 
collagen molecule is altered, markedly different 
diseases occur [B7]. 

2. Krcessive traits 

14. Recessive disorders are those that are usually 
clinically expressed only when both copies of the gene 
are abnormal (homozygosity). If hvo diffcrent 
abnormal alleles of the gcnc are present, the individual 
is said to be a compound I~eterozygote. A recessive 
disorder will also be clinically expressed when there 
is one abnormal copy and no normal copy of the gcne 
is present (hemizygosity). Hemizygosity occurs 
normally in males for the X-chromosome; this leads to 
disease when the single normal copy of a gene carried 
on the X-chromosome is lost or damaged. This is 

know11 as a n  X-liltked disorder. Hcniizygosity can also 
occur il l  autoso~nal genes if there is a deletion of part 
of tllc cllro~nosonie or if one of a pair of chromo- 
somes is lost. When an autosoma1 recessive condition 
is present il l  a family, cases usually occur among 
siblings. Tllc itb~~ornial copy of the gene (the abnonnal 
allele) ~nily ~ I I S O  be carricd by other relatives, off- 
spring and parents, but the trait or disease will appear 
only in t l ~ c  offspring of two individuals who cany the 
abnornial gene. This type of pairing is rare in the 
general population. 

15. Frequently, honiozygotes for autosomal recessive 
disorders do 11ot reproduce, because the homozygous 
state of l l~e  deleterious gene reduces their biological 
fitness. For tbis reason, some autosomal recessive 
traits must have conferred a sclcctive advantage on the 
individual during the course of evolution, otherwise 
tbe mutation would not be as j~rcvalent in the general 
populittion as i t  is. A niutatio~~ may be maintained at 
relatively high rrequency in it population by tbis kind 
of selective advantage or because of a founder effect, 
or because of genetic drift (see glossary) [VlO]. 

16. Consanguineous marriages may also play a role 
in producing a homozygous individual for a rare auto- 
sornal recessive condition. In a consanguineous 
marriage, the parents of an affected individual are 
related (e.g. first cousins), which makes them more 
likely to have inherited the same abnormal allele [L5]. 
Some human populations have higher rates of con- 
sanguineous marriage than others. 

17. Occasionally, each parent niay carry two dif- 
ferent itlleles of a particular gelre; in this event the 
offspring could inherit two differently abnonnal copies 
of the gene. This might result in a disease character- 
ized by a combination of the symptoms of two some- 
what different diseases. Alternatively, each of the two 
defective alleles could compensate for the other, 
resulting in a normal phenotype. This is called 
complementation. 

18. Mutatioas occur on a regular but unpredictable 
basis. They are most frequently observed as donlinant 
mutations, since the dominant nature of the gene 
allows expression and inimediate recognition. How- 
ever, new rnulations must be occurring in genes for 
recessively inherited traits as well. It is estimated that 
 he mutation frequency for some genes is in the range 
of 1 in 30,000 to 1 in 50,000 live-born individuals, but 
most mutiltion rates are probably lower. Some hurnan 
disorders, sucl~ as neurolibromatosis I ,  have far higher 
mutation frequencies (1 in 6,000). This difference in 
mutation frequencies may be influenced by the size of 
the gcnc, its vulnerability, its exact position on a 
chroniosorne (e.g. at a mutational hot spot) (V3, W3], 
or by orher as yet undefined faclors [V5]. 
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19. X-linked trails, as mcntioacd above, are those in 
which the gene producing the abnorn~irl plrenotype is 
located on tlre X-chromosonre. Because ~irales do not 
pass their X-chromosome on to their sons (i.e. the 
sons are niale because they have inherited heir  
father's Y-chromosonie), there will bc no male-to- 
male transmission of an X-linked trait in a pedigree. 
Females, with two X-chromosomes, may or may not 
manifest an abnormal phenotype for an X-linked trait, 
depending on whether the trait is dominant or reces- 
sive. In addition, the mariner in which rrornial X-in- 
activation (lyonization) occurs may affect expression. 
Thus, if by chance the normal allele is on an X-chro- 
mosome that is inactivated in more than 50% of the 
cells, a carrier female may express some features of 
even a recessive disorder. 

B. CHROMOSOhlAL ABERRATIONS 

20. Each species has a characteristic chromosomal 
constitution with respect to number and morphology. 
This is called the karyotype and can be visualized 
under the microscope at the stage of the cell cycle 
where condensation occurs. Normally, a human being 
carries 46 chroniosomes in each somatic cell. These 
comprise 22 homologous pairs of autosomes and one 
pair of sex chroniosomes. The menibers of a homo- 
logous pair are matched with respect to the genetic 
infomiation that each carries, although they may 
contain different alleles of the same genes. 

21. There are two types of cell division. Mitosis is 
the usual type that occurs as the body grows and 
replaces cells. Mitosis involves Lhe precise duplication 
of each chromosome so that h e  daughter cells will be 
identical to the original cell in terms of genetic 
information. The second type of cell division is 
meiosis, the specialized process of producing gametes 
(ova and sperm). During n~eiosis, the diploid number 
of 46 chromosomes is reduced to the haploid number, 
in which only one copy of each chromosome pair will 
be present 

2 2  The union of the egg and the spemi at fertiliza- 
tion reestablishes the norn~al diploid number of 
chromosomes. Abnormal numbers of chromosomes, 
breaks, or rearrangements of chrornosomes or of seg- 
ments of them can produce ~najor abnormalities in the 
affected individual. The presence of abnormal numbers 
of chromosomes is called ancuploidy (i.e. not euploid). 
Certain chromosomal rearriingernents are not compat- 
ible with viability or are selected against by the 
growth of more vigorous normal cells during develop- 
ment. However, a wide variety of rearrangements 
(translocations, inversions etc.), breaks and extra or 
missing chromosome segmc~~ts  may be tolerated. 

C. MUI,TIFACTORlAI, AND I'OLYGENIC 
INHERITANCE 

23. The ternis polygcrric arrd multifactorial refer to 
those traits, diseases or co~rgcnital anomalies whose 
developnlerrt has a genetic coniponelrt but whose inhe- 
ritance does not follow standard Mendelian patterns 
for autosonial do~ninant, autosoma1 recessive, or sex- 
linked transmission, suggesting that more than one 
gene is involved. Rather, many genes acting in concert 
are thought to be responsible. If environmental factors 
appear to play a role in the developliicnt of the trait or 
disease, i t  is described as multifactorial. These so- 
called multifactorial disorders are a very hetero- 
geneous group, including about 95% of conditions 
having a genetic predisposition. They are observed at 
all ages and in all human populations. Their aetiology 
is complex, heterogeneous and poorly understood. It is 
important that this term be used only when referring 
to a single condition or trait (e.g. clubfeet, not multiple 
contractures) and that all disorders due entirely to a 
defect in a single gene be excluded. 

24. Observations suggest that there is a gradation of 
factors contnbuti~ig to the devclopmcnt of a multifac- 
torial trait and that a certain number of such factors 
are necessary to produce the trait. If an individual has 
a susceptible genotype and is exposed to a predispos- 
irig environment, the likelihood that he or she will 
manifest the bait depends upon the accumulation of 
both genetic and environmental factors beyond a cer- 
tain threshold. The threshold is the point on a liability 
scale below which individuals are not affected and 
above which they are affected [F7]. 

25. Numerous environmental factors may affect the 
developnient of multifactorial trails. Environmental 
factors include the milieu in which the embryo and 
fetus develop, including both intrinsic and extrinsic 
factors such as drugs, airborne toxins, viral or bacterial 
agents and radiation; abnormalities of maternal 
metabolism, such as diabetes mellitus, malnutrition, or 
maternal hyperthermia, may also be a factor [n, F8]. 

26. In calculating the recurrence risk for such 
multifactorial disorders, it is first essential to deter- 
mine, along with the family pedigree and the precon- 
ceptional arid pre~ratal history, whether there are other 
cases of such disorders in  unrelated fanlilies who live 
in the same geographic area. A case cluster of this 
type would suggest that erivironmental factors may be 
particularly important in the aetiology of the defect 

IB81. 

27. Human susceptibility to teratogenic or mutagenic 
agents, including radiation, may differ between indivi- 
duals and between hu~iians arrd mice. Likewise, there 



734 UNSCEAR 1993 REPOH 

are el1111ic or strain differences within a single species. 
CleR lip with or wilhoul clcft palate can be i~lduced in  
100% of offspring of NJ strain  nice when prcg~~ant 
fcmalcs arc treated wit11 corticostcroids on days 11-14 
of gestation. By contrast, o~lly 20% of the offspring of 
C53B1/6 mice given the salnc trcilln1cnt will have 
clefts [F7]. Direct coml~i~risons between humans and 
mice are not possible; however, clhnic diffcrcnces are 
known to exist for n~ultifact~riirl co~lditiorls in humans. 

28. Both gcnctic and cnvironnicntal factors can 
influence the development of a given enibryo relative 
to a particular threshold by acting at any point during 
development. Whcn different strains of mice are 
crossed and interbred, the picture is further compli- 
cated by new combinations of genetic backgrounds. 
The same is most likely true for humans wilh different 
ethnic and genetic backgrounds. 

29. Thus, in applying the mouse model to human 
studies, it must be borne in mind that the embryo's 
teratogenic (or mutagenic) susceptibility can be 
influenced by its normal developmental patterns and 
interactions. Thus an ethnic (strain) or regional group 
difference in the frequency of an induced malforma- 
tion could occur even if the primary effect of the 
tcratogen or mutagen was the same in the two strains. 
This is a very importa~lt aspect of the threshold model 
of multifactorial inheritance. 

30. It should also be kept in mind that two or more 
mutations (or cxten~al mutagens) can act together 
either additively or synergistically on any dcvelop- 
mental process. Furthermore, multifactorial systems 
are heterogeneous, i.c. two individuals who are simi- 
larly liabile to develop a particular disorder may be so 
as a result of completely different genes andlor 
mechanisms. 

31. In humans, there are numerous cxamples of dif- 
ferences in incidcncc between diffcrent ethnic groups 
and different geographic regions, as can be observed 
in studies of neural tube defects. Neural tube defects 
are a heterogeneous group of anomalies h a t  involve 
the developing brain and spinal cord. Tbc 
epidemiologic characteristics of neural tubc defects 
include a higher incidence in females, in lower socio- 
economic groups, and in people of Celtic or East 
Indian ancestry, and prevalcncc rates that vary 
substantially in different geographic regions [H4]. 
While neural tube defects arc generally registered as 
a single category of defect, their causes are 
heterogeneous and c;~n be i~~flucnccd by tcratogcnic 
exposure or niatcrnal nutritional deficiency or illness. 
In some families recurrence is frequent, in others only 
sporadic. Each of these c o m p o ~ ~ c n ~ s  of the overall 
category "neural tube defect" is likely to be 
differentially affected by exposure to various 

rnutagc~lic agcnls IV121, and, as wit11 ott~cr 
multifactoriiil disordcrs, nutrilioa and lifestyle, i.e. 
cnvironmeat, ciln II;IVC iI ~~rotcctivc effcct as well as a 
darnaging clTect. For cxa~~iplc ,  Colic acid supple- 
mentation I1i1s been shown to rcduce tllc rccurrcnce of 
ncurnl tubc defects [W4]. 

32. I t  is also i~l~portsnt to rcnieniber that multi- 
factorial disordcrs often m;~nifcst with different 
gradations of severity. Thus if a new mutation simply 
increased the scvcrity of a disorder, i t  would probably 
not be noted as a change il l  the incidcncc of the dis- 
order in the population. 

33. In exploring the relationship between environ- 
mental factors and the occurrence of congenital ano- 
malies, one is confronted with an extremely complex 
situation. In multifactorial disordcrs, an environmental 
factor or factors interacts with a susceptible genotype 
to produce the defect. The ur~iqueness of this inter- 
action in a given fa~nily niay preclude generalization 
to the populatio~~ as a whole. As a result, i t  is perhaps 
not surprising that it is so difficult to define specific 
environnlental factors that correlate significantly and 
consistently with particular congenital anomalies in 
humans. This difficulty is particularly relevant to any 
attenlpt to predict the cfCccts of radiation exposure on 
multifactorial disordcrs. 

2. Risk of' I-ecurrellce within fanlilies 

34. Whcn determining the risk of recurrence for 
common multifactorial disordcrs, empirical data are 
used, as no single niodcl explains the observed vari- 
ables. But even empirical data from a large random 
sample will not take into account the uniqueness of 
each family, its cnviro~mient, or the particular events 
of a given pregnancy that might affect the outcome. 
Thus, only generalizations can be used for dealing 
with questions of risk and rccurrcnce. The models 
developed to describe multifaclorial inheritance are 
just that, models. In no case have all of the specific 
genes involved and their i~~tcractions been defined. 
Thus it becomes very difficult to predict the effects of 
a particular type of mutation (e.g. radiation-induced), 
much less the multiple er~viro~~r~iental  agcnts involved 
[F8, FlO]. 

35. In general, the risk oC recurrence for multi- 
factorial disordcrs is directly related to  he scvcrity of 
the disorder in the 11robi111d or index case. This is, in 
a sense, a dose-rcspo~rsc phc~~omcaon, i.c. [he more 
genes thi~t iire irlvolved i l l  causing the defect a ~ ~ d  the 
more environnicnhl factors that contribute, Ihc more 
likely the defect is to occur with a severity propor- 
tional to both genetic and c~~viror~mental contributio~ls. 
Assuming that the potential gene pool of a couple 



rcniains colisla~~l a ~ ~ d  tl~at 111cy c o ~ ~ t i ~ ~ u c  to livc in t l ~ c  
samc cnviro~~mcnt, t l ~ c  risk of a C O I I ~ C I I ~ I ~ I I  anomaly 
recurring will bc grcntcr if tlrc irrdcx casc cllild is 
scvcrcly affcctcd t1ra11 if il  is niildly iiffccl~d [Fa, 
FlO]. 

36. Bccausc in niost cascs I I ~ : I I I ~  u~rk~rown factors arc 
involved in rccurrcncc, figurcs for rccurrclicc risk 
reprcscnt avcragc prob;~bilitics rather th:~n ccrtai~~tics. 
Thus, if only one child in a family is affcctcd, t l~e  
averagc risk of rccurrcncc is 3 7 ~ 5 %  for most multi- 
factorially inhcritcd birth dcfccts. If two siblings arc 
aiicctcd, thc avcragc risk of rccurrcnce is usually 5% 
10%. Aftcr thrcc siblings arc affcctcd, the risk for a 
fourth child is 1 0 5 2 5 % .  As thc nunibcr of affected 
children in a family i~lcrcascs towards a 25% 
recurrence ratc, i t  bcconics csscntial to ask whclhcr 
onc is perhaps dcaling will] a spccific autosomal 
recessive trait having variable pcnctrancc rathcr than 
with a multifactorial cor~tinuum [FlO]. 

37. Mathematical n~odcls arc available for the 
distribution and risk of recurrcnce of many multifac- 
torial disordcrs [B8]. But it must be made clear that 
each disordcr requires a scparatc modcl, and Lhcrc is 
no guarantee that rccurrcncc risks will rcniain the 
samc froni o ~ i c  fanlily to anotlicr. T l ~ c  basic principles 
of recurrence risk asscssmcrlt for a niultifactorial 
disordcr are as follows: 

the corrclatio~r of phcnotypc bctwccn rclativcs is 
proportional to tbc nunibcr of allclcs in common: 
UIC correlation for offspring is halfway between 
the risk for parcnts arid that for the general 
population; 
if a disordcr is morc frcqucnt in one scx, the 
recurrence risk depends on the sex of subse- 
quent offspring; 
if the population frequency is p, the risk among 
first degree rclativcs is the squarc root of p 
(whcn heritability is high); 
the rccuncrice risk is highcr when more than one 
member of the family is affcctcd; 
the more scvcrc a ~nalforniation, the highcr lbe 
recurrcnce risk; 
the risk to rclatives drops off rapidly with 
increasing rcnioleness of rclation; 
monozygous twins arc scvcral timcs more likcly 
to bc concordant than dizygous twills, but con- 
cordance is ncvcr complc~c (it is usually ICSS 
than 40%) (S341; 
consanguinity incrcascs Lhc risk of polygcnic a ~ ~ d  
niultifactorial conditio~~s. 

38. To estiniatc rccurrcncc risks with the multi- 
factorial modcl, two picccs of ir~fonnation are re- 
quired: h e  frequency of Ojc c o ~ ~ d i t i o t ~  in the popula- 
tion and the empirical Gcqucncy in first-degree 
relatives of affcctcd individuals. The correlation il l  

liability bctwccn I?rst-dcgrcc rclalivcs call be cstin~atcd 
by thc aicthod of Bo~raitic-Pcllic ct al. [BS]. This 
nrcthod ~7kcs  illto i ~ c c o u ~ ~ t  difl'crcnccs in f rcquc~~cy 
bctwccr~ sexcs and diffcrc~~t scvcrity-age classcs. 
Con~putcr progr;lInrllcs arc avail;~hlc to dcrivc t l ~ c  risk 
esti~liatcs (c.g. [B8]). 

39. It niust bc rccmphasizcd that i t  is at present 
difficult, if trot impossible, to discri~ninatc bctwccn a 
niultifactorial modcl and a ulrifactorial ~nodcl with 
incon~plctc pcnctrancc for most multifactorial condi- 
tions in hurnans, sincc thc diffcrcnt modes of inhcrit- 
ance lcad to similar frcqucncics in relatives [FlO]. 
Understanding of such disordcrs in humans is primari- 
ly empirical at this stage; cascs arc obscrved and 
rccordcd, but the uridcrlying niolecular niccbanisms 
rcmain obscurc. Gradually, niorc arid more human 
gcnctic disordcrs arc yielding to new niolecular 
techniques. 

D. NON-TMDITIONA12 INHERITANCE 

40. Many newly recognizcd n~cchanisnis of gene 
rcgulatio~~ and gcnctic disease in humans were not 
known to classical geneticists and thus have riot been 
considered in previous cstir~iatcs of eilbcr background 
incidence or risk of hcritablc disordcrs following irra- 
diation. Sincc thcy could, howcvcr, be significantly 
affected by radiation, thcy arc discussed in this S c c t i o ~ ~  
in sonic dctail, wilh the caveat that any cstiriiatiori of 
risk must iricludc an uridcrstanding and considcration 
of thcsc additional potential sources of hereditary 
disease. 

41. Mosaicism rcfers to the presence of both normal 
cells and cclls carrying a  nuta at ion within a singlc 
individual. Somatic niosaicisrri results froni a gene 
nlutation or chro~noso~~ia l  anomaly arising in a somatic 
cell. Sincc tlic nunibcr of cclls in thc hunian body 
(approxi~natcly 10") cxcccds thc magnitude of the 
mutation ratc for alniost all gcnctic disordcrs thus far 
recognized, it sccnis likcly lt~at during the course of 
embryonic, fetal and postnatal life, virtually entire 
repefloirc of known mutations might occur within all 
normal human b c i ~ ~ g s  11-131. 

4 2  Mosaicisn~ tr~ay rcsult frcln~ rlrro~noson~al abnor- 
malitics ( r~~ i s s i r~g  or cxlrir c l~ ro~~ioso~ncs  or parts of 
chromosomes), l'ro~n single gcnc mutations or from 
changes in gcl~c control, sucl~ as X-inactivation, 
genoniic imprinting or loss of impri~~ling (scc bclow). 
It may also result fro111 u~~iparcntal disomy (see 
bclow), gcric amplification (sec bclow) or from thc 
incorporation of extrachromoso~nal DNA. 
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43. The expected eflects of somatic mosaicism 
would depend on a number of factors, including (a) 
the type of mutation (deletion, point mutation etc.), @) 
the type of gene in which the mutation occurs 
(housekeeping, structural, regulatory etc.), (c) the l o c ~ ~ s  
(or loci) at which the mutation occurs, (d) the domain 
involved (intron, exon, regulatory region), (c) whether 
the mutation has led to heterozygosity or homozygo- 
sity of the mutant or wild-type allele, ( f )  the specific 
cell type(s) involved and the tissues and organs 
affected, (g) the stage of development in which the 
mutational event occurs, and @) the fate of the 
particular cell lineage in which it arose (migration, 
mingling, selection etc.). Very different effects would 
be expected if the mutation occurred in a growing and 
developing organism rather than in an end-stage 
differentiated cell. 

(a) Chromosomal mosaicism 

44. With the advent of chorionic villus sampling in 
prenatal diagnosis, some interesting and unexpected 
types of chromosomal mosaicism have been reported, 
such as confined placental mosaic aneuploidy in 
fetuses who have intrauterine growth retardation and 
a normal karyotype [Kl]. In some cases, when the 
fetus is aneuploid, the presence of a normal cell line 
in the placenta may even explain why a small minority 
of fetuses afflicted with lethal chromosome anomalies 
are able to survive to term. This has also been shown 
in fetuses with altered chromosomes 18 and 13 that 
survive to term [K2]. 

45. It seems quite possible that there are genetic 
reasons why mosaicism is tolerated in some 
individuals and in some tissues. The mechanisms 
involved are unknown at this time but could be 
affected by radiation, making an individual more 
tolerant to mosaicism and thereby more likely to 
develop abnormal tissues. 

(b) Gem-line mosaicisnl 

46. There have been a number of reports suggesting 
tbat mosaic mutations of the germ line niay be present 
in phenotypically normal individuals. Families with 
Duchenne muscular dystrophy [H3], pseudoachondro- 
plasia [H5], Apert syndrome [A3], osteogenesis 
imperfecta type I1 [Bll] ,  tuberous sclerosis [H5] and 
many other disorders [H3] whose transmission is 
normally either dominant or X-linked have been 
reported in which parents are phenotypically normal 
by all known tests but more than one of their children 
are affected by the disorder. 

47. Germ-line mosaicisni is a mechanism of muta- 
tion that may produce transgenerational effects, as the 
germ cells of the carrier parent are formed in embryo- 

genesis during the grandniotl~er's pregnancy. Alternati- 
vely, if ii parent carried mosnicism for a n~utation lhat 
involved a niullifactorial trail, it could be passed 
througl~ !he children and not manifest with visible 
pltenotypc uatil the grar~dcl~ildren's generation or later 

P I .  

48. With regard to recurrence risk, the data available 
on single-gene "new" mutations from the disorders so 
far cllaracterized on a biochemical or DNA level 
suggest that many (at least 5%) of what appear to be 
new mutations may actually represent a substantial 
parental germ-line mosaicism [H3]. One implication of 
U~is is that there may be a real risk for the recurrence 
of a new dominant niutation in subsequent offspring in 
what had previously been thought to represent a risk- 
free situation. 

49. Depending on the particular tissue and mutation, 
sonic chron~osonial anomalies and single-gene muta- 
tions niay be lethal to the cells, others may be 
tolerated if they do not have a severe effect on that 
tissue, while still other mutations may actually have a 
selective advantage, as in the case of malignancies 
F5]. For example, observations on patients with 
mosaicism for trisomy 8 and tetrasomy 12p support 
this concept, since mosaicism for these aneuploidies 
appears to be much better tolerated in fibroblasts that 
in lymphocytes [P2]. 

50. Normal cells may occasionally arise in dominant 
lethal disorders via back-mutation, gene conversion, 
mitotic crossover, suppressor mutation or double mito- 
tic nondisjunction. They then outgrow the mutant 
cells, iliterspcrsing Ihemselves throughout the body 
and allowing survival of what would otherwise be a 
lethal condition. Such may be the explanation for the 
occasional survival of males with X-linked incontinen- 
tia p ipent i  [HlO] and Melllick Needle syndrome [D6]. 

51. Mosaicism is a pervasive phenomenon that almost 
certainly affects all multicellular organisms. When 
expressed in sornatic cells, it can be an important cause 
of neoplasia and possibly other aspects of tbc aging 
process [H3]. Somatic mosaicism can also be an 
important and sometimes dramatic cause of phenotypic 
variation in the expression of genetic traits [m]. 

52. It should be kept in mind that if a mutation 
occurs in a DNA repair function, then somatic 
mutations, and therefore mosaicism, will occur far 
more frequently (as seen in DNA repair disorders such 
as Fanconi's anaemia etc. wl~ich predispose to cancer). 
Thus, a radiation-induced lr~utation would have a very 
different effect in fiiniilies with a DNA repair defect 
than in other people. Likewise. a radiation-induced 
mutation in a DNA repair gene would affect many 
other genes as well. 
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53. In the past, only in the case of cl~ron~osonial 
abnoniialitics has it h e n  possible to confinii the exist- 
ence and sigr~ificar~cc of nios;iicism, but the dcvelop- 
mcnt and application of molecular genetic tecl~niques 
should provide several appro;ichcs for idelltilying and 
analyzing a wider range of mos;lic states ill hu~nans. 

54. Genomic imprinting is a newly recognized 
genetic phenomenon in humans. It appears to be a 
regulatory mechanism by which certain genes are 
differentially expressed, and thus convey different 
phenotypic effects, depending on whether they are 
inherited from the mother or the father. An "im- 
printed" gene is inactivated. Thus, a paternally 
imprinted gene would be expressed in a child only 
when it has been inherited from the mother; the 
paternal copy would be inactivated [H4]. 

55. A mechanism such as imprinting might further 
complicate efforts to cstimate hereditary risk from 
radiation, as paternal vs niatcrnal irradiation could 
have different influences on the phenotypes of F1 off- 
spring, even if damage to the genetic material was 
identical [V6]. I11 addition, imprinting effects may 
remain hidden for several generations. This is due to 
the fact that a mutation in an imprinted gene may 
remain silent (i.e. inactivated) through many genera- 
tions before it is actually expressed in offspring. 

56. As with the DNA repair genes discussed above, 
a mutation in a gene that regulates the imprinting 
process could have pleiotropic effects at multiple gene 
loci, causing them to be improperly expressed or im- 
properly silenced. Imprinting appears particularly to 
affect early embryonic development and growth and to 
play a role in cancer. In other words, if a particular 
gene inherited from one parent is damaged, it may 
result in overgrowth or tun~our development, while 
loss of the same gene from the other parent may have 
no effect 

57. Another line of evidence to support the existence 
of parent-of-origin differences in gene expression has 
developed from the study of hunian chromosome 
deletion syndromes. There are indications that the 
parental origin of the chromosome that carries the 
deletion or translocation may be associated with or 
modify the clinical nianifcst;itio~~s of a number of 
observed syridrorr~es [H6]. 

58. Two striking examples are h e  Pradcr-Willi and 
Angelman syndromes. Both are associated with dele- 
tions of the same region of the proximal long arm of 
chromosome 15. The clinical features of the two syn- 
dromes are remarkably different. On a cytogenetic 

level, i t  has been deternlincd that in Pradcr-Willi 
patients with visible chro~nosornal deletions, the dele- 
tion is always of tllc paternally derived 15ql l -13 
region, whereas in Angclnia~~ patie~lls with visible 
deletions, the delc t io~~ is always of the niatemally 
derived 15q11-13 region [H6]. The deletions in the 
two syndromes tlii~s ;ipparcndy involve the critical 
region(s) of chrornosonic 15 but result in different 
phenotypes, depending on the pare~~tal  origin of the 
chromosome. 

59. These observations strongly suggest that this 
region of chrorriosome 15 is imprinted. Presumably 
there is a gene or group of genes in this region that is 
expressed only from the maternal chromosome, 
resulting in Angelrnan syndrome when deleted, while 
a second gene or group of genes in this region is 
expressed only from the paternal chromosonle, result- 
ing in Prader-Willi when deleted. A deletion or trans- 
location in this region of chromosonle 15 will have 
quite different effects in different generations, 
depending on the parent of origin [H6]. 

60. The concept of checks and balances between the 
parental contributions is further supported by recent 
studies on endogenous mouse genes. It has been found 
that in mice, only the paternally inherited gene for 
insulin-like growth factor 11 (Igf-2) is expressed [Dl ]  
and only the maternally derived gene for the Igf-11 
receptor (Igf-21) is expressed [B6]. 

61. A second group of chromosomal deletions whose 
phenotypic effect5 are now recognized to have a non- 
random pattern of parental origin are those involved in 
oncogenesis [H2]. Familial cancer syndromes usually 
behave as dominantly inherited traits. Loss of the 
wild-type allele in individual cells is thought to result 
in loss of a suppressor gene function, which in turn 
allows oncogenic transformation and the development 
of tumours. It has recently been recognized that in a 
large number of sporadic Wilms' tumours there is loss 
of all or part of chromosome 11. Now that DNA 
markers allow identification of parental origin, it has 
been determined that those deletions or losses of chro- 
mosome 11 almost always involve the chromosome of 
maternal origin [S9]. The Philadelphia chromosome 
translocation associated with leukaemia and other 
haemopoietic neoplasms has recently been shown to 
demonstrate parcnt-of-origin effects, with chromo- 
some 9 always being paternal in origin and chromo- 
sonic 22 always rnaternal [H16]. 

62. Work on the retinohlasto~~ia (rb) gene also sug- 
gests that there nre tissue-specific. parent-of-origin 
differences in the expression of niatcrnally and patcr- 
naily derived genes [H2]. For instance, new mutations 
resulting in retinoblastoma are almost always paternal 
in origin, whereas sporadic sarcomas or rhabdomyo- 
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sarcolnas with deletioris of Uie rb gene alaiost always 
involve loss from the maternally derived chromosome 
13. 

63. Imprinting probably involves modifications of 
lllc nuclear DNA in sn~nirtic cells in ordcr to produce 
Uiese parent-of-origin diffcre~~ces in the phenotype. 
Thus the same nucleotide sequence niay confer differ- 
ent phenotypic effects in different generations, 
depending upon whether i t  has been inherited from a 
male or from a female. I t  is not yet clear at which 
stage in development gcnomic imprinting occurs. 

64. It should be noted that if the imprinting proccss 
or part of it occurs during meiosis, this niay be 
another mechanism for which mutation would have 
such transgenerational cfiects. These effects would 
begin with the radiation exposure of the grandmother, 
because the formation of an oocyte, which when 
fertilized will eventually become a new individual, 
occurs during the in irfero life of the mother (i.e. 
during the niother's own embryonic development with- 
in the grandmother). The effects of radiation thus 
might not become apparent for two or more gcnera- 
tions following irradiation. Imprintable genes would be 
expected to be transmitted in a Mendelian manner, but 
their expression would be determined by the sex of the 
parent transmitting the gene, by way of this epigenetic 
fonn of regulation. Thus, studies of irradiation in 
fcrnalcs may produce results that are markedly differ- 
ent from those in males, depending on how much of 
the human genome is imprinted. 

65. Now that niolccular markers are available, the 
parental origin of various chroniosomes and chromo- 
some segments can easily bc traced, and phenotypes 
dependent upon this phenomenon are being recognized 
in many areas of biology and medicine. Many human 
disorders are now being identified as imprinted [H6]. 
Disorders whose transmission and inheritance have 
been poorly understood and described as variably 
penetrant, mullifactorial or variably expressed should 
now be examined for parent-of-origin differences and 
possible imprinting effects. 

66. Imprinting has obvious implications for 
understanding the hereditary cffech of radiation, since 
parent-of-origin effects would be expected and might 
be masked in animal experirncnts, where parenls of 
only one sex are irradiated. Also, the effects of 
 nuta at ions involving imprinted genes niay bc masked 
for several generations. 

3. Unipirrnntul disomy 

67. Uniparental disoniy occurs when, in a cell with 
a normal number of chroniosomes, both members of 

a c h r o ~ ~ i o s o ~ ~ ~ c  pair have beeti i~~hcriled from a si~igle 
parent. Nonni~lly, one chror~~oso~ne of each pair is 
maternal in origin and the ollicr paternal. Experinicrits 
using tm~~slocation chromosonics in n~ ice  have shown 
tliat at 1c;rsl seven segments of the rllouse gcnonie 
producc 111:lrkcd phcnc>typic differences in growth, 
bch;~viour ;~nd survival W I I C I I  uliiparcntal disomy is 
present; ill otlicr scgrucnts, IIO diffcrcnce is observed 
[C5, S14j. 111 other words, for some rcgiolis of the 
genome, a totally diffcrcrit phenotype is observed 
depending on wliether both segments come froni the 
niothcr or both from the father. Because of extensive 
honiologics bctwecn the mousc and hunian genonies, 
it  is reaso~i;rblc to cxpcct that the imprinted regions of 
human chromoson~es will follow a similar distribution. 

68. Not all cases of the Pradcr-Willi and Angelman 
syndro~nes carry visible cytogcnetic deletions. Using 
molecular ni;rrkcrs, many of these cases can be shown 
to have rcsultcd from uniparcrital disomy [H6, HIS, 
M2]. I n  these i~~srallces of Angclman syndronle, both 
nien~bers of'tllc chromoso~nc 15 pair have been inhe- 
rited fro111 the father; in the cases of Prader Willi 
syndrome with uniparental disomy, both have been 
inherited froni the mother. Uniparental disomy occurs 
far rtiore frequently than originally assumed [Eg]. It 
may occur through the loss of a chromosome, in the 
case of a trisomy, or through the duplication or 
complcmcnt;rtion of the rernaitiirig chromosonie, in the 
case of a rnonosoniy (i.e. salvage, since nionosomy is 
lethal) [H6]. Irradiation is known to lead to 
chromosome deletion and loss arid could therefore be 
expected to uncover imprinting and uniparental disomy 
effects [C17]. 

69. An interesting corollary of uniparental disoniy is 
that i t  can, for the following rcason, result in a child 
being affected by an autoson~al recessive disorder 
when only one parent is a carricr for that disorder: if 
a parent carries a chromosome that contains an abnor- 
mal recessive gene and a son or daughter inherits two 
identical copies of this chromosonie (uniparental isodi- 
sorny), thc so11 or daughter will now carry two copies 
of U I ~  ;rb~ior~ii;ll gene, i.c. will bc homozygous for the 
mutaot gcae. Thus, he or she will express an auto- 
somal recessive disorder that has been inherited from 
only o ~ i e  carrier parent. Precisely this situation has 
beer1 shown to have occurrcd in two cases of cystic 
fibrosis [ V l l ]  arid a collagen defect [S41]. The 
percentage of cases where an autosonial recessive dis- 
order is unipirrcntiil rather than familial is unknown at 
this t i~nc,  but clcarly thc qucstion descrvcs furthcr 
study. 

70. The effects of uniparcntal disomy for 
chromosome 7 (intrauterine growth retardation) arid 
chromosome 15 (Angelman and Pradcr-Wilii syndro- 
mes) have been described iibove. In addition, a rare, 
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dominanlly inherited human overgrowth syndronle, the 
Wiedeman-Beckwith syndrome, has heen s l~owr~  to 
occur in cases with paternal disonly for chrolnosome 
11 [W2]. When familial, this syndrorne has been 
known for some tinle to be nearly always transmitted 
through the mother. As discussed above, this again 
suggests a role for imprinting in  growth disorders, as 
well as in human cancer, since patien& with this 
condition frequently develop several types of cancer. 

71. Other chromosomes for which uniparental 
disomy has been documented are chromosome 4 [C3], 
chromosome 6 [W6], chro~nosome 14 [T2], chromo- 
some 16 [K17] and chromoson~e 21 [Wl]. More infor- 
mation will be needed before it can be known if these 
chron~osomes contain imprinted regions. Whether uni- 
parental disomy occurs for other chromosomes re- 
mains to be determined. The implications for the here- 
ditary effects of radiation are that damage to a chro- 
nlosome may lead to loss of part or all of a chromo- 
some, with complementation by the remaining chro- 
mosome producing uniparental disomy with increased 
frequency. 

4. Cytoplasniie inheritance 

7 2  Cytoplasmic components are present in the ova 
but not the sperm. Thus, the elements of the cyto- 
plasm, such as the mitochondria (and possibly the 
mitotic spindles, endoplasmic reticulum etc.), are 
initially derived from the mother by cytoplasmic inhe- 
ritance. One specific type of cytoplasmic inheritance 
is mitochondrial inheritance. The nucleus is not the 
only cellular organelle to carry genetic information. 
The mitochondria contain a separate genome, com- 
prised of over 16,000 base pairs. This genome is 
circular in structure; both strands of mitochondrial 
DNA (mtDNA) are transcribed and translated, in con- 
trast to the single coding strand of the nuclear chro- 
mosomes, which is usually transcribed in only one 
direction [M3]. 

73. Each mitochondrion contains many copies of 
these circular genomes, and thus each cell (with its 
many mitochondria) contains ttiousands of copies of 
the mitochondria1 genome, as opposed to only two 
copies of each nuclear chromosome. In addition, the 
mitochondria contain esse~ltial enzyme and other 
protein molecules that are transcribed in the nucleus, 
translated in the cytoplasm and then transported to the 
mitochondria. 

74. The mitochondrial genome is transcribed as a 
single messenger RNA ( I ~ R N A )  that is cleaved into 
various genetic units. The products of the mitochoa- 
drial genes participate in a number of functions, the 
most important being the energy-generating synthesis 

of ATP via oxidative phosphorylation. (Of Ihe 69 
separate polypeptides known to be required for 
oxidative phosphorylation, 13 are coded for by the 
mitocl~o~~drial DNA [T3].) 

75. As discussed above, the inheritance of 
mitochondrial DNA follows a strictly maternal line of 
transmission. Thus a clue to this cytoplasmic mode of 
inheritance is that a trait is passed only through 
females, but all (or almost all) offspring are affected 
or are at risk of being affected (as opposed to X- 
linked recessive traits, where only males are aKected 
or X-linked dominant traits, where only 50% of the 
offspring are affected because there are two 
X-chromosomes). 

76. Disorders such as Lcber optic atrophy, myo- 
clonic epilepsy with r a g e d  red fibres and progressive 
external ophthaln~oplegia (alone or as part of Kearns- 
Sayre syndrome) have been shown to be due to muta- 
tions in n~itochondrial DNA. Mitochondria1 disorders 
tend to have a more severe effect on tissues that 
require high levels of metabolic energy, such as 
muscle aitd brain. The mothers of these cases, and the 
cases themselves, are often heteroplasmic, meaning 
that each of their cells carries some normal and some 
abnormal mitochondria and thus may appear unaffect- 
ed. Each offspring (and each tissue of offspring) may 
thus also carry varying proportions of abnormal mito- 
chondria. 

77. While the n~itochondria have few genes com- 
pared to the approximately 100,000 genes in the 
nuclear genome, rnitochondrial genes have a signifi- 
cantly higher rate of spontaneous mutation than 
nuclear genes [R2]. Thus the daughter of a hetero- 
plasmic mother may develop additional mutations in 
her mitochondrial genome, and so on down the gene- 
rations, increasing the likelihood that a child will carry 
a sufficient number of abnormal mitochondria to 
become symptomatic and to manifest one of the mito- 
chondrial disorders. It is also likely that the effects of 
radiation may be more severe for the mitochondria1 
genome than for the nuclear DNA, but because of 
heteroplasmy, the effect may not become apparent for 
one or more generations (W12J. 

5. Anticipation and nllelic expansion 

78. Genetic anticipation is a phenomenon in which 
the phenotype of a disorder becomes progressively 
more severe in each subsequent generation inheriting 
the gene. Although until recently this phenomenon was 
thought not to occur, a number of studies have iden~i- 
fied molecular mechanisms by which it can, and does, 
occur [Ha]. 
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79. One niechanism that can cause a~~ticipation is 
found in the autosomal dominant disordcr niyotoriic 
muscular dystrophy (MMD). This disorder is highly 
variable in its expression and is oncn more severe in 
the children than in the niildly affectcd parents. Part of 
the gene for MMD has recently been isolated and 
appears to be highly unstable, beconling larger in 
subsequent generations [H8]. The niutation responsible 
for fragile-X syndrome, the most common single-gene 
mental retardation syndrome in humans, has also been 
identified: it shows a similar instability in both 
phenotype and gene size in subsequent generations 
inheriting the mutation [Y3]. 

80. This type of increase in the size of a particular 
gene is called allelic expansion and can occur either 
somatically or during meiosis. In traditional Mendelian 
genetics, it has always been assunlcd that genes are 
essentially stable units of genetic infomiation, and that 
either a normal allele or a mutant allele carried by the 
parent will be passed to offspring unchanged. When 
allelic expansion occurs, however, it has been found 
that patients with the most severe symptoms have the 
greatest enlargement of the defective gene, owing to 
an increase in the number of units of a repetitive 
sequence in the DNA. The number of repetitive 
sequence units continues to increase from generation 
to generation and is associated with a worsening of 
symptoms, i.e. anticipation [F9]. 

81. A siniilar increase in gene size has also been 
found in the fragile-X syndrome, with expansion of a 
CGG repeat [Y3], Huntington disease, with expansion 
of a CAG repeat [H17], and in X-linked spinal bulbar 
atrophy, also with an expansion of a (CAG)n repeat 
which occurs in the coding region of the gene for the 
androgen receptor [Ll]. When amplification occurs at 
the fragile-X site, it is always when the mutation is 
passed by a female to her children [Y3]; when the 
Huntington expansion is passed from a male, it  can 
expand rapidly. Thus it seems likely that parent-of- 
origin eflects could play a role in the transniission and 
expression of the fragile-X phenotype [L2]. Olher dis- 
orders are likely to involve allclic expansion. or a 
similar mechanism. For example, unstable sequences 
called microsatellite DNA have been shown to be 
associated with familial colorectal cancer IA8, P4. 

n1. 
82 The iniplications of allelic expansion for 
radiation are as follows: if certain rcgions of the 
genome nre more sensitive than others to allelic ex- 
pansion, radiation damage niight cause this sorl of 
mutation to increase at a different rate than classical 
mutations. There may also be differences between the 
effects of irradiation of the mother and those of irra- 
diation of the father. Many familial cancers have been 
demonstrated to have widespread alterations in short 

repeat DNA scqucnccs, which niay predispose to on- 
cogeriic e v e ~ ~ t s  IA8, W l l ] .  In addition, the spontane- 
ous n lut ;~t io~~ rate in tllcse regions may be ~~nusually 
high; thus csti~ii;~tes of background incidence of muta- 
tions niay be difl'crcnt llla~i for other genetic disorders. 

83. In gene amplification, an entire gene or portions 
of it are duplicated. This may lead to an increased 
expression of gene product, either normal or defective, 
or to disruption and loss of gene function. Amplifica- 
tion can produce a selective advantage, as in cancer 
cells that are able to survive chemotherapy by virtue 
of having i~mplified the multi-drug resistance (MDR) 
gene to gain nlnlly active copies [S30]. Alternatively, 
it can produce a disease phenotype, such as Lcsch- 
Nyhan syndrome, in which an internal amplification 
has bee11 fou~ld to disrupt a normal allele for thc 
enzyme hypoxn~ithine-phosphoribosyl transferase 
(HPRT), causing loss of gene function and thus 
leading to the disease [S32]. 

84. Aniiplification differs from allelic expansion in 
that the latter tern1 refers to an increase in the length 
of a fragment consisting of multiple copies of a short 
repetitive sequelice (for example, [CGGIn) [H8]. Such 
short rcpctitive sequences are found throughout the 
genome, usually flanking structural genes. They are 
also referred to as a variable length polymorphisms, as 
the sequences alter the restriction fragment size for a 
particular gene. Amplification refers to an increase in 
the number of copies of a longer nucleotide sequence 
unique to a particular gene. The molecular mechan- 
isms for each may or may not be similar and may or 
may not be affected by radiation w 3 ) .  

7. l'runspasubie elements 

85. Tri~nsposablc clements are sequences of DNA 
that intcgrstc unstably into the genonic at random (or 
possibly by homologous rccombinatiori at specific 
sequences). These i~lcludc the Alu and LINE elenien~s 
[U, S331. This integration, if i t  occurs in the middle 
of a structural gene or regulatory sequence, can disrupt 
gene fu~lction and produce a mutant phenotype. Trans- 
posable elements have long been observed in a num- 
ber of lowcr orgnnisnis, including yeast, maize and 
drosophila (L31. They were suspected in  the huriian 
genomc but u ~ ~ t i l  rccently had not been provcn. 

86. However, Do~t~broski el al. [DS] have identified 
a LINE-I tra11sl)osable elenient disrupting thc factor 
VIII gcnc in two I~aeniophilia patients. This elenient 
also contains a full-lc11g1h copy of a gene for reverse 
transcriptase, making i t  possible, after the elcmc~it is 



copied to RNA, for the transpos;ible scqucr~cc to be 
copied back into DNA, which can then integrate back 
into the genoltle at a new site, often disrupting func- 
tional genes [M6]. It is thought that this typc of 
element may have originated with retroviral ir~tcgration 
into thc human genome. Sinlilar LINE-1 tra~lsposablc 
elements have caused mutations in the neurofibron~a- 
tosis typc 1 gene [WlO] and the cholinesterase gene 
[M12]. It seems likely that radiation should be able to 
mobilize or destabilize such elements, which lead to 
increased mutation or gene disruption in later gene- 
rations. 

E. SUMMARY 

87. Genetic diseases occur because of alterations 
(mutations) lo the structure or regulation of genes in 
the cell. Traditionally, genetic disorders have been 
classified into one of three categories: single-gene 
disorders, cl~romosomal aberrations and multifactorial 
disordcrs. Single-gene traits and disordcrs arc either 
recessive (i.e. a normal copy of Lhe gene will prevent 
the disease phenotype) or do~ninant (i.e. one abnormal 
copy of the gene will result in expression of the 
disease phenotype). A single gene can have multiple 
and apparently unrelated effects on niany different 
tissues; this is called pleiotropism. 

88. Pheootypic diversity within a single heritable 
disorder call be caused by (a) environmental factors, 
(b) allclic series (an individual with two alleles of  a 
single gene with two different mutations), (c) genetic 
compou~~ds (mutations in two different genes), (d) 
~~~uta t ior is  in diffcrcnt domain coding regions of the 
same gene and (c) interaction with the products of 
other genes in that individual. Similar phenotypes can 
be caused by the action of any one of several different 
genes. This is called heterogeneity of disease. 
Multifiictorial traits and disorders are those where a 
single condition (i.e. not complex disordcrs or multiple 
anomalies) is thought to have a genetic component but 
whose inheritance cannot be explained by single-gene 
inheritance. 

89. Modes of non-traditional inheritance include 
cytoplasmic inheritance, mosaicism, imprinting and 
uniparental disomy. These mechanisms may prove to 
be increasingly important as causal factors in diseases 
whose inheritance does not follow standard Mendelian 
pattenls of inheritance, and they may well be affected 
by radiation. Gc~lctic disorders, particularly severe 
ones h i l t  interfere with reproduction, may be the result 
of new, as opposed to inherited, mutations. Human 
gene mapping using family pedigrees and restriction 
fragment length polymorphisms is being used to 
localize and isolate genes related to specific disorders. 

11. MONITORING THE BACKGROUND INCIDENCE 
O F  GENETIC DISEASE 

90. The term genetic disease has been used to refer A. REGISTRIES OF 
to any disorder (anato~niciil or metabolic) that is CONGENITAL ANOhIAI.IES 
severe enough to interfere with a normal life and that 
has a genetic component, regardless of the age at 
which it occurs. The term congenital means present at 
birth. Congenital anomaly is a more precise term than 
birth defect and refers to structural anomalies present 
at birth. There are three nii~jor types of structural 
anomaly that may be apparent at birth [S35]: 

(a) malformation, a defective or abnormal formation 
of a structure from its origin; 

@) deforniation, an improper formation of a 
structure because of some physical i~npcdirnent 
(e.g. too litlle amniotic fluid causes restricted 
fetal movement, which in turn results in joint 
contractures); 

(c) disruption, an injury to a formed structure caused 
by an extrinsic or intrinsic force (e.g. amniotic 
bands disrupting circulation to a limb or digit). 

1. Types end incidence 
of congenital anomalies 

91. Congenital anomalies are not usually the 
consequence of Mendelian or chromosomal disorders, 
which they greatly outnumber. They have the advant- 
age of being easy to document, as birth, surgery and 
death involve recorded events; moreover, in earlier 
days, when their nature was less clear, they were 
considered useful genetic markers. It is now possible 
to assess fairly accurately whelher a congenital 
anomaly represents a significant problem and whetbcr 
treatment is available. The anomalies can be classified 
as major (e.g. hydrocephalus, achondroplasia, amelia) 
or minor (c.g. skin tags. pigmented nevi, supernumer- 
ary nipples, mini~nal polydactyly). 
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9 2  Access to niulliple rcgistries allows the deve- 
lopment of fairly accurate backgrour~d rates for conge- 
nital anomalies. Some registries reflect concentrations 
of specific elhnic groups or high rates of consanguini- 
ty. Different registries have different illcidences of 
at~omalies, reflecting regional, ethnic and temporal 
variations. However, taken :ill together, they allow 
establishing fairly accurate background incidence of 
various congc~~ital anomalies. Anomalies that are sub- 
ject to environmental influcr~ces, such as neural tube 
defects, can be identified as varying with social class 
and region. 

93. There is a consistent finding in all populations 
that 2%-3% of the scrious congenital anomalies that 
will alter the length of life or ability to function 
normally without nicdical intervention are ascertained 
in neworns and that another 2%-3% of serious con- 
genital anomalies are ascertained by 5 years of age 
[B2]. An additional 5%-13% of minor anomalies arc 
found in all populations [B2, Nll] .  Efficacious treat- 
ment is available for at least one half of the defects, 
allowing an affected individual to become functional, 
independent and a contributing member of society. 
However. the remaining one half of congenital 
anomalies presently leave the affected individual with 
considerable disability in spite of therapy. 

94. A study by B;lird et al. [B3], conducted since 
publication of the UNSCEAR 1988 Report [Ul], used 
a database of niorc than 1 million consecutive live 
births, followed from birth  rough' the age of 25 
years, obtained from the British Columbia Health 
Surveillance Registry through 1983. A hierarchical 
approach ensured that individuals were not counted 
more than once. Although the authors generally 
followed the approach of Trinible and Doughty [T6], 
they chose to proceed from single-gene disorders 
(autosomal dominant, autosomal rccessive, X-linked) 
to chromosome disorders and then to niultifactorial 
disorders. Congenital anomalies were considered last. 
Their analysis was restricted to those relatively 
common conditions that are generally accepted as 
having a major genetic component The aetiological 
category "genetic unknown" was used when it was 
evident that the condition had a genetic basis but the 
inheritance pattern was not known. 

95. It is recognized that this approach yields minimal 
estimates of irlcidencc rates, since cases with relatively 
mild manifestations [nay not be diagnosed or may not 
come to the attention of the ascertainment sources. In 
addition, the count of multifiictorial cases was assumed 
to he falsely low, bccause of an inherent bias in the 
counting process that could be present whenever a 
case had more than one diagnosis. Only those cases 
with a single diagnosis were counted as multifactorial. 
This means that the chance occurrence of a second 
non-multifactorial diagnosis or a second, unrelated 

multifactori:ll dingnosis in tllc same i~~dividual would 
causc that case to be oniittcd from the niultifactorial 
category, occurring in  the same individual. Baird ct al. 
discussed an adjustcd value for this ratc that would 
correct this problcai in the n~ctllodology. 

96. T l ~ c  study found that l~cfore they reached the age 
of 25 years, more than 53 of 1,000 live-born 
individuals can be expected lo llave diseases with an 
important genetic coniponcnt (see Table 1). The break- 
down was as follows: 3.6 per 1,000 for single-gene 
disorders, col~sistirlg of autosonial dominant (1.4 per 
1,000), autoso~nal rcccssivc (1.7 per 1,000) and 
X-linked recessive disordcrs (0.5 per 1,000); 1.8 per 
1,000 for chrol~iosonial anomalies and 46 per 1,000 
for multifactorial disorders, including those present at 
birth and those whose onset was before the age of 25 
years. If a l l  co~lgenital anonlalies are considered as 
part of thc gcnctic load, thc total rises to 79 per 1,000 
live-born individuals. 

97. It was found that if all cases of congenital 
anomaly (non-genetic as well as genetic) were con- 
sidered, irlcludil~g those to which no genetic aetiology 
was attributed, the combined rate of all congenital 
anomalies was approximately twice that for genetic 
anomalies alo~re (LC. 52,808 per 1 million live births, 
or 5.3%). If irlguirlal hernia was added, approximately 
6.1% of the live-bon~ in this population had a 
congenital anomaly (recent Hungarian data found 7.2% 
[B2]). Howcver, inguinal hernias are easily corrected 
and arc not considcred a serious congenital anonialy. 
The study by Nelson ct al. [ N l l ]  in Massachusetts 
found the same level of incidence and genetic 
distribution as the study by Baird et al. [B2, B3]. 

98. The point was made that in urero diagnosis of 
genetic abriorrnality has becorrle increasingly common 
in recent years, and that tl~is could bias the estimates 
of genetic defect in live-born children, since a positive 
test may lead to tcrminatior~ of the pregnancy. The 
potential inipact was calculated from the records of the 
British Columbia Provilicial Prenatal Diagnosis Pro- 
gramme [B2], and i t  was concluded that the impact of 
pregnancy termi~~ation on the rates in the study was 
extremely small, with an incidence of approximately 
0.027% in the mid-1980s. 

99. Baird ct al. notcd that the present records of the 
British Colun~bia Health Survcillance Rcgistry lnake 
it  possible 10 identify tl~ose cases within the co~~genital 
anomaly group t11;it were judged to have a gel~ctic 
actiology. This is a col~sidcr;ible advance, bccause 
many earlier studies did riot attempt to quantify the 
relative iniporta~ice of the genetic versus the 
non-genetic categories wiU~in che broader "congenital 
anomaliesn grouping. The other advantagc of this 
study is that it provides follow-up data to age 25 years 
for at least a portion of the study population; the 



follow-up data rcvcal that many co~~gcnital a~~onialies 
arc not ascertained during tlle first few nionths of life. 

2. Scope of n~onilorinji 

100. There arc two approitcl~es to ~nooitoring con- 
genital anomalies: epidemiological, i.c. the detection of 
outbreaks or clusters of predefined conditions by 
statistical methods, and tentological, which stresses 
the importance of clinical details in tlic scarch for 
unusual events, either rare malforrnations or unusual 
combinations of malformations, that may indicate the 
introduction of a new tcratogcn [W8]. 

101. In attempting to calculate the genetic con- 
scqucr~ces of any agent, be i t  a drug, e clic~nical or 
radiation, it is essential to begin with an accurate 
estimate of the background incidence ratc for a given 
genetic disease or congenital anomaly. Previous re- 
ports on the genetic effects of radiation [Cl ,  C2, U1, 
U2, U3, U4] raised the issue of background incidence. 
These reports relied heavily on data that arc now 
almost 20 years old. and that were derived primarily 
from two sources [C13, C141. A 11u111bcr of dcvelop- 
mcnts in recent years should make i t  possible to 
in~prove the accuracy of background estimates and to 
address the question of which genetic disorders and 
congenital malformations are most i~~fonnative and 
worthy of inclusion in the study. There are now 
numerous registries of birth defects worldwide, each 
with unique features and each with advantages and 
disadvantages; these should all be taken into account 
when attempting to assess background incidence for 
human populations in general. Likewise, the accuracy 
of specific diagnosis has been greatl y inlproved and 
refined in reccnt years, providing more precise 
definitions of significant dcfccts. 

102. There are bound to be regional, ethnic and 
temporal variations in the incidence of congenital mal- 
fonnations. For example, a study comparing congenital 
malformations in Aboriginal and non-Aboriginal new- 
borns using the Western Australia Congenital Malfor- 
mations Registry found that although the birth 
prevalence of ail malformations was 3.5% for both 
groups, nervous system and cardiovascular defects and 
cleft lip and palate were significantly more prevalent 
in Aborigines and pyloric stenosis and urogenital 
defects were significantly less prevalent [B9]. In 
ariothcr example, Sikhs in British Colu~nbia were 
found to have a significantly higher ratc of neural tube 
defects than the general population, which is lzrgely of 
northern European extraction [H4]. Many alarms 
generated by the International Clearinghouse for Birth 
Defects Monitoring Systems [W8] have, upon further 
investigation, yielded negative results. 

103. Storliastic tc~nporal variations in  incidcncc may 
result in  apparent clusters of a particular co~~gcnital 
anonialy or group of anomalies. While it is important 
to investigate such increases, it is probably riot iipprop- 
riate to rcly on registries containing substa~rti;~l dcvia- 
t i o ~ ~ s  fro111 (he majority of regislrics is cstirnating 
backgrolrlld i~lc idc~~ccs  of congenital tnalformations. 
However, if tllc concern is for a specific rcgion, c.g. 
the Ukr;~iac, where the reactor accident occurred, the 
backgrou~~d incidcncc of genetic disease for that parti- 
cular population should be used, if it is available, to 
provide the baseline from which to calculate any in- 
crease in risk. Japan has regional monitoring pro- 
grammes [KlS]. It should be kept in mind, however, 
that any effect fro111 a specific mutagen is likely to be 
obscured by the effccLs of social disruption, as some 
of the commoner ~nalformations, c.g. neural tube 
defects [N4], arc known to be greatly influc~iccd by 
diet and sti~ndard of living [S16]. 

104. One other point to bear in mind is that, within a 
category of congenital malformation, there arc often 
multiple subcategories wilh divergent causes and inci- 
dences, i.e. heterogeneity. For example, neural tube 
defects are generally classified as a single calegory, 
yet the cause of this defect can be single-gene niuta- 
tion, chromosomal anomaly, teratogenic exposure, 
nutritional deficiency or ethnic predisposition. In some 
farnilics rccurrcnccs are frequent, while in others the 
cascs arc sporadic; some cases can be caused by phy- 
sical disruption such as amniotic bands. High lesions 
(anencephaly and thoracic spina bifida) differ from 
low lesions (lunibosacral spina bifida), and cases tbat 
occur in the presellce of other birth defects differ from 
those that occur alone [H4]. Each of these components 
of the ovcrall category "neural tube defect" could be 
differently affected by exposure to various mutagenic 
agents, and yet  hey are usually grouped together. 

105. Registries may also differ in other aspects. I t  is 
important to consider the following sources of variation 
when comparing them: (a) exclusion or ir~clusion of 
stillbirtl~s, (b) effects of prenatal diagnosis (ratcs of 
incidcncc may bc lower owing to increased prenatal 
diagnosis and sclcctivc abortion for particular anoma- 
lies), (c) number of people contained in the registry (too 
small a sample may not yield statistically significant 
results), (d) ascertainment, as mentioned below arid (c) 
duplication of reporting (multiple congenital anonialies 
may be reported singly as well as collectively). 

106. According to Cordcro [C9), ifregistrics arc to be 
useful in S U ~ V C ~ ~ ~ ~ I I I C C ,  epiden~iological and otllcr kinds 
of studies, they must contain four critical clcn~cnts of 
informalion: who, what, when and where. Once these 
elenicnts arc specified, i.e. number of cascs (what), 
divided by the population (who), in a specified area 
(where) and for a specific time period (when), 
incidence rates can be calculated [C9]. 
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107. The collection of data can be either active or 
passive. With an active system, the registry has trained 
staff who follow a particular methodology to ascertain 
infants with birth defects and to collect data. With a 
passive system, the registry relies on reports from 
sources such as physicians, hospitals or vital records 
departments [C9]. 

108. Active systcnls have several strengths: (a) they 
have fairly complete ascertainment, @) they can obtain 
data in a timely fashion, (c) they can include quality 
control measures for the data gathering process, (d) 
they define the type of data to be collected and (e) 
they usually allow for the follow-up of cases. A dis- 
advantage of active systems is their cost, which tends 
to limit the sample size of the population to be 
studied. This, in turn, limits the registry's ability to 
collect sufficient data for some types of 
epidemiological studies [Cg]. 

109. Passive systems have one major strength, low 
cost, which allows them to cover larger populations 
with a minimum of resources. Their disadvantages 
include a lack of diagnostic specificity, little control 
over time delays in obtaining data and measurable 
underreporting of data. In some passive systems, the 
quality of the data cannot be evaluated. Moreover, few 
systems provide a means to track cases, making 
follow-up studies impossible. 

110. The process of finding persons with the disease 
under study is referred to as ascertainment. It is 
important to bear in mind that methods of ascertain- 
ment are bound to differ between registries, often 
resulting in the under- or overreporting of a particular 
birth defect in a particular population. For example, 
physicians in Hungary were paid for every instance of 
congenital hip dysplasia they reported; this malforma- 
tion subsequently comprised an artificially high per- 
centage of overall birth defects in Hungary. It is also 
important to bear in mind that many birth defects do 
not become apparent until after the first few months of 
life. Thus, a registry that reports only birth prevalence 
may be underreporting. 

111. An alternative approach for complete ascertain- 
merit is to review medical records. In the United 
States, every baby born in a hospital has a medical 
record that generally indicates if birth defects are 
present. The strengths of this approach include nearly 
complete ascertainment, the ability to achieve popula- 
tion-based ascertainment and a lower cost than if 
every baby were examined independently,i.e. not by its 
own physician. Its disadvantages include labour inten- 
siveness, inefficiency and cost [Cg]. 

112. Some programmes, e.g. those in Sweden, Austra- 
lia and Atlanta, Georgia in the United States, do not 
routinely record possible exposures during pregnancy. 

Such programmes are usually found in areas where it 
is relatively easy to go back lo nlcdical records and to 
contact the parents of the damaged infant if exposure 
infor~natiorr is thought to be of interest. In other 
prograrnlnes, sucll as llie Central-East France 
progranlmc and the large hospital-based programme in 
Italy, information 011 possible exposures during 
pregnancy is collcctcd at the same time the malformed 
infant is reported, but no similar data are collected for 
normal infants. A third group of programmes, includ- 
ing one in Mexico, Spain arid South America, has on- 
going case-control data collection, in which informa- 
tion on possible exposure is obtained for each mal- 
fonned infant and for a control (normal) infant born at 
the same hospital. Each teclinique has its advantages 
and disadvantages, but in areas of the world where it 
may not be possible to follow up an observation by 
interview at some time after birth, collecting exposure 
data on a case-control basis seems the most effective 
technique [Cg]. 

B. CONSIDERATIONS 
ON BACKGROUND LNCIDENCE 

1. Sentinel Mendelian diseases 

113. The concept that certain phenotypes were so 
obvious that they could not be missed led to the idea 
that their frequencies could be easily monitored for 
sudden increases. It is not difficult to establish the 
background incidence of autosomal-dominant disor- 
ders, especially those that have a strong selective 
disadvantage, the prevalence of which is maintained in 
the population by an equilibrium between constant 
mutation pressure and selection (see [VS, VlO]). 

114. Theoretically, in situations where illegi~imacy 
can be ruled out and g e ~ ~ e l i c  heterogeneity can be 
recognized, this method should lead to reliable 
estimates of the spontaneous mutation rate and its 
increase because of a mutagenic agent. Such mutations 
are called sentinel mutations, because they are 
expected to indicate mutation rate increases caused by 
a new agent in the environment. Czeizel [C13, C14] 
enumerated 15 sentinel anomalies that are thought to 
be caused by dominant new mutations and that can be 
diagnosed at birth or shortly thereafter. However, the 
molecular aetiologies of these disorders, which are 
beginning to be defined, appear to be very hetero- 
geneous. Thus, i t  may not be valid to apply one 
estimate to the group as a whole, as each subgroup 
might be expected to have a different rate of mutation. 
Moreover, as suggested by Strobel el al. [S39], such 
sentinel mutations are too rare to easily provide 
realistic mutation rate increases. Furthermore, 
col~tirluous screening of very large populations would 
be required. 
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115. From Ure cxpcricnce accumulated so far, i t  is 
extremely unlikely that I I U I I I ~ I I  populations will ever 
be exposed to nlutagcnic agents that will cause an 
observable statistically sig~~ifica~rt  i~rcrcasc in tlris type 
of disorder above tllc naturiil rate of mutation (see 
paragraph 213). Tllc Hungaria~r data wcrc used to test 
whether the Chernobyl accident in April 1986 had led 
to any increase of new rriutations [C15]. No evidence 
was found that it had. This is, however, not surprising, 
because according to Strobcl [S39], for a mutation 
incidence of 3 per 10,000, it  would have been neces- 
sary to screen of a population of almost 2 nlillion 
newborns distributed in two samples of equal size 
(before and after irradiation) to recognize an increase 
of 30% in 95% of instances. A smaller increase would 
require an even greater sample size. Down's syndrome 
alone (7.02 per 10,000) is nlorc common than all the 
sentinel mutations taken together. But even for it, a 
population of approximately 1  nill lion newborns would 
be necessary to recognize a statistically significant 
change, and Hungary has only about 150,000 live births 
per year [C14, C15] (see paragraphs 213 and 338). 

116. Many autosomal-dominant disorders, especially 
many rarer ones, are thought to be maintained in the 
population by an cquilibriu~r~ between mutation and 
selection. This may be true for such disorders as 
neurofibromatosis, Marfan syrrdrorrle and autosomal- 
dominant types of osteoge~icsis imperfects. Other dis- 
orders, such as bilateral reti~~oblastonla or haemophilia, 
were probably maintained by such an equilibrium in 
the past, but successful theri~py is very likely to havc 
upset this equilibrium in recent decades. Assuming 
constant mutation rates, the incidence of such dis- 
orders is bound to increase until a new equilibrium has 
been reached unless there are counteracting circum- 
stances, for example, artificial selection. 

117. It is, however, very unlikely that the more 
common disorders are maintaincd by an equilibrium 
between mutation and selection. The mechanisms that 
have caused the present-day incidence of many domi- 
nant diseases arc unknown. It follows h a t  dominant 
and X-linked diseases cannot be subdivided easily into 
those whose incidence is maintained by an equilibrium 
between mutation and negative selection and those in 
whicb a selective advantage under certain living con- 
ditions has been the decisive factor. More complicated 
situations may occur and the equilibrium conditions 
may change over time, depending on living conditions. 

118. There are, of course, a great number of fairly 
rare and, irr ri~ost cases, very rare disorders that may 
indeed be maintained by an cquilibriurn between muta- 
tion and selection, but for an overall estimate of the 
mutational component, it is not the number of these 
disorders but their combined incidence Itla1 is import- 
ant in calculating risk. Since they are mostly lethal at 
an early age, fertility is 0 and there is a 100% 

mutationel component, i.c. all cascs arc caused by a 
new mutation, ratlrcr than inherited from tile parents. 
These disorders comprise only about 1/30 of lhe entire 
group of dorni~rarlt a ~ ~ d  X-linked disordcrs. In other 
disordcrs, tlrc rn~tiitior~al cornpollclrt is snlallcr, and for 
some of tllc most common ones, it nray not exist at 
all. In sorlic earlier UNSCEAR Rcports, the Commit- 
tee estinratcd Ihc ~nutational component of the entire 
group as 15%. In Uris, the nicdical geneticists niay 
have been persuasive, having in mind Ure more severe 
and debilitating forms of genetic disease (this would 
be understandable, since these diseases are the ones 
most frequently seen in daily practice), but in the 
general case, the estimate is high. 

119. To place an increase in morbidity due to 
autosomal dominant and X-linked radiation-induced 
mutations in proper perspective, it should be  
remenlbcrcd that the natural spontaneous mutation 
rate, the causes of which are unknown, is not a 
constant. The best known factor that influences the 
mutation rate is paternal age. For some autosomal- 
dominant anonlalies, such as achondroplasia, acro- 
cephalosyrrdactyly (Apert syndrome), Marfan syn- 
drome, rnyositis ossificans and probably many others, 
the mutation rate at a paternal age of 40-45 is four to 
six times higher than at a paternal age of 20-25 [V8]. 
Modell and Kulieve [MlO] havc calculated how much 
a given shift in the distribution of paternal agcs in a 
population would change mutation rates. Thcy com- 
pared the mutation rates expected with the present 
paternal age distributions with those expected if all 
fathers were less than 30 ycars old at the time of birth 
of their child. Thcy found that even a relatively small 
shift in the distribution of paternal ages, and especially 
a reduction in the fraction of older fathers, could 
influence the mutation rate for such paternal-age- 
dependent niutations appreciably. 

120. Not all known do~iiinant mutations show such a 
strong increase with patenral age (for details see 
[V8]). In recent decades, and with a decrease in the 
average number of children per marriage, a decrease 
in the fraction of older fathers has been observed in 
many populations, and a corresponding reduction in 
the number of such patemal-age-dependent new 
mutants has to be assumed in h e  developed countries. 
Hence, evcn a relatively small shift in paternal age 
distribution, especially an increase or a reduction of 
older fatlrcrs, could irrflucnce the mulation rate for 
such patcmal-age-dependent mulalions appreciably, 
probably nluch more than could a change in exposure 
to mutagenic agents, e.g. ri~diation. 

2. Autosomnl recessive diseuses 

121. Searle and Edwards IS161 stressed Urat the 
degree of inbreeding influences only the immediacy of 
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the cffccls and that in t l~c  abscncc of a strong hctcro- 
zygotc disadvantage it  will afl'cct only slightly thc total 
nun~bcr of casualties. That is, in a population with a 
high rate of inbrccdiag (LC. consanguinity), damage 
due to honiozygosity of n~utations beconlcs visible 
sooecr. The ai~thors assu~ncd for their calculi~tior~s a 
rate of 1% first-cousin malings. 

122. Estimates of thc n~anifcstation of homozygotcs in 
future generations depend critically on consanguinity 
rates. In industrialized countries, the ratc of lint- 
cousin malings has droppcd to one or a fcw per 
thousand in recent dccadcs. Sincc this reduction is 
causcd on the one band by grcatcr mobility and on the 
otl~cr hand by smaller nurl~bcrs of children (and, 
hence, a reduction in thc number of available cousins), 
the decrease will probably continuc and also occur in 
the populations of countries only now becorning 
industrialized. Howcvcr, cven if consanguinity can bc 
ncglectcd in the future, it  is open to ques t io~~ wl~cthcr 
effects distributcd to thousands of gcncrations should 
bc considcrcd at a l l  in genetic risk cstimatcs. I t  may 
be rliost reasonable to assurnc that civilization will 
develop in about the samc direction as it has in rcccnt 
centuries and that gcnc Ihcrapy and/or prcnatal 
diagnosis at the zygotc lcvcl will eventually become 
routine, especially for autosomal rccessivc diseases 
that involve mostly simple enzyme defects. 

123. In humans, few data on phenotypic deviations in 
heterozygotcs of autosomal-recessive discascs arc 
availablc p5] ,  and chose that are relatcd primarily to 
cnzymc studics. As a rule, hcterozygotes have about 
half the activity of normal homozygotcs for the 
product of the genc affcclcd by the mutation, which in 
many cases is an cnzymc. This rcduccd activity is, 
however, in most cascs sufficient for normal function. 

124. Finally, i t  should not bc forgotten that the 
background incidcncc of rcccssivc mutations, and 
cspccially of rcccssivc discases, in human populations 
is not constant from onc disease or population to 
anothcr. The human spccics is a patchwork of cxtrc- 
rncly diffcrcnt frcqucncics of rccessivc gcncs. The 
breaking up of isolatcd subpc)pulations a ~ ~ d  having 
strong intermixture bctwccn them will not lead to a 
reduction of frequencies of all recessive gcnes in a 
similar fashion, but i t  will lead to an assimilatior~ of 
gcnc frcqucncics and cspccially to an appreciable 
rcduction of frcquencics of gcnes that had bcconic 
common in one or a fcw populations owing to r a ~ ~ d o m  
drift. This, in turn, will lcad 10 a gcncral dccrcasc of 
homozygotes of autosorlial-recessive diseascs, as a 
consequence of thc Hardy-Weinberg Law IV10). This 
decrcasc will then be followcd by a very slow increase 
in gene Gequcncics, bccausc fewer alleles will be 
cliniinated in homozygotcs. This is the cornplcx back- 
ground against which ally possible effect of addi~ional 

radiiitio~r sl~ould be vicwcd, since any attempt to 
dcrivc a n  csti~natc of incrcascd risk will depend on 
population slruclurc. 

125. n ~ c r c  is gcncral agrccnlcnt that cstimatcs of 
chro~noso~nel discase ir~cidcnce at birth disregard the 
great ~najority of (~~umerical and unbalanced, structu- 
ral) c l ~ r o ~ ~ ~ o s o ~ n a l  aberrations in human gem] cells and 
early zygotcs. Most embryos and fetuses with chromo- 
somal abcrr;~tiol~s die sornc time during embryonic 
lifc. TI  scclns vcry unlikcly that niore th>n 1% of all 
conceptions wit11 rccognizablc, chromosomally aberr- 
ant phc~~otypcs survive to birth [VlO]. This is a 
rcasor~ablc but cautious cstimatc, i.c. the true fraction 
of survivors might well bc lowcr. The number of 
zygotcs dying ie the first days after fertilization, 
bcforc in~plantation, cannot be cstiniatcd, but i t  may 
be appreciable. I n  studics of cl~ronioson~es of hu~nan 
sperm, t l~c  fr;~ction of thosc sl~owing chro~nosonic 
aberrations is high [B12, K13, K14, K15, K16, M4, 
M5, S421. It is, of course, unknown which of d ~ e s c  
chromosornally abnornial cclls are still able to 
fertilize; but the use of this rncthod o r  sperm 
karyotyping for mutagenicity testing, especially in men 
exposcd to high doses of niutagcnic agents, such as 
radiation, should bc encouraged. Studies of ova used 
during it1 virro fertilization suggest that human ova 
also have a high fraction of spontaneous chromosomal 
abcrra lions. 

126. Calculations similar to thosc for paternal age 
cffccts in autosomal-dominant and X-linked recessive 
diseascs have been performed for nunicrical chromoso- 
mal abcrratio~~s, such as Down's syndrome, to 
dctcrn~inc ~narcr~lal age cffccts. The baselinc is 
especially variablc for triso~nics, because the spon- 
tancous mulalion ratc increases with the age of the 
mother: thc risk for niothcrs abovc 40 is 10-20 times 
higher than Illat for 20-ycar-old mothers [H12]. Thc 
conclusion reached is thcrcforc the samc as for 
patcrnal age and dominant mutations: even a small 
shift in t l~c  distributiol~ of matcr~~al ages in a human 
population, ~ I I I ~  cspccially il l  the fraction of mothers 
abovc 35, will alter thc i~~cidence of trisomy 
syndromes at birth ~nuch Inore than any probablc 
increasc causcd by radiation. 

127. Thc hackgrou~~d i~~cidcnccs of congenital 
anornalics and multifactorial diseases are not casy to 
establisli. Thc UNSCEAR 1986 Rcport [U2l gavc a 
figurc of 60,000 per mi l l io~~  for congcnilal anonialics 
and 600,000 pcr million for other niultifactorial dis- 



eases [U2]. BElR V [ C l ]  esliriiated congenital abnor- 
malities as 20,000-30,000 per million and subdivided 
"other disorders of complex aetiology" into three 
categories: heart disease (600,000), cancer (300,000) 
and selected others (300,000). These three figures add 
up to more than 1 million, so they cannot be nieant to 
be mutually exclusive. These discrepancies reflect the 
difficulties in attempting to establish reliable 
background incidence mentioned earlier in this Annex. 

128. The seemingly simple task of detcnninil~g the 
incidence of congenital malformations at birth 
continues to pose problems: results from one study to 
the next may show considerable differences, occa- 
sionally because of real differences between popula- 
tions but much niore often because of differences in 
ascertainment and classification. To predict a possible 
increase attributable to a spccified radiation dose 
experienced by the germ cells of parents, the muta- 
tional component of this incidence needs to be esti- 
mated. This involves estimating the frequency and 
degree of genetic determination of sil~gle anomalies 
and their modes of inheritance, which, as discussed 
earlier, is very difficult to achieve and must be indi- 
vidualized. Furthermore, any possible selective disad- 
vantages of such anomalies under present and earlier 
living conditions (and, if possible, in populations of 
industrialized countries and of developing countries 
with poor medical systems) should be known. This 
information is needed to estimate which part of the 

major histocoml)atibility systeni [T4], have failed to 
point to any such association. 

130. Sonle aspecls of mamlnalian e~tibryology should 
be n~cntioncd here, since they are relevant to estima- 
tion of risk. Mammalian development is not entirely 
pre-programmed; rather i t  is influenced to a significant 
dcgree by the c~lvironmcnt of chc developing embryo. 
In the e v c ~ ~ t  of physical or chemical insult, tile en~bryo 
has an remarkable ability to catch up and correct the 
damage. Many buffering effects are built into biologic 
systenis, such h a t  if one element is disrupted, others 
may be able to compensate. In addition, the evolution 
of gene duplication has led to a biological system of 
buffering, such that if one gene is knocked out, others 
may be able to take over its function. There appear to 
be thresholds during the course of development and 
aging, such that timing is extremely important. Muta- 
tions that upset the timing of evenls (heterochronic 
mutations) may produce unpredictable results [W7]. 

131. The incidence of all types of multifactorial 
diseases given in the UNSCEAR 1986 Report [U2], 
660,000 per million, was based on the study of 
Czeizel et al. in Hungary [C12], which considered 
morbidity up to the age of 70, and some individuals 
had more than one disease. The Hungarian study com- 
prised incidence estimates for 26 such multifactorial 
diseases, which were classified according to ICD and 
subdivided into three groups: 

genetic component of a certain anomaly is lost in (a) very severe (schizophrenia, niultiple sclerosis, 
every generation and which is therefore replaced by epilepsy, myocardial infarction); 
new mutants. Even then, the estimate would be of the (b) moderately severe and/or episodic or seasonal 
right order of magnitude only if there were a n  (Graves' disease, diabetes, gout, affective 
equilibrium between mutation and selection [HI]. psychoses, duodenal ulceration, asthma): 

(c) less severe (varicose veins, atopic dermatitis 
129. In the British Columbia registry data, 4.6% of etc.). - .  

individuals were noted to have a multifactorial condition 
With the exception of epilepsy, none of these diseases 

by age 25 years (Table 1) [B3]. Many congenital ano- 
causes death in h e  age group 0-19 years, but they are 

malies are consistent with the concept of multifactorial 
among the leading causes of death in advanced age. 

inheritance. A few are caused by environmental factors 
Such incidence estimates are extremely useful for 

such as teratogenic drugs or, very rarely, irradiation 
many purposes, but in the context of radiation risk 

during pregnancy. For many congenital anonlalies, no 
estimation, these prevalence estimates need to be care- 

cause can be identified; they are attributable to an 
fully analysed to further identify subsets of conditioru 

accunlulation of random processes during early embry- 
that may potentially respond to an increase in mulation 

onic development. However, data from radiation experi- 
rate. Such analysis is necessary because of the 

ments in mice suggest that some may also be caused by 
following: 

irregularly manifesting dominant mutations. Their fre- 
quency may increase &er the irradiation of fathers. For 
example, Ehling [El,  E8] and Selby et al. [S21, S24, 
S25, S28] have shown that the irradiation of mouse 
spermatogonia may lead to occurrence of a wide array 
of skeletal malformations. The genetic variation that 
influences some malformations may, indeed, have a 
strong mutational component. I t  is remarkable, on the 
other hand, that studies on the association of 
malformations with known genetic polymorphisms, such 
as the ABO blood groups (see [V4, VlO]) and thc 

(a) a niajor parl of morbidity for many of these dis- 
eases is not the result of genetic predisposition 
or inescapable environmental exposure or both 
but is the result of voluntary and avoidable beha- 
viour. Type 2 diabetes is one example; coronary 
heart disease and gout are other examples: 

(b) in some of these diseases, the quality of life is 
not impaired decisively. providing that the 
individual finds a way of adapting his or her 
lifestyle to the disease; 
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(c) parameters such as the attitude of the society, the 
number of doctors and the quality of the health 
care system i~lfluencc whether a disease is 
diagnosed and how much detriment it causes. 

The relative importance of Ulcse factors may vary in 
different populatio~~s and may vary over time within 
the same population. 

C. IbIOLECWR AND BIOCHEMICAL 
STUDIES OF SPONTANEOUS AND 

RADIATION-INDUCED MUTATIONS 

132. In addition to numerous types of DNA damage 
leading to stable, heritable mutations (i.e. single base 
deletions, base-pair modifications, strand breaks, base- 
pair substitutions, nondisjunction etc., that lead to 
nonsense, missense, Gameshift, chromosomal muta- 
tions etc.), the site of a particular mutation must also 
be taken into account when attempting to analyse its 
impact on genetic risk. The relevance of various sites 
of mutation and their effect on cell function is of 
crucial inlportance in understanding the effect of 
molecular damage on phenotypic abnormality. Thus, 
a knowledge of molecular damage can be important in 
predicting genetic risk. 

1. Location and effects of mutations 

133. Structural mutations occur in the coding region 
of a gene, altering the protein product of a single 
gene. If the change occurs in a sequence that codes for 
a non-critical region of the protein, it will have little 
or no effect and will be well tolerated (e.g. amino acid 
substitution into the non-active site of an enzyme). If, 
however, it occurs in a critical region, it may impair 
the function of the protein (e.g. the disruption of the 
disulfide bridge in the oxygen-carrying haelnoglobin 
molecule, which results in sickle-cell anaemia). 

134. While the structure, and thus the function, of the 
gene product will not be affected by mutations in re- 
gulatory regions, the amount of gene product synthe- 
sized may be. Loss of promoter function will render a 
gene inactive even though its structural integrity 
remains intact, making the mutation difficult to 
identify, the loss of other regulatory elements, such as 
repressors, enhancers etc. may result in the loss of 
responsiveness to environn~ental conditions (e.g. liver 
cytochromes, which are upregulated in response to 
toxic insult). 

135. If the protein serves a single, limited func~ion, its 
loss or overproduction may have only a minor effect 
on the survival of the organism (e.g. the loss of tyro- 
sine hydroxylase, which resulls in albinism). However, 

if d ~ e  ge11e product is a regulatory protein i~lvolved in 
a pathway tl~at amplifies its effect, the effects of the 
mutation inay be far-reaching or wen devastating to 
the organisn~ (c.g. protein kinasc proto-oncogenes, in 
which activating mukitions lead to cancer). Other 
examples include niolecules like the chaperonins, 
which regulate the secondary structural folding of 
many different proteins; p53, which has a dominant 
negative effect; the ubiquitins, which regulate the de- 
gradation of all messenger RNA molecules such that 
they are not transcribed into protein indefinitely; 
transport proteins, which carry the gene products to 
their proper location in the cell; genes involved in 
gene inactivation, such as dosage compensation result- 
ing from X-chroniosome inactivation in females [n]. 

136. Likewise, if the gene product is a structural 
molecule essential to the development and mainten- 
ance of nornlal anatomy, such as connective tissue 
constituents, the loss of this type of gene function will 
have far-reaching effects for the organism as a whole 
(e.g. defective keratin which leads to epidermis 
bullosa, and defective collagen, which leads to osteo- 
genesis imperfects). Moreover, any gene involved in 
the synthetic pathway of such structural elements will 
have major effects (e.g. defective hydroxylase enzyme, 
which leads to n~ucopolysaccharidoses and concomit- 
ant skeletal changes). 

137. In molecules where there is a repeating structure, 
any type of mutation in these repeating segments of 
the gene will destroy the structure of the whole 
molecule. For example, collagen contains multiple 
repetitive elements, such that any mutation in the third 
amino acid of the repeat disrupts the entire secondary 
structure of the glycoprotein. 

138. Recent developments in cancer research suggest 
that somatic mutations are responsible for most, if not 
all, leukaemias, lymphomas and solid tumours [C6, 
M11, S l l ] .  This is generally due to the loss or muta- 
tion oS an oncogene suppressor gene function (as, for 
example, retinoblastoma or Wilms' tumour) or to an 
"activating" mutation in an oncogene that renders it 
immune to normal regulation (e.g. RAS in colon 
cancer). Tbere are also many hot spots for mutation 
throughout the genome; since these regions show a 
higher frequency of mutation than other regions of the 
genome, they may be far more sensitive to mulagenic 
agents [V3]. 

139. The failure of crossover during meiosis can lead 
to non-disjunction, resulting in the loss or gain of 
large regions of chromoso~nal material. Thus, this 
single event can adversely affect many genes (e.g. 
triso~ny 21 causes Down's syndrome, while most other 
trisomies and monosomies are not compatible with 
life.) Mutations that disrupt this genetically regulated 
process will have major ramifications. 
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140. Mutations in one region of a gene rnay ~)roduce 
a phenotype that is completely different fro111 mula- 
tions in another region. This is partici~larly true for 
gencs coding for products with multiple domains, such 
as connective tissue molecules (for example, dislocated 
lens of the eye and rupture of the aorta are both 
caused by mutations in the fibrillin gene) [VlO]. 

141. It has also become apparent that alternative 
splicing of messenger RNA n~olcculcs occurs (e.g. the 
messenger RNA for several different hormones can be 
produced from one gene); that there are "genes within 
genes" (e-g. the neurofibromatosis locus); and lhat 
some genes code for precursors that arc tl~eri cleaved 
enzylnatically to yield the active product (c.g. pro- 
thrombin to active thrombin, encephalon to endor- 
phin). Thus, one gcne can, in effect, code for several 
products. 

142. It is now clear that damage to n~itochondria 
(including those in ova) must also be considered in 
genetic risk estimates. In the past it was assunled that 
damage to DNA was the only concern, but changes to 
other components of the cell structure, such as mito- 
chondria, may affect subsequent generations [W12]. 

(a) Nature and origin of spontaneous mutations 
in human Mendelian disease 

143. A large number of spontaricously arising 
mutations that cause disease states in humans have 
been described. Only a few are known at the molecu- 
lar level. As of 1990, molecular data were available 
for some 76 Mendelian diseases in humans [S3]. For 
33 of these, the predominant event is a point mutation 
(base-pair change), and for 39 it is a length mutation 
(mostly DNA deletions, but sometimes duplications or 
other gross changes). In the 4 remaining diseases, both 
point mutations and length mutations occur. These 
relative frequencies may be revised as more data 
become available, but for now, it can be assumed that 
point mutations and length mutations each account for 
about half of the Mendelian diseases [S7]. 

144. In spontaneously occurring mutations, point 
mutations (i.e. mutations in which a single base pair is 
altered or deleted) do not appear to be distributed at 
random throughout the genome. This is thought to be 
related to the sequence organization of the gcne and 
its genomic context [S7]. CpG dinucleotide sequences, 
when present in a gene, provide hot spots for transi- 
tion-type mutations (i.e. A to G or G to A and C to T 
and T to C). Vertebrate DNA is highly methylatcd at 
the cytosine residue, and about 90% of 5-methyl-cyto- 
sine occurs within CpG sequences. At the level of the 
gene, C to T transitions and the corresponding G to A 
transitions in the complementary DNA strand occur at 
a high frequency within these methylatcd regions; this 

is tl~ought to be due to the propensity of 5-methylcy- 
tosine to undergo sponlal~eous deamination to form 
thyniine [ClO]. I t  can be anticipated that each gene 
will have its own susceptibility pattern, and it is not 
known wlieUicr these pattenis will be similar in hu- 
Inans and in mice. 0U1er cndogcrious damage to DNA 
is thought to come from replication errors and from 
oxidative attack ~t~ediated by chemical radicals [A9]. 

14.5. Examples of non-random point mutations that 
have been identified in human cancer biology studies 
include the point mutations in codons 12,59 and 61 of 
the RAS genes involved in myeloid leukacmia, lung 
cancer ctc. arid those in codons 110-307 of the P53 
tumour suppressor gene in diverse types of cancers. 
Such site preferences have long been known to occur 
in visible chromosomal changes in neoplasias, 
particularly leukaemias and lymphomas, and molecular 
studies are now shedding light on these specificities. 

146. There is good evidence that the breakpoints of 
lengtt~ ~iiutations are also non-randomly distributed. Of 
60 sniall (<20 bp) deletions at the 23 loci studied, 59 
had direct repeats of 2-8 bp. For large deletions, se- 
quence homologies and repetitive sequences such as 
Alu located within or between genes appear to play 
important roles. The mechanisms involved in the 
generation of deletions and duplications are listed in 
Table 2. 

147. Data from a number of well-analysed sponta- 
neous gene deletions are consistent with mechanisms 
that assume base mispairing between repeat sequences 
and slippage during replication; hon~ologous unequal 
recombination between evolutionarily related gencs; 
homologous unequal recombination between repetitive 
sequences such as N u ;  and non-homologous recombi- 
nation. There is circurt~stantial evidence supporting the 
hypothesis that repetitive sequences may play an 
important role in chromosome pairing [S3]; if true, the 
deletions and duplications lhat have been found to be 
associated with spontaneously arising mutations in 
many discases may represent the inevitable by- 
products of occasional mispairing. 

148. Exaniples of deletio~~s arising as a result of 
non-homologous recombination are provided by some 
alpha-U~alassemias [N12,01], some beta-thalassemias 
[As, H l l ]  and some complex thalassemias [Jl]. In all 
these deletions, the 5 '  breakpoints were mapped eithcr 
in or close to Alu sequences. The interpretation is that 
these deletions presumably arose during DNA replica- 
tion (when sequences widely separated in tbe linear 
DNA ~~lolecule might be physically close to one an- 
other as a result of anchorage to the nuclear matrix 
and chromatin loop formation) as a consequence of 
non-honiologous intrachroniosomal breakage and 
reunion events [As, V2]. The models proposed differ 
in some details. 
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149. Intragcnic partial deletiol~s (well over 300 are 
now known) appear to be the nlost conlnlon defect 
leading to Duchel~ne and Becker ~nuscular dystrophies 
ID2, F6, G5, K8]. Less common are intragenic dupli- 
cations that appear to duplicate one or a few exons by 
the tandem duplication of a portion of the gene, 
presumably by unequal crossing-over between repeat 
elements [H13, K8]. Data have also been published 
suggesting that duplications can arise as an il~trachro- 
mosomal event through unequal sister-chromatid 
exchange [H14]. 

150. Thus, in spontaneously occurring mutations thcre 
occur both point mutations (base-pair changes) and 
length mutations, which include DNA deletions (small 
and large), insertions, rearrangements and duplications. 
The length mutations are occasionally microscopically 
detectable as chromoson~al aberrations. Several other 
mechanisms of mutation are involved in spor~taneously 
occurring mutations in humans, including gene conver- 
sion and mutation due to h e  insertion of mobile, or 
transposable, genetic elements. (Transposable elen~ents 
are also discussed in Section I.D.) The term gene 
conversion describes the local transfer of DNA 
sequences from one gene to a related gene elsewhere 
in the genome in an event that resembles a double 
crossover [MI]. Gene conversion events leading to 
disease phenotypes are now well documented in 
humans. One example is congenital adrenal hyper- 
plasia due to 21-hydroxylase deficiency [D7, H7, 
U121. There are two 21-hydroxylase genes in humans, 
one of which is a non-functional pseudogene; if any of 
the inactivating sequences in the pseudogene are 
introduced into the functional gene by gene conver- 
sion, there will.be a deficiency of the enzyme. Other 
examples include spontaneous mutations at the HLA-A 
and thymidine kinase (TK) loci in human somatic cells 
in vuro, in which gene conversion has been shown to 
play a significant role (see [SS]). 

(b) Radintion-induced mutations in mnn~malinn 
experimental systen~s 

151. Data from mouse mutation studies (with x- or 
gamma- and neutron irradiation) have provided most 
of the information on the genetic effects of radiation. 
They have been reviewed from time to time [E4, F3, 
F4, R8, R9, R10, S1, S3, S4, S5, S6, S7, S13, S19]. 
Points of interest include the following: 

(d) the rclalive frcqucr~cy of various molecular 
ch:~ngcs see11 i n  111c ~nutiitionnl event differs 
betwccr~ s1)oniancous mucation and radiation- 
induced mutation; and 

(e) in mice, tile frequencies of radiation-induced 
recessive and domir~al~t mutations differ. 

152. Russell et al. [R3], in a detailed genetic and 
n~olccular characterization of large numbers of speci- 
fic-locus mutations collected at the d, se and c loci, 
have shown that the simple phenotypic classification 
of specific-locus mutations can effectively separate 
mutations into Ihe followil~g three categories: multi- 
locus deletions, presunled intrageriic mutations and 
viable null mutations. Conlparisons between rnutations 
induced in different germ-cell stages, spontaneous 
niutations and rllutations induced by low-LET radia- 
tion, neutrons aud ethylnitrosourea (ENU) have shown 
that there are marked qua1 itative differences between 
spontaneous and induced n~utations and between muta- 
tions induced by low-LET radiation, neutrons or ENU 
in dirfercnt germ-cell types. A total of 264 radiation- 
induced mutations and 45 spontaneous mutations were 
classified in this way. Most of radiation-induced 
rnutations studied in the mouse and in mammalian in 
~i t ro  systems, however, are either presumed to be or 
actually den~onstrated to be DNA deletions; however, 
the relative proportions of point mutations versus 
deletions vary with the locus and the test system under 
study [S7]. In one study [R13], 31 mutations were 
anaiysed by Southern blot analysis with a tyrosinase 
cDNA clone and with other probes, which identified 
13 radiation-induced and one spontaneous mutation to 
be deletions or rearrangements ranging from 36 to 
2,000 kb. The fact that such large viable deletions can 
be recovered suggests that 1 or 2 Mb of DNA includ- 
ing and surrounding the c-locus harbour no genes 
essential for viability or fertility. 

153. There are also hot spots for radiation-induced 
breaks, as observed in the chromosomes of blood 
lynlphocytes in human radiotherapy patients. These hot 
spots are in T bands, which are very rich in both GC 
and Alu sequences, suggesting that at least some 
radiation-induced deletions may arise by mechanisn~s 
similar to those inferred for naturally occurring 
deletions mediated to Alu sequences [R13]. (T bands, 
which are a subset o r  R bands, represent only 15% of 
all bands, but contain 65% of mapped genes and 42% 
of x-ray-induced breaks [S7]). 

(a) spermatogonia, post-meiotic male germ cells and 
mature and immature oocytes differ in their 154. The findings in mouse studies are consistent with 
sensitivity to the induction of mutations by the view that in mouse germ cells, most radiation- 
radiation; i~~duced mutations are DNA deletions. This has now 

(b) the yicld of mutations varies between gene loci; been shown to be the case by molecular rnelhods for 

(c) a majority of radiation-induced mutations are a number of mutations [S4]. However, most work 
lethal in the homozygous condition (i.e. two done on the cffects of germ-cell irradiation have been 
copies of the same mutant gene); done in males; remale germ cells may have very 
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different susceptibility to difcerc111 typcs of i~~duced 
mutation at differci~t stagcs. Surprisingly largc dclc- 
lions can bc tolerated in viablc mice [CIX]. 

155. Data on the i~~duct io t~  of niutations that lcad to 
obsenjable congc~~ital structural abnorni;~litics in thc 
progeny of irradiated mice suggest that thcsc abaor- 
malilies are not very sci\sitive cnd-points. In addition, 
it should be mentioned that different strains of mice 
may have different sensitivities to radiation [N15, 
N161, although the work of Favor et al. [F17, F18] 
suggcsts no strain differences when using radiation 
and cthylnitrosourea. 

156. From available studies that have analyscd thc 
molecular nature of mutations, the following con- 
clusions nlay be drawn: 

(a) ionizing radiation induccs vcry few point 
mutations; 

(b) whcn ionizing radiation induces mutations in 
enzymatic proteins, the changcs lcad to altered 
enzyme activity or lack of enzyme activity; the 
molecular changes may include a mixture of 
events at thc DNA level, ranging from point 
mutations to intragenic DNA deletions, niulti- 
locus deletions, or rearrangements; 
the limited data on radiation-induced mutations 
at the haemoglobin loci in mice suggest that 
radiation induces deletions, duplications and 
translocations, but not point mutations. 

The fact that radiation-induced mutations are likely to 
differ from spontaneous mutations in thc typc of muta- 
tion produced, the frequency and the sites affected 
musl also be considered, and indeed cxpectcd. Thc 
above examples offer a convincing argunicnt that a 
simple, direct correlation between thc number of 
mutations and the degree of n ~ u t a t i o ~ ~  damage would 
bc exccedirlgly difficult, if not impossible, to demon- 
strate in either animal or human studics. 

2. Protein studies 

157. Quantitative and qualitative protein variations i n  
the children of atomic bomb survivors were examined, 
using a variety of methods. Prcsurned new  nuta at ions 
were verified by carefully cxcluding false paternity. 
No increase in comparison with the controls was 
observed. The number of loci scrceried was 6.67 10' 
in the exposed group (parents within 2 kni of thc 
centre of the atomic bombings) and 4.67 10' in the 
non-exposed group. Three ncw mutants wcrc idc~~tificd 
in each group. The mutation rates per locus per 
generation were cstirnatcd to be G 1 0 ' ~  (95% CI: 
2-15 exposed group) and 6.4 (95% CI: 
1-19 loe6: non-exposed group) IN7, N9j. 

158. For t l~c  ~ n o ~ ~ i t o r i i ~ g  of large populatio~i groups, 
a~iotllcr ;~pproach has bccu suggested that avoids the 
logistir;~lly   no st difficult part of protein studies, 
l ~ a ~ ~ l e l y  conhcting t l~c  fa~nilics and collecting tlie 
blood snml)lcs IV91. In most counrries, practically all 
ncwbonis :ire scrccncd for i~~l~cr i tcd  metabolic diseases 
such as pl~rr~ylkcto~~uria (PICU). A few drops of blood 
are put on a special tcst card that is sent to a screening 
ccntre. A rncthod has been developed by which 
hacmoglobin (Hb) and othcr protcins can be extracted 
from this card and studied by clcclrophorctic mcthods 
[A4]. In a pilot project in Japan. blood samples from 
40,003 newborns (for Hb variants) and 30,659 indi- 
viduals (for other protein variants), were screened, 
representing altogether 722,719 gene loci. In three 
instances, the transmission tcst was negative but there 
was no cvidcnce for non-paternity. These three indi- 
viduals call be regarded as new mutants. From these 
data, the followi~~g mutation rates were estimated: 
5.2 per locus pcr generation, 2.0 per codon 
and 6.0 loe9 per base. These data are in good agree- 
ment with other spontaneous mutation rates (see 

IVlOl). 

159. Givcn the number of offspring included in the 
study by Neel el al. [N9] and the relatively low 
gonadal cxposurc of parents in the exposed group, it 
would be premature to use these data to speculate on 
the biological mechanisms of radiation-induced muta- 
tions. But one likely conclusion can bc drawn: 
medium- to low-dose irradiation in humans does not 
induce an unexpcctcdly large number of rnutations 
detectable at the protein level. As discussed later, 
radiation does not cause significant visible genetic 
darnage in humans in the next generation, and the 
result for proteins just noted seems to decrease the 
likelihood that radiation could enhance the long-term 
genetic load ill the human population by producing 
many rcccssive mutations. Mauy radiation-induced 
rccessivc mutations in the mouse are deletions, as 
evide~~ced by studics with thc scvcn rccessivc test loci 
Im]. From widcsprcad experience in medical genetics 
it  would bc expcctcd that such dclctiom, if induccd in 
human gene loci coding for hiown enzyme proteins, 
would reduce cnzymc activity by about one half. Such 
cflects have not bccn observed at a highcr rate ill 
childrcr~ of irradiated parents in Japan. 

160. The mcthods for assessing protein variants in 
child re^^ of parents exposed to the atomic 1,ombirrgs 
tend to be very time-consumii~g and personnel- 
intcnsivc. They rnigl~t be applicable to the mo~~itoring 
of a limited population group that has becn cxposcd to 
rclativcly high doses of radiation (or any other 
mutagenic agent), hut they are not suilcd Sor the long- 
term screening and monitoring of large population 
groups. 
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D. SUMMARY 

161. The estimation of additional genctic risk is 
nieaningful only in relation to the spontaneous muta- 
tion rate. Thus, in attempting to calculate the genetic 
consequences of any agent including radiation, it is 
essential to begin with an accurate estimate of the 
background incidence rate for a given genctic disease 
or congenital anomaly. 

162. There are now numerous registries of birth 
defects worldwide, each with unique features and each 
with advantages and disadvantages; these should all be 
taken into account when attempting to assess the back- 
ground incidence for human populations in general. 
Access to multiple registries allows the devcloprnent 
of fairly accurate background rates for congenital 
anomalies. Registries have different incidences of 
different anomalies with regional, ethnic and temporal 
variations in specific birth defects. However, when 
they are taken all together, fairly accurate background 
incidences for various congenital anomalies can now 
be established. Anonialies that are subject to 
environmer~tal influences, such as neural tube defects, 
can be identified as varying with social class and 
region. 

163. There is a consistent finding in all populations of 
2%3% incidence of serious congenital anonialies that 
will alter the length of life or ability to function 
normally without medical intervention that are ascer- 
tained in newborns. Another 2%-3% of serious con- 
genital anomalies are ascertained by 5 years of age. 
An additional 5%-13% of niinor anomalies are found 
in all populations. 

164. Dominant mutations, together with X-linked 
mutations, are usually considered to provide the most 
important contribution to an increase in genetic discase 
that results from exposure to cnvironmcntal mutagens. 
Contributions from autosomal recessive mutations 
would have less impact initially and would 1101 be 
expected to be evident for many generations. 

165. There is general agreement on the background 
incidence of autosomal dominant disorders. There is 
even less difficulty in establishing a baseline for 
autosomal-dominant diseases that have a strong 
selective disadvantage, the prevalence of which is 
maintained in the population by an equilibrium 
between constant mutation pressure and selection. 
These sentinel mutations are expected to indicate 
increases in the mutation rate caused by a new 
mutagenic agent in the environment. However, sentinel 
mutations are too rare to provide a basis for estimating 
realistic mutation rate increases. Continuous screening 
of very large populations would be required, but from 
rhc experience accumulated so  far, it is extremely 

unlikely Illat I~umen populi~tions will ever be exposed 
to ruulagcnic agellts that will cause an observable 
incrcasc above the ~latural rate of mutation. 

166. Other factors, such as paternal age, may greatly 
inflt~e~lcc the rate of occurrence of cenain autosonial 
do~llinant co~lgcnital anomalies; thus a shift in paternal 
age distribution within a populatio~~ may have a 
greater effect on incidence llian a change in exposure 
to radiation or other mutagenic agents. Maternal age 
may i~ifluencc the rate of chromosomal anomalies such 
as Down's syndronle in a similar fashion. 

167. Both heterozygote advantage and heterozygote 
disadvantage have been observed in autoso~nal reces- 
sive diseases in humans [VlO]. Induced recessive 
mutations may cause hann in four ways: 

partnership with a defective allele already estab- 
lished in the population; 
partnership with another recessive mutation 
induced at tile same locus; 
the fomlation of homozygous descendants of the 
induced mutation; that is, identity by descent; 
heterozygous effects (i.e. a carrier of the gene 
may have adverse effects). 

Estimates of the nianifestation of homozygotes in 
future generations depend critically on the assumptions 
made about consanguinity rates. 

168. The incidence of visible structural anomalies or 
unbalanced translocations in chromosomal discase has 
been based on population studies on newborns; they 
do not include data from studies on spontaneous abor- 
tions. Most fetuses with numerical chromosomal ano- 
malies (e.g. monosomy or trisomy) do not survive to 
birth. Thus, any radiation-induced increase of non- 
disjunction and/or early chrornosome loss is likely to 
lead to an increase in the rate of spontaneous abortion 
rather than to an increase in chromosomally abnormal 
newbor~~s. Thus, any increase in structural and numeri- 
cal chrornosornal aberration among newborns attribut- 
able to additional radiation of the parents would very 
probably be small and would depend on the age struc- 
ture of the population. 

169. I t  is important to estimate the mutational 
componcnt of the incidence of congenital malforma- 
tions. This involves estimating tbe frequency and 
degree of genetic determination of single anomalies 
and their modes of inheritance, which is very difficult 
to do, and indeed must be individualized. The complex 
genctic basis of most malformations makes it almost 
impossible to be sure of the effects of specific 
chcniical or physical agents such as radiation. 

170. In addition to multiple types of DNA damage 
leading to Iierikable mutations (i.e. single base dele- 



ANNFX G: IIEREDITARY EFFECE OF RADIATION 753 

lions, base-pair modifications, strand breaks, base-pair 
substitutions, nondisjunction etc., leading to nonsense, 
niissense, frameshift, chrornosonial ltiutations etc.), the 
site of a particular mutation must be taken into 
account when attempting to analyse its impact on 
genetic risk. Structural mutations occur in the coding 
region of a gene, altering the protein product of a 
single gene. Mutations in regulatory regions rnay 
affect the amount of gene product expressed or the 
time at which it is expressed. The type of gene in 
which a mutation occurs, e.g. a gene with limited 
function or a gene coding for a rcgulatory factor, will 
influence the extent of the mutation's harm to the 
organism. Failure of crossover during meiosis can lead 
to nondisjunction and may have a serious detrimental 
effect on the organism (chromosomal effects). Muta- 

tions in one region of a gene may produce a pheno- 
type that is completely different from that caused by 
a mutation within another region. Mutations that upset 
l l ~ e  tirning of events nlay produce unpredictable results 
(heterochronic effects). 

171. I t  h;~d bee11 assumed that DNA daniagc was the 
only concern in radiation damage, but it now appears 
that chaliges in other components of the cell structure, 
such as the mitochondria, may have effects that are 
transmitted to subsequent generations. Mutations that 
affect the non-traditional mechanisms of inheritance 
(e.g. the methylation that might be involved in 
genomic imprinting) could affect numerous genes and 
have consequences that might not become visible for 
several generations. 

111. GENETIC RISK ESTIMATION 

172. Radiation exposure of the germ cells of animals, 
and therefore presumably also of humans, causes 
mutations and chroniosomal aberrations that in turn 
may lead to genetic defects or diseases in the offspring 
and in later generations. Studies of atomic bomb 
survivors, industrial accidents and occupational and 
medical exposures have allowed some rough estimates 
to be made of genetic effects following human expo- 
sure to radiation. However, the paucity of direct 
observations regarding the genetic effects of radiation 
in humans has led to considerable uncertainty in the 
estimates of overall genetic risk and of the relative 
proportions of the various types of mutations that may 
occur from radiation. Animal experiments, most of 
them in mice, have been undertaken in an attempt to 
further quantify these effects. Although mice or other 
animals and humans differ in many ways that are bio- 
logically important, it has been necessary to assume 
similar responses in extrapolating the results of mouse 
and other animal studies to human populations. 

173. In previous UNSCEAR Reports, the Comniittee 
described the various methods used to make genetic 
risk estimates and applied them to the available data. 
The history of these and other attempts to estimate the 
genetic risk of radiation has been described by San- 
karanarayanan (S2, S3, S4, S5, S8]. Much has been 
learned about the limitations of these mctbods and 
about the molecular nature of the mutations that must 
be taken into account in estimating risk. 

174. In the early 1970s, the following conclusions 
were derived from studies of animals, predominantly 
mice, and they were thought also to apply to hun~an 
beings [S13, V61: 

(a) even at a relatively low dose, radiation leads to 
a sterile phase in males because it kills most of 
the spermatogonia; the testicular tissue is later 
repopulated by repeated division of a few espe- 
cially resistant A spermatogonia; 

@) in the male mouse, a majority of visible 
chromosomal aberrations that are present in the 
F, offspring are induced in the pre-sterile phase, 
i.e. in postnieiotically irradiated male germ cells. 
Thus, if a human male is irradiated, chromoso- 
mal aberrations are not likely in the next 
generation unless conception occurs less than 
about 6-8 weeks after irradiation; 

(c) in the female mouse, chromosomal anonlalies 
may be induced, most of which lead to the death 
of the zygote at a very early stage of develop- 
ment (equivalent to early abortions in humans). 
The same is true for chromosomal aberrations 
that are induced in male germ cells and that are 
present in the zygote; 

(d) in the hours around fertilization there is in- 
creased susceptibility to the induction of aneu- 
ploidies, especially the loss of single chromo- 
somes, e.g. the X-chromosome; 

(e) acute irradiation at relatively high dose leads to 
a considerable increase in recessive mutations in 
both sexes; 

(0 a strong dose-rate effect has been observed in 
spermatogonia and in oocytcs: chronic irradiation 
induces only about one third of the recessive 
mutations that are induced by acute irradiation. 
A dose-rate effect is also present for predisposi- 
tion to dominant mutations: 

(g) many radiation-induced mutations, especially 
those induced in postspermatogonial cell stages, 
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have bccn idcntificd as dclctions. Many induccd 
rccessivc mutatio~~s wcrc found to bc lethal in 
thc hornozygous state; 

(h) dominant ~nu ta t io~~s  with clear-cut phc~rotypic 
cffccls and ful l  pcllctrarlcc arc induced relatively 
rarcly; tlorninir~~t cfSccts within r~lultifactorial 
gcnctic systca~s, c.g. n~ulations affecting thc skc- 
leton, appcar to bc nlorc common. Howevcr, be- 
fore extrapolating this rcsult to Ilumans, the 
much casicr and more dctailcd asscssmcnt of 
human anonialics should be considcrcd; 

(i) most translocations induccd in spermatogonia are 
unablc to pass through mciosis; they do not lead 
to abortions or to malformcd offspring. 

These conclusions have sincc bccn supplemcntcd on 
the basis of data t r o r ~ ~  further studics in animals and 
humans. The results of thcsc studies will bc discussed 
in the following Scctio~ls. 

A. IIUhlAN STUDIES 

1. Genetic follow-up studies 
on the survivors of the u ton~ic  bombings 

175. While people who were exposed to radiation 
havc becn shown to suffer dircct cffccts from that CX- 

posurc, such as incrcascd cancer rates, the data on the 
survivors of the atomic bombings of Hiroshin~a and 
Nagasaki indicatc that acutc irradiation at modcrate 
doscs has a negligible advcrsc effect on the health of 
the subsequent generation. Any minor effects that may 
bc produced are so sniall that they are submerged in 
the background noise of naturally occurring mutational 
effects; they havc not bccn dcmonstratcd cven by the 
refined epiden~iological nlcthods Lhat have been 
employed over the last five decades [N7, N8, N9]. 

176. The first steps towards organizing a genetic 
follow-up study at Hiroshinia and Nagasaki wcrc takcn 
in 1946, and the full prograllilllc was initiated in 1948. 
Now, aftcr 45 years, that programme, co~\ducled by 
the Radiation Effects Rcscarch Foundation (formerly 
the Atomic Bomb Casualty Comn~ission), has become 
the largest and longest-running exercise in gcnetic 
cpidcmiology cvcr carried oul. In rcccnt years, the 
significance of the study has bccn greatly enhanced by 
the revised radiation dosc cstirnates for survivors that 
became available in 1986. All of thc accumulated data 
havc now bccn analysed oa the basis of the rcviscd 
dosc system. 

177. The study has had two pl~ascs. In the early yean 
(1947-1954), because of t l~c  Jiipancsc ration system, it 
was possible to rcgistcr virtually all pregnant women 
in 111c two cities at the end of the filth month of their 
pregnancy and to arrange that once the child was born, 

i t  would he cxamincd by a Japnncse physician cspe- 
cially instructed i l l  tllc diagnosis of congenital mal- 
fonnatiors. Thc first phasc of tllc study collcctcd the 
following data OII  cacl~ cl~ild: prcscncc of co~~gcnital 
dcfcct, viability at birth, su~vival through the first two 
wccks oS lifc, birr11 weight ant1 scx. What n~adc it un- 
usual was that bccausc of tllc prc-birth registration, i t  
was a prospcctivc study cn~bmcing a total ncwborn 
population; studics of [his typc arc lcss pronc to bias 
than rctrospcctivc studics, i n  which at some fixcd date 
one attcnipts to rccorlstruct I)regllancy outcomes over 
a prcccding pcriod. About o r~e  Lt~ird of the infants who 
wcre cxaniincd undcr this study wcrc reexamined at 
the age of 9 months. All childrcn born bcforc May 
1946 wcre cxcludcd fro111 thc study of heritable gcne- 
tic cffccts, sincc tiley niay have been conceived prior 
to thc bombings and rcccivcd it1 rrfero cxposurcs [N3]. 

178. In the sccol~d phasc of thc study (1954 to the 
present), the births continucd to bc registered until 
1985, but tllc c l i~~ical  progmmmc was terminated. The 
data now collcctcd arc on tlic survival of livcborn 
infants, thc occurrcncc of cancer in the children and, 
for selected subscts of the rcgistcrcd children, physical 
development, the prcscncc of chronlosome abnormali- 
ties and the occurrence of mutations that alter certain 
characteristics of the proteins of blood scrurn and red 
blood cells. The birth rcgistry was also extended 
backwards in time, to ir~clutlc all i r ~ f a ~ ~ t s  boni bctwecn 
1 May 1946 (i.e. conceived aftcr the bon~bings) and 
Dcccmbcr 1947 (aStcr thc laltcr datc ir1San1.s would 
have been registered in the earlier programme). By 
now, the cohort of all children born to survivors of the 
atomic bombings who reccivcd significant exposures 
to radiation at the t i~nc  of Ihc bombings and who still 
live in Hiroshima and Nagasaki is thought to be com- 
plete. Significant exposure to radiation is defined as 
having becn within 2,000 mctcrs of the hypocentre of 
ci~hcr bomb; individuals in this catcgory are spokcn of 
as proximally cxposcd, whilc those more dislant from 
the hypocentre are rcfcrrcd to as distally exposed. The 
cohort of chi ldrc~~ bor11 to a parent or parents who 
wcre proximally cxposcd consisls of 31,150 indivi- 
duals. An agc- and scx-~nitlchcd control group of 
41,066 children was established by sclcction fro111 the 
much larger group of child re^^ in the two citics born to 
parents in the distally cxposcd calcgory. Thc nurnber 
of childrc~~ draw11 from U~csc cohorts for the second 
phase of tlic study varicd according lo thc indicator. 
The average gonadal dosc (parests combined) for the 
proximally cxposcd catcgory was about 0.4 Sv, the 
actual dose varying sonicwl~at from s~udy  to study 
dcpcriding 011 which rh i ld rc~~  wcre irlcludcd. The dosc 
curve is quite asyn~~l~ctrical ,  skcwcd to thc rig111, with 
somc parcnts 11avi11g rcccivcd combincd gonadal doscs 
as high as 2.5 Sv [N7, N8, N9j. T l ~ c  rcsulls of the 
various end-poi~ils studicd arc summarized in the 
paragraptis below. 
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179. Unloward pregnancy orrtcorne. Bccal~se major 
congenital defect, stillbirll~ and nconatal death arc 
inter-related, thesc cnd-poi~lts hirve been treated as a 
sinplc entity, tcnncd "untowilrd pregnancy outcon~e" 
and defined ils an o~~tconle resulting in ii cliild wid1 
major congenital dcfcct and/or a stillbirth and/or death 
within thc first two weeks of life. Bctwcc~l 1948 and 
1954, data wcre collected on tllcsc outconles for a 
total of 76,617 birhs in Hiroshima and Nagasaki; data 
on 69,706 of them were sufficic~~tly co~~iplete in all 
rcspects to pcrmit inclusion io the analysis [H3, 021. 
In later analysis the category of untoward pregnancy 
outcome is separated into stillbirths and congenital 
anomalies, giving eight end-points in all for analysis. 

180. Pre-reprcxiucfive deaths among liveborn 
children (exclusive oJ those resulting Jrom a mal- 
ignanl fumour). The frequency of death of live-born 
children has been analysed through 1985, when the 
mean age of the members of the study groups. if still 
surviving, would have bcen 26.2 years. In the two 
cohorts assembled for the sccond phase of the study, 
thcrc are 67,202 individuals, among whom there had 
becn 2,584 deaths by 1985 [K3, N3, Y2]. 

181. Cancer incidence. Data on nlalignancies 
occurring before age 20 have bcen collected on all 
children born at Hiroshima and Nagasaki after May 
1946, i.e. on all children co~~ccived following the 
exposure of their parents and on a suitable set of con- 
trol children in the two citics. There wcre 43 mal- 
ignant tulnours in the 31,150 children of proximally 
cxposed parents and 49 such turnouts in 41,066 child- 
ren of distally exposed or unexposed parents. The 
incidence of leukaemia (a malignancy of particular 
interest because of the study of Gardncr et a]. [G2], 
see Section 111.A.2) is essentially the same in the 
children of parents one or both of whom were proxi- 
mally exposed as it  is in the children of parcnts who 
were not significantly exposed [Y 11. 

182 Frequency o/ certain types o j  chro~nosomal 
abnormaliries (balanced strucfural rearrangements oJ 
chromosomes and abnormalities in sex chromosome 
number). Among the 8.322 childrcn of the proximally 
exposed who were studied, 19 showcd scx-chromo- 
some abnormalities and 23, chromoson~al rearrange- 
ments; among the control group of 7,976 childrcn. 24 
showed sex-chromosome ab~rormalitics and 27, chro- 
mosomal rearrangements. Since there is no known 
instance of a parcnt with a sex-chromosonlc abnor- 
mality transmitting it to a child, all children with 
sex-chromosome ancuploidy were assu~iled lo result 
from a mutation in h e  gcnll cclls of thc preceding 
generation. With respect to the chro~nosonlal rearran- 
gements, only one child in each group was shown to 
result from a mutation in the preceding generation 
lA6]. It must be noted, howcvcr, that the youngest 
children in the chromosome study were 13 years of 

age at thc start of the study, and the study dius could 
not bc cxpccted to yield adequate data on h e  fre- 
quency of cytogcnctic arlon~alics associated with 
increased mortality rates, such as unbalanced auto- 
somiil structural rearra~~gcrrlcllts and autoso~nal tri- 
somics. Most paticnts with these aberrations will 
already llavc dicd by tllc agc of 13. A possible exccp- 
tion is Down's syndronlc (i.e. lriso~ny 21), but cvcn in 
thcse cascs, a high pcrceotage of thc paticnts may 
have dicd during childhood and early youth, mostly 
from rccurrcnt infections but also from congenital 
n~alforniations of the hcart and other organs, given the 
living conditions prevalent in post-war Japan. The data 
on sex chromosomal abnormalities and balanced auto- 
somal structural rearrangements should, however, be 
relatively unbiased. 

183. Frequency o/ mutations aJJecfing certain 
characteristics oJ proteins. A total of 667,404 tests 
were performed for protein mutations that alter elec- 
trophoretic mobility or enzyme activity in the children 
of the proximally exposed parents, and 466,881 tests 
were pcrfor~ned i n  the childrcn of parents who did not 
receive significant exposures. The appropriate family 
studies on the 747 rare protein variants dctccted 
revealed that there wcre four mutations in the children 
of the proximally cxposed and three in the control 
children [N4]. 

184. Sex rafio. The most pertinent data on the effect 
of parcntal radiation on sex of the child derives from 
the situation where the mother was exposed and the 
father unexposed. In this case, the sons would be 
expected to manifest the deleterious effects of radia- 
tion-induced X-linked dorninant and X-linked reces- 
sive mutations as well as loss of the Y-chromosome, 
whereas the daughters would experience the effect of 
only the dominant mutations. A radiation effect should 
manifest itself as a relative decrease in male offspring, 
i.e. the sex ratio (male birthslfemalc births) should 
decrease. In fact, at the time the data were last 
analyscd, there was an insignificant increase in the sex 
ratio, i.e. the data were counter-hypothesis [SIO]. 

185. Physicul developrrrent of child. The physical 
development of a subsct of the childrcn of exposed 
and control parcnts was studied at birth and at age 
8-10 months IN31 and during the school years [F l l ,  
F12, F13, F14, FlS]. The data for the most part per- 
tain to height, weight, and chest circumfcrcnce. 

186. A variety of analyses of these seven data sets 
(and in later publications prcscnted as eight data sets) 
has failed to reveal a statistically significant effect of 
parental radiation on the indicator. T l ~ e  average conl- 
bincd gonadal dose of acute ionizing radiation re- 
ceived by lhe proximally exposed parents (0.4 Sv) 
approxinlates that which in tbc past had been esti- 
mated to bc a gc~lctic doubling dose for mice. The 
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statistical power of these studies is sucli tllat the 
absence of an effect of parental exposure to the 
bombings on any of the indicators suggests that 
humans may not be as sensitive to the genetic effects 
of radiation as had for some years been projected on 
the basis of the murine doubling dose data. 

187. The argument can bc, and was, carried a step 
further. The investigators of the genetic effects of the 
atomic bombings accepted the proposition that some 
mutations did indeed result lrom the exposures to the 
atomic bombings and that this corpus of data should 
reflect the first-generation impact of these mutations 
on the population. The proposition was bolstered by 
the increase in chromosomal damage and somatic cell 
mutations observed in lymphocytes and red blood cells 
of the atomic bomb survivors [A7, Nl], as well as by 
the increase in leukaemia and other malignant neo- 
plasms in survivors [P3]. Accordingly, an effort has 
been made to estimate from Uiese data the doubling 
dose of radiation for humans [N7, N9]. The doubling 
dose (relative) approach was felt to be imperative in 
this setting, as it would confer a perspective on the 
relative risks of radiation that would be lacking with 
the direct (absolute) approach. But although siniple in 
principle, the doubli~ig dose concept has been difficult 
to implement: for the estimate to have maximum 
accuracy, it requires the widest possible spectrum of 
genetic end-points, each weighted as to its importance 
in the total phenotypic burden imposed on a popula- 
tion by spontaneous mutation. 

188. The doubling dose approach requires estimating 
the contribution of spontaneous mutation in the paren- 
tal generation to each indicator anomaly or mutation. 
For technical reasons, this is not feasible for the sex 
ratio and the physical measurements. The approach 
also requires deriving a simple linear regression of 
each indicator on dose. This was judged to be not 
justified for balanced chromosomal rearrangements, 
where only a single mutation was observed in the 
children of both exposed and of unexposed parents. 
There remained five indicators from which to derive 
the regressions. (Since the data for tbe three indicators 
that were eliminated from Uie calculation did not sug- 
gest a radiation effect, their elimination should not 
bias the calculation.) 

189. To derive a doubling dose, the impact of 
spontaneous mutation on the indicator in the parental 
generation must be estimated for each indicator. The 
value for sex-chromosome aneuploids and for loci 
encoding for proteins may be directly determined from 
the appropriate family studies. The value for the olher 
three indicators has been estimated from the genetic 
literature. These three estimates are relatively uncer- 
tain and should improve with time. The background 
incidence for these indicators and the parental 
mutational component in the indicator, expressed in 

absolute ler~ns and as a per ccnt, are given in Table 4 
[NS). The range given for three of the indicators 
reflects uncertainly as to t l~e  exact magnitude of the 
rnutatio~ial coniponcnt. 

190. Tile data can be used for two different types of 
alculations. In Table 4, the doubling dose of radiation 
in relation to the contribution of spontaneous mutation 
to tlie i~ ld ia tor  has been calculated lor lower confi- 
dence liniits of 99%, 95% and 90%. In principle, such 
estimates nlay be conlbincd if it is assumed that the 
true doubl i~~g dose is the same for all the phenomena 
under study. Such an assumption is not-warranted in 
this situation, the radiation literature suggesting that 
the doubli~lg dose lor the genetic phenomena resulting 
in untoward pregnancy outcomes, F1 (first generation) 
niortality and F1 cancer may be lower than the doub- 
ling dose for sex chromosome ancuploids and the 
nucleotide substitutions, which were Ihe predominant 
end-points of the protein studies. The minimal 
doubling dose at  he 95% probability level for the first 
three indicators colnbined was estimated to be between 
0.63 and 1.04 Sv; for the last two, it was estimated to 
be 2.71 Sv. 

191. Since these five end-points are essentially inde- 
pendent of one another, the most probable doubling 
dose for the totality of phenomena measured by these 
end-points can be obtained by summing these five 
regressions, summing the estimated contribution of 
spontaneous niutation to the various indicators and 
dividing the latter by the former [Ng]. 

192. The resulting estimate was between 1.7 and 
2.2 Sv, with the range again reflecting some of the 
uncertainty in estimating the contribution of the 
parental mutation to the end-point The investigators 
considered this estimate conservative, for two reasons: 
(a) as noted, certain indicators for which there is no 
evidence for a radiation effect could not, for technical 
reasons, be included in the estimate, and @) the data 
on socio-econornic status, which were routinely 
collected on a subset of the population, suggested a 
slightly lower status for the proximally exposed 
survivors [K3]. This fact might increase the fiequcncy 
of untoward pregnancy outcomes arid death among 
live-born infants in this group and so give ail upward 
bias to the estimate of the genetic effect of radiation. 

193. As the investigators pointed out, thc extra- 
polation of these results to the effects of chronic (or 
small and internlittent) exposures to ionizing radiation 
requires ihe selection of an appropriate dose-rate 
reduction factor. For the murine data, which was for 
the most part collected at doses of 3 and 6 Gy, a dose 
rate reduction factor of 3 has been employed. In the 
light of the much lower gonadal exposures exper- 
ienced by proximally exposed survivors a t  Hiroshima 
and Nagasaki, the investigators elected to employ a 
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dose rate redilctiorr factor of 2 (N61. This resulted in 
a minimal estimate of the doubling dose for humans 
for chronic exposure to ionizing radiation, approxi- 
mately 4.0 Sv. 

194. The error in this estimate is indetcrnlinate but 
must be considerable. First, there is the statistical error 
inherent in the estimation procedures, which is rela- 
tively large in relation to tlie regressions. Next, there 
is the error inherent in the present uncertainty con- 
cerning the contribution of parcntal mutation to such 
indicators as untoward pregnancy outcomes and early 
death. In addition, there is a potenrial error in the use 
of a dose-rate reduction factor of 2 in extrapolating 
from the effects of acute to chronic radiation. The fact 
that three additional indicators could not, for technical 
reasons, be incorporated into the estimate renders i t  
conservative, as was already ~nerrtioned, but does not 
reduce its error. Finally, the human controls are not as 
accurately defined as would be the controls in a simi- 
lar mouse study. Although the control parelrts were 
taken from the distally exposed group (they had been 
2.5 km or more from the hypocentre of the bomb), it 
is not possible to ascertain that they were 1101 exposed 
to radiation from other sources. 

195. Some further guidance as to the lower limit of 
this estimate may be derived from the fact that al- 
though the average conjoint parental dose of acute 
radiation experienced by the proximal survivors was 
0.4 Sv (a dose which in past UNSCEAR Reports was 
thought on the basis of murine experiments to approxi- 
mate a doubling dose for acute exposures), it was not 
observed to have a significant effect on any of the 
eight indicators (see paragraph 186). This would be 
very unlikely if the true doubling dose for acute 
radiation is as low as 0.4 Sv. From the lower 95% 
confidence limits cited earlier, it seems unlikely that 
the human doubling dose for acute ionizing radiation 
under these circumstances is less than 1.0 Sv, and for 
chronic ionizing radiation, lcss than 2.0 Sv. The 
estimation of the doubling dose for hullians must be 
regarded as a dynamic and continuing process, subject 
to revision as further data become available. Further- 
more, it must be recalled that any estimate of the 
doubling dose is time- and place-specific, reflecting 
the genotype-environment interaction at a particular 
time. This is certainly true of the estimate based on 
the Hiroshima-Nagasaki experience. 

1%. In evaluating Lhe importance to be accorded to 
the results of this study vis-a-vis the results of the 
more controlled murine experiment (see following 
Sections), four considerations stand out: (a) it is based 
directly on human data, @) the indicators (congenital 
malformation, early death, cancer and syndromes attri- 
butable to sex-chromosome aneuploidy) are highly 
relevant to human affairs, (c) since the study includes 
virtually all the children ever to be boni to exposed 

parents at Hiroshima and Nagasaki, it provides a total 
appraisal of the genetic effects of exposures to the 
atomic bonlbings rather than a snapshot in time, (d) 
the findings are of necessity obtained at doses compa- 
tible wilt1 human survival and hence do not require the 
degree of extrapolation from the much higher (for 
humans, unrealistically higher) doses employed in the 
murine experin~ents. 

2. Epiden~iological study of leuhernia cases 
st Sellafield 

197. Marly epidemiological studies have been carried 
out 011 populations exposed to radiation [A2, B.5, C7, 
C11, C15, D3, K7, LA, S8]. One in particular raised 
concern about the harmful hereditary effects of chronic 
exposure. In 1990, Gardner et al. [GI, G2] reported 
the results of a case-control study of leukaemia and 
lymphoma among young people near the Sellafield 
nuclear plant in the United Kingdom. The study in- 
volved 52  cases of leukaemia and 22 cases of non- 
Hodgkin's lymphonla. The increased incidence of leu- 
kaen~ia among children near Sellafield was associated 
with recorded whole-body penetrating radiation to the 
fathers who worked at the Sellafield plant before con- 
ception. The authors suggested that the radiation 
exposures of the fathers caused mutations in their 
germ cells that, when transmitted to their children, 
caused those children to develop leukaemia. The 
authors pointed out that since low doses were in- 
volved, there were important potential implications for 
radiobiology and for the protection of radiation 
workers and thcir children. Those fathers who were 
employed at the Sellafield nuclear plant and whose 
children developed leukaemia had received total doscs 
of 2100 mSv before conception and doses of 210 mSv 
in the 6 months before conception. 

198. The implications of Gardner's conclusions, if 
correct, would be far-reaching, since they suggest that 
as small a dose as 10 mSv, delivered at a low dose 
rate to the fathers, is sufficient to cause a large in- 
crease in the incidence of leukaemia among their 
children. The authors point out that their results on 
leukaemia conflict with the results available for 
children of parents exposed to radiation at Hiroshima 
and Nagasaki; they suggested that the difference might 
be explained by the fact that the exposures in Japan 
were acute, with a high dose rate, and those in 
Sellafield were chronic, with a low dose rate. 

199. From extensive studies in mice it has been 
known for some time that chronic exposure over a 
prolonged period has an important effect on mutational 
response to radiation. However, that effect is in the 
opposite direction from that hypothesized by Gardner, 
since protracted radiation induces only one third as 
many mulalions in spermatogonia as high-dose-rate 
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radiation [R6, R121. Recent results on other popula- 
tions provide no support for the conclusions of 
Gardner et al. [GI, G2]. Indeed, when Yoshimoto et 
al. [Yl ]  calculated the slope of the dose-response 
curve for the incidence of cancer below the age of 20 
years versus conjoint parental dose, using linear 
multiple regression, they found negative slopes bod1 
for leukaenlia and for all cancers combined. (The 
standard error of the slope, in each case, was larger 
than the absolute value of the slope.) The average 
radiation exposures of the survivors of the atomic 
bombings were much higher than those of the fathers 
employed at the Sellafield nuclear plant. 

200. In addition, the statistically significant increase 
in relative risk of leukaemia found for fathers employ- 
ed at the Sellaficld nuclear plant was due almost en- 
tirely to only four affected children. Most of the other 
affected children had fathers employed in other indu- 
stries. The conclusions of Gardner et al. are incon- 
sistent with expectations from the risk estimates pre- 
sented in this Annex, both from the doubling dose 
method and the direct method. Although the Gardner 
study used accepted procedures and appears to have 
been carefully done, it should be kept in mind that its 
conclusion is based on a correlation and is not consis- 
tent with other observations of exposed parents, and i t  
may be a chance observation. A correlation alone can- 
not show causation. Furthermore, this particular cor- 
relation is heavily dependent on a very small number 
of cases and is contradicted by all of the studies that 
have been done in other populations with similar 
exposures (see paragraph 208). 

201. The chromosomal translocations resulting in 
proto-oncogene activation that characterize the early 
phases of many leukaemias and lymphomas would 
tend to produce phenotypic effects incompatible with 
embryogenesis [E7]. For this reason such events are 
unlikely to be genetic determinants of leukaemia that 
muid account for the Gardner et al. [GI, G2] findings. 
However, specific gene losses are also believed to 
characterize the early phases of some leukaemias 
[Wll] .  Since predisposition to some solid tumours of 
childhood (retinoblastoma and Wilms' tumour) is 
known to involve suppressor gene loss, a germ-line 
origin for some fraction of human leukaemias related 
to loss of specific genes or loss of suppressor gene 
function cannot be excluded as having a possible 
causal relationship in childhood cancer. Even in the 
case of leukaenlia associated with proto-oncogene 
translocation, recent observations imply that germ-line- 
mediated epigenetic events (imprinting) can affect the 
subsequent formation of the translocation in somatic 
cells of the offspring [H16]. In the mouse there is 
more direct molecular evidence of germ-line mutations 
resulting in a predisposition to leukaemiaflymphoma. 
In one case this predisposition centres on the loss of 

the p53 tumour suppressor geue [D8]; in the other it 
centres on changes to the structure of an anonymous 
~eloniere-like repeat scqucnce that may represent a 
heritable cl~rornosomal fragile site [S43]. None of 
these obscrvatio~is scrve, however, to account for the 
extraordinirrily high induced mutation frequency that 
is rieccssary to explain t l~e  epidemiological findings at 
Sellaficld. Modern n~olecular genetic techniques allow 
the identification of the parent from whom a particular 
chro~nosome has been inherited. If it could be demon- 
strated that in every case of leukaemia, the defective 
cliron~osonie(s) was(were) inherited from the father, 
this would at least lend support to Gardner's hypo- 
thesis. I-lowevcr, no such cytogenctic or nlolecular 
studies have been done on the Sellafield cases [E7]. 
Had there been such a biological follow-up, it is likely 
that some of the children with leukae~nia would have 
bee11 foulid to have chromosome rearrangements in 
only a fraction of their somatic cells. Such a finding 
would have bceri more consistent wilh a mutation of 
sonlatic origin rather than with the hypothesis that the 
mutation wme from the father. 

202. A large number, of individually rare genetic 
diseases are known to increase the risk of cancer in 
both the homozygous and heterozygous states. Some 
of these predispose to leukaemia and lympho~na a~td  
others to other types of cancer. Leukaemias wquld be 
expected to make up only a small fraction of the in- 
duced genetic disorders predicted by the risk estimates 
developed in this Annex. Thus, if a dose of radiation 
as low as 10 mSv induced a cluster of leukaemias, as 
suggested by Gardner, that same dose would be ex- 
pected to induce an increase in other diseases in the 
same population. Since no such epidemic of genetic 
diseases has been reported at Sellafield [E7] or in 
long-term follow-up in the Russian Federation [K12, 
P.51 or around other nuclear plants [A2], it seems 
highly unlikely that the conclusions of Gardner ct al. 
are correct. 

203. There are some data from mice that could sup- 
port Gardner's conclusion. Studies by Nomura (N13, 
N14] found that there were significant increases in 
tunlour incidence in the progeny of X-irradiated male 
and female mice in some strains, suggesting that the 
different genetic backgrounds of different human 
ethnic groups could influence radiation susceptibility. 
The dose-effect relationship was clcar-cut for male 
post-meiotic stages and less clear-cut for spermato- 
gonial stages. Oocytes at late follicular stages were 
resistant to x rays in the range 0.36-1.08 Gy but 
highly sensitive to higher doses. At the highest dose, 
5.04 Gy, the tunlour incidence in the offspring was 
around 30% following irradiation of spermatids in the 
male or oocytes in the female. This incidence was six 
times higher than the tumour incidence observed in 
untreated controls. Matings to the F3 generation 
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dcnionstratcd that thc tulnours wcrc hcritahlc and 
dominant, with ahout 40% pcnctrancc on average. 
Sonic strains of rnicc had diffcrcnt scnsitivitics to 
these hcritablc effects of r;~diation. Other strains, 
however, showcd 110 i~lcrcasc in 11criti1t)lc turnours wit11 
cquivalcnt doses of radiation. While ~ h c  dosc uscd in 
Nomura's studies, 5.04 Gy was far higl~cr than that 
calciilatcd for the Sclli~ficld workcrs and well above 
the doubling dosc uscd in cstiliiating genetic risks, the 
studics do indicate that l~critablc turnours can be 
induccd by radiation. 

204. Nomura IN171 has proposed three possible 
reasons for the differences between the Sellafield 
studies and other studics on Irunian populations: 

(a) diffcrcnt gcmi-cell susceptibility to Icukacmia- 
causing mutations il l  Japancsc arid English 
pcoplc (similar to different susceptibility in 
different strains of micc); 

@) different germ-cell stages exposed in the two 
populations; 

(c) different postnatal tuniour-promoting environ- 
ments. 

Nomura noted that lung cancer, for example, had a 
seven times higher incidence in white uranium niincrs 
than in non-whitc miners who had rcccivcd equal 
doses, although this was not a hereditary cffc'ct. He 
cited mouse studics dcmons~ating that thc offspring of 
mice irradiated bcforc conception show persistent 
hypersensitivity to tumorigcricsis whcn cxposed post- 
natally to tunlour-promoting agents, dcveloping 
clusters of tumours. 

205. However, there are difficulties with Noniura's 
conclusions as well. The UNSCEAR 1986 Report [U2] 
reviewed the results of Nomura on the induction of 
dominant mutations causing tumours, and Sclby IS211 
and Sankaranarayanan [S4] also reviewed those results 
in detail. Most of Nomura's results are on pulmonary 
adcnomas. A major difficulty in applying Nomura's 
rcsults to risk estimation is the high control frequency 
found for each end-point studied. Attempts to exlra- 
polate from mice to humans become cspccially unccr- 
tain if only a few diffcrcnt abnormalities are studied 
and if cach of thcm occurs at much higher frequcncics 
in mice than in humans. In addition, the high control 
frequcncics makc i t  much more difficult to evaluate 
the strcnglh of tlie evidence on transmission and 
penctrance. 

206. While Nolnura treatcd his data as if cach oSS- 
spring with a tumour rc~)rcscntcd a dolni~~arit mutation, 
it seems much more likcly that the tuniours were 
threshold traits and that most of the affected offspring 
were non-mutational variants (S211. Although it is pro- 
bable that radiation can induce mutations that predis- 
pose individuals to develop tumours, the extent to 

which it docs so is ur~clcnr Crorn Nomura's work. 
Thcre is no indicatioll 111at piirelib wcrc ra~ldolnizcd or 
that offspring werc codcd in Nomura's expcriincnts, 
arid without such ~)rccaulions it becoriics especially 
difficult to ir1tcrprc.t cxpcri l~~cl~ts for cnd-points having 
suc11 11igl1 colltrol frcqucocics (for cxaniplc, 4.7% for 
pulmonary adcnonlas). According to a report of thc 
Intcrnatio~~al A g c ~ ~ c y  for Rcscarch on Cancer 1121, 
positivc rcsults in lung tunlour bioassay in susceptible 
strains of micc "may be strongly suggestive of carci- 
nogenicity but arc not conclusive by lhcmsclvcs". Thc 
report advises that whcn positivc results are found in 
this assay, rcplicating them in another laboratory 
would greatly increase confidence in thcm, arid a long- 
term, lull-Ucdgcd bioassay might be necessary to 
remove all doubt. 

207. Non~ura's rcsults on pulrnoriary adcnomas and 
leukaemia suggest that the offspring of heavily irra- 
diated lnalc mice should have a high frequency of in- 
duced turnours. A recent slnall cxpcrinicnt by Taka- 
hashi et al. [TS] on liver tutnours supports this view. 
Although it would sccm, Goni this work, that it should 
be easy to find increased numbers of tumours in pro- 
geny carefully autopsied at time of natural death, no 
effect was found by Kohn ct al. [Kg] or by Cosgrove 
et a]. (C19) in mice cxposcd to 5.3-7.2 Gy or 6.0 Gy 
of acute x rays, rcspcctivcly. In both studies the 
offspring of botli experimental and coritrol groups 
developed many tumours, The Cosgrove ct al. study 
also found no diffcrcticc in longevity bctwecn expcri- 
mental and control groups. 

3. Epiden~iological studies 
on otller h u n ~ a n  populations 

208. The Sellafield report stimulated other studies on 
radiation cxposure in hurnari populations as well as a 
reevaluation of previous studies. In addition to studics 
on the Japanese atomic bomb survivors, studies have 
bccn conducted on paticnls receiving radiation 
treatment for discascs such as rheumatoid spondylitis 
[L4, S81; on populatio~is living in arcas with elevated 
background radiation in India [K7], Brazil [BS], 
Canada [A2], the Russian Federation [B4, K12, P5, 
TS] and China [C7, C11, D3]; on che population in 
Hungary cxposcd to fallout from the Chcrnobyl acci- 
dent [C15, C16]; and on x-ray technicians [TI]. 

209. The only effcct found in children of thcrapeuti- 
cally irradiated patients alrd in x-ray tcchnicial~s was 
a sex ratio shift in the direction cxpectcd if addi~ional 
X-linked recessive Icthal ~nutatior~s are induccd in the 
X-chromosomes of irradiated fcnialcs and X-linkcd 
dominant mutations in the X-chromosomes of irra- 
diated males. However, results from sex ratio s~udies 
are not easily interpretcd and have 1101 yet bee11 found 
suitable for the estinlariorl of ~ C J I C ~ ~ C  risk. 
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210. Two areas in southern China (near Yangjiang) 
with especially high levels of natural background 
radiation were studied. The radiation arises from 
radionuclides in fine particles of monazite that are 
washed down year after year from nearby mountains. 
These areas have been inhabited for about 800 years; 
the families of about 80,000 present-day inhabitants 
have been living there for more than two generations. 
The annual gamma-ray exposure is about three times 
that of the control population, which is similar to that 
of average population groups in other parts of the 
world. In this population, parameters such as cancer 
mortality, incidence of congenital malformations and 
other health impairments were studied, generally with 
negative results [C7, C11, D3]. One result, however, 
is of special interest: Down's syndrome (trisomy 21) 
was found to be far more common in the exposed than 
in the control group. To put this result into proper 
perspective, a number of factors must be considered. 
Incidence in the control group is much lower than in 
all other populations for which fairly reliable incidence 
figures are available. An incidence of only 1.8 cases 
per 10,000 births is without parallel in the 
international literature. Even the incidence of 8.7 cases 
per 10,000 births found in tbe exposed group is lower 
than the incidences reported in most population groups 
outside of China, which have been found to be 13-14 
per 10,000. The most obvious explanation is that the 
diagnosis andlor reporting of Down's syndrome cases 
has been incomplete in both series and less complete 
in the control than in the exposed sample. The 
incidence of Down's syndrome in six other Chinese 
populations was compared with that of these two 
population groups. It ranged between 2.7 per 10,000 
and 6.2 per 10,000, i.e. between the figures for the 
irradiated and the control groups. Again comparison 
with international figures suggests underreporting of 
varying degrees. 

211. It is common knowledge that the incidence of 
meiotic non-disjunction, and therefore of Down's 
syndrome, increases sharply with advancing maternal 
age. Thus, first hypothesis of the Chinese scientists 
was that the difference between the two groups was 
caused by a difference in the age distribution of the 
mothers. And indeed, 12.02% of mothers in the 
exposed group, as compared with only 4.44% in the 
control group, were older than 35 years at the birth of 
the children included in the study. But even in the 
younger age group (below 35 years), the difference 
between irradiated and control populations remains 
significant (3.6 per 10,000 versus 0.5 per 10,000). 

212. The observed differcnccs between exposed and 
unexposed population groups is very probably caused 
by a combination of two factors: different age distri- 
bution of mothers and underreporting, especially in the 
control population. In the light of these two biases, the 

study results canrlot dcrnonstrate an additional radia- 
tion effect; indeed they cannot even be regarded as 
l~inting at such an effect. This outcome highlights 
some of the problenls erlcoul~tered in assessing large 
populations for induced effects. As is described in 
detail in Section IT.A, the accurate ascertainment of 
index cases is both difficult and crucial. 

213. No cllaage in the incidence of genetic disease in 
Hungary was detected by Czeizel after the Chernobyl 
accident [CIS]. The lack of effects in studies of popu- 
lations in areas of varying background is only to be 
expected, given the low statistical power of the invest- 
igations. Although some studies have included large 
population groups, the dose differences have been too 
small to observe statistically low risk effects (see 
paragraph 115). The most useful human data are still 
those collected at Hiroshima and Nagasaki. 

B. METHODS OF RISK ESTIhIATION: 
ANIMAL STUDIES 

214. Animal data, especially those collected in mouse 
studies, still provide a basis for genetic risk estimation 
in humans. Extensive work has been done to try to 
develop accurate animal models for estimating human 
genetic risk following radiation exposure. The data on 
survivors of the atomic bombings that are becoming 
available suggest many additional animal studies that 
would be useful. Thus, despite the criticisms and limi- 
tations of each of the methods outlined below, animal 
studies are still invaluable and should be continued 
and refined as greater understanding of the complexity 
of the problem is gained. 

215. It has been assumed, based on general principles 
of radiation genetics, that mutations induced by radia- 
tion are more likely to be neutral or harrnhl than 
beneficial and that the frequency of mutations will 
increase linearly with increasing dose. Two main 
methods are used in animal experiments (primarily 
mouse) that attempt to quantify genetic risk: the 
doubling dose (or indirec~) method and the direct 
method. Si~lce they have been described and used with 
varying emphasis in previous UNSCEAR Reports [Ul,  
U2, U3, U4], as well as in other reports on radiation 
effects, such as those of tbe Committee on the Bio- 
logical Effects of Radiation (BEIR) of the United 
States National Research Cou~lcil [Cl], they are dis- 
cussed only briefly here, with a mention of their 
respective advantages and disadvantages. 

216. Both methods extrapolate from animal data on 
induced  nuta at ions to risk of genetic disease in hu- 
mans, although in different ways, as discussed below. 
The terms direct and indirect refer to whether the 
estimate of damage in the first generation is based 
directly on phenotypic damage found in mice in first- 
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generation progeny (direct nlcthod) or whether it  is 
based on extrapolatioi~ back to the first generation 
from a prcdictio~~ at gcrlctic equilibriuni (indirect 
method). Although the frcquct~cy of 11ar11iful effec~s 
from induced mutations (from tile exposure of a single 
generation) would be expecterl to decrease beyond the 
first generation, owing to negative selection, it  should 
be kcpt in mind tl~at some of the genetic effects of 
radiation, e.g. aneuploid scgrcgants fro111 certain trans- 
locations or mutations leading to abnornial imprinting 
in the gametes of first-generation offspring, might not 
manifest until the second or subsequent generations. 

1. The doubling dose (indirect) method 

(a) Concept 

217. The doubling dose nicthod is uscd to estimate 
expected risk to a population under cortditions of con- 
tinuous irradiation, expressed in terms of the natural 
prevalence of genetic diseases. I t  is based on the con- 
cept that with stable population structure and living 
conditions, there is a balance between n~utations that 
arise spontaneously and those that are eliminated by 
selection every generation. Wlcn an additional muta- 
tion source (such as radiation exposure) is introduced, 
the population will eventually (over a number of gene- 
rations, depending again on mutation rate and selec- 
tion) reach a new equilibrium between mutation and 
selection. It is the additional risk at this new 
equilibrium that is estimated with this n~cthod. Esti- 
mates of risk for the first or subsequent generations 
are then obtained from that at equilibrium using 
assumptions on the persistence of mutations in the 
population. 

218. The method involves the estimation of the 
doubling dose, which thus is used to designate the 
method. The doubling dose is the dose of radiation 
required to produce as many mutations in a genera- 
tion as those arising spontaneously. It is obtained by 
dividing the spontaneous rate at a set of gene loci by 
the rate of induction by radiation at the same set of 
loci. The doubling dose currently used in risk estima- 
tion is 1 Gy for low-LET, low-dose-rate irradiation 
conditions and is based on mouse data. The choice of 
this value has been discussed in previous UNSCEAR 
Reports. 

219. The risk is estinlatcd from three qua~~tities uscd 
in the following equation: 

Risk per unit dose = P F, IDd (1) 

where P denotes the natural prevalence of the disease 
class under consideration, F,, the nlutational compo- 
nent and Dd is the doubling dose. 

220. The doubling dosc in expcrirnental ani~nals, 
especially mice, is defined as the radiation dose that 
doubles tlic spolltarlcous mutation rate (not the 
incidence or prevalence of a certain condition). L i i~~ ing  
and Scarle [L6] have reviewed doubling doses for 
various genetic piiramcters. From their report, two 
aspects arc obvious: 

(a) h e r e  is an appreciable difference between 
esti~nates of doubling doses for various end- 
poinls. In mice, these end-points are defincd as 
dominant and recessive mutations leading to 
defincd phenotypes; don~iuant mutations affect- 
ing the skeleton; recessive Icthals; and chromo- 
somal translocations lcading to semi-sterility, It 
should be noted that in humans, there may be 
other more meaningful end-points, and they may 
not be so  well defined or consistent; 

@) the confidence intervals of these cstitnates arc 
very large. Earlier UNSCEAR Reports [Ul ,  U2, 
U3, U4) used a doubling dose of 1 Sv for 
irradiation at low dose rates. This estimate, 
based mainly on data from studies of seven re- 
cessive mutations in mice, is probably at least of 
the correct order of magnitude. The doubling 
dose might, however, be quite different for other 
end-points (i.e. other types of genetic effects), 
such as predisposition to cancer. This limitation 
or possibility should be kcpt in mind. 

221. Regarding attenipts to estimate doubling doses 
for some of the end-points examined in the offspring 
of atomic bomb survivors, Ehling [E8] concluded that 
the doubling doses based on data available from the 
atomic bomb survivors were not significantly different 
from estimates of doubling doses based on data from 
mice (see direct method, below). The absolute effects 
in humans are much too small to permit such a con- 
clusion, and the end-points are too different to allow 
direct comparison. This does not, however, mean that 
no attempt should be made to estimate the doubling 
dose from human data or to compare it with that from 
the mouse data. In view of the overwhelming difficul- 
ties in arriving at rationally founded risk estimates, all 
reasonable approaches should be tried arid optimized 
as far as possible, and the results compared. The 
application by Nee1 et al. (N8, N9) of the doubling 
dose nicthod to studies of human populations was 
discussed earlier in this Chapter. 

222. Since the doubling dosc method uses the concept 
of mutation-selection equilibrium, the method can be 
applied to conditions whose prevalence can be attri- 
buted to this mechiinis~n. All autosomal d o ~ n i ~ ~ a n t  and 
X-linked conditions (combined prevalence of 10,000 
per million) have been traditio~~ally considered to 
belong to this group; they are also d ~ e  conditions for 
which the relatio~~ship betweer~ rnulation and disease 
can bc considered straightforward. 
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223. Autosonial recessive discascs require the combi- 
nation of two mutant alleles to manifest the condition 
and arc slrongly dcpcndcnt ~ I I  populatio~~ structure, in 
addition to selective factors. For these the rcla~ionship 
bctwecn mutation and disease is less direcl. For niulti- 
factorial conditions, as ~nc~~t ioncd  earlier, the coniple- 
xitics of intcractiol~s hc twcc~~  gc~lcs and with the envi- 
ronment prccludc ;~ny dircct relationship between 
mutation and discasc, and this makes the application 
of the doubling dosc nicthod for tllcsc diseascs very 
uncertain. 

224. In order to circu~nvcnt at least some of the 
difficulties in risk estimation for the rather large group 
of multifactorial diseases, the concept of the muta- 
tional component was first i~~troduced in the BEIR 
1972 report and was subsequently elaborated upon by 
Crow ct al. [C20]. Estimates of the mutational com- 
ponent are based on equilibrium theory. Although this 
approach was used in  the BEIR V report to es~imatc 
the mutational components for co~~gcnital abnorniali- 
tics and with these to obtain tentative risk estimates 
for this class of disorders, the Corliniittce [Ul ,  U2] 
refrained from doing so. 

225. There has been no new empirical data that would 
warrant revision of the risk csti~natcs presented in the 
UNSCEAR 1988 Report [Ul] .  However, arguments 
questioning dlc validity of sonic of the assuniptions 
used and suggesting h a t  these risk estimates for 
Mendelian diseascs niay be conservative have been 
advanced [S6, S7]. Nonetheless, for the present, the 
Committee favours the view that it is prudent to retain 
the 1988 estimates, if only because i t  is better to e n  
on the side of caution. These estimates are presented 
in Table 5. 

(b) Stmngths and weaknesses 

226. The major strength of the doubling dose mcthod 
is that the risks are expressed in tcnns of the back- 
ground load of genetic diseases, so lbat some tangible 
perspective can be derived to indicate whether the 
projected increases are trivial, small or large. Fur- 
thermore, i t  has the apparent advantage that whole 
classes of genetic discascs can be handled as units. 
Howcvcr, many of the assumptions used seem open to 
doubt and have recently been discussed [S6, S7, V6]. 

227. The existcncc of a balance bctwecn mutation and 
selection (and its corollary, tllc ~r~utational component) 
are among the ccetral assumptions of Ule mctliod. As 
discussed in Chapter Il.B, even for Mcrrdeliar~ condi- 
tions, the assumption of mut;~tio~i-selcctioa cquilibriuni 
may be applicable to only a sniall fraction of these. 
This means that the prevalence value (for these and 
X-linked conditions) of 10,000 per million used in the 

risk cquatioa m;~y bc I~igh. For multifactorial con- 
ditioas, 111r csti~niilion of mutational componc~its is 
still fr;~ugllt with considcrahlc unccrhintics. 

228. Anothcr significant difficulty ill applica~ion of 
the doubling dosc nicthod for gcnctic risk estimation 
lies in csti~bli~hing t l~c  bascl i~~c of spolltallcous niuta- 
tions. (It should be ~ncntioncd that use of the term 
spontancous docs 1101 I l lCi l I I  that tllesc rrlutations occur 
without cause. It simply means that in this context 
they are not caused by the agent of interest, namely 
additional radiation.) The disorders caused by sponta- 
neous nlutations niay be very different and niay occur 
in proportions very different from those causcd by 
radiation. The doubling dose mcthod assumes that 
spontaricous mutations have the same rate relative to 
mechanisms as do radiatioa-induced mutations. As 
pointed out above, however, there is evidence that this 
is not the case. 

229. The use of the doubling dose mcthod to analyse 
hunian populalio~~s assumes a stable population and 
environnicnt. Howcvcr, human populations are con- 
stantly shifting, and there arc times, particularly during 
war, when there are shortages of food and health care, 
with increased i~ifection and illness. Such conditions 
niay well have an adverse effect on the radiation 
sensitivity of humans and their susceptibility to the 
mutagenic effects of radiation. Furthermore, human 
populatio~~s (iscludiag isolated, inbred groups) are 
genetically hctcrogcncous in comparison with mouse 
laboratory strains, which have been bred through 
multiple gc~~crations to be highly homogeneous. 

230. Further discussions on the doubling dose method 
centre on the data on the niolccular nature, specifi- 
cities and mechanisms of origin of mutations under- 
lying human Mendelian diseases and on the nature of 
radiation-induced mutations in  mamnialian expcrimen- 
tat systems [S4, S5, S6, S7]. These suggest that (a) the 
doubling dose mcthod may be applicable only to a 
sniall proportion of Mendelian diseases, (b) the 
doubling dose for autoso~nal dominant diseases may 
be higher than 1 Gy (i.e. lower relative risk) and (c) 
risk estimates for thcse presented in the 1988 Report 
are conscrvativc, hut provide a margin of safety in 
radiological protection. 

2. The  direct nlethod 

(a) Concept 

231. The so-callcd dircct ~riclliod for geoc~ic risk 
estimation was suggcsled by Ehling ill 1974 [ER], with 
the intention of c i r c u ~ n v e ~ ~ t i ~ ~ g  many of t l~e difficulties 
encountered in the practical iipplication of the doubling 
dose mcthod. This has allowed tile Committee to make 
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trance. Many doniinant niutations affect several deve- 
lopmental pathways and call thus influence several 
distributions of undcrlyi~rg factors relative to thres- 
holds. Many niutations that cause genetic diseases, 
iricluding tl~ose of conlplcx actiology, can be thought 
of as acting in this way in all niamnials. 

236. In the dircct method, an attempt is made to 
determine the effects of induced mutations on the 
entire range of underlying factors and distributions that 
must exist in normal development. The genetic 
background of the mouse provides a very large 
number of different threshold traits on which the 
effects of induced mutations can be tested. Mutations 
can be detected that occur anywhere in the genome 
and that involve any type of molecular damage, 
providing that the niutation is capable of shifting a 
distribution over a threshold, such that a phenotypic 
effect is revealed in a first-generation offspring. The 
mouse, or other experimental mammal, used in the 
dircct method thus becomes a tool for revealing the 
effects of induced mutations on the vast array of 
threshold traits present. It is hoped that by carefully 
looking for effects on threshold traits in first- 
generation offspring of mice, and by evaluating them 
for severity, some idea may be obtained of the likely 
effects of radiation in inducing serious genetic diseases 
in humans. 

Q Application and qualifications 

237. The most recent application by the Committee 
[Ul] of the dircct method is summarized as follows. 
The expected approximate frequencies of induction of 
genetically abnormal children per million live-born, 
following 0.01 Gy of exposure of niales, are 10-20 for 
mutations having dominant effects, 0 for recessive 
mutations and 1-15 for unbalanced products of reci- 
procal translocations. A foo~note indicated that risk 
from dominant sublethal mutations is estimated to be 
5-10. For exposure of the female, the same categories, 
reported in the same order, have risks of 0-9, 0 and 
0-5. No estimate is available for dominant sublethal 
mutations in the female. 

238. A difficulty with the dircct method is that risk is 
estimated for only a small part of the total damage of 
concern to humans. Skeletal malformations and 
cataracts have been used because they can be 
examined in detail in die mouse. A few other 
end-points, for example adenomas in the lungs [N13], 
have been investigated, but it is not yet clear how to 
apply such end-points in the direct method. Much 
discussion and several lines of argument went into the 
choice of the niultiplier of 10 to extrapolate from 
induced serious skeletal daniage to induced serious 
total damage. 

239. Several of llle gencticisls most familiar with 
genetic diseases in r~iicc nnd humans felt that the 
number 10 was a reaso~iablc figure to use in making 
such an extrapolatio~~. Russell had suggested using 10, 
and Sclby IS231 liad s~~ggcstcd a range of 5 to 20. The 
Conimittcc examined McKusick's catalogue of Men- 
delian inheritance in marl [M7] and concluded that 
about olre fiClh of the disc;~ses listed involved the 
skeleton [U4]. Al~hough McKusick's catalogue gives 
no indication of the relative i~rcidences of the diseases 
listed, in a rough way tliis ar~alysis suggested that it 
might be appropriate to multiply the skeletal effects by 
5 to derive total serious damage. However, the Com- 
mittee noted that because there is a bias of ascer- 
tainment for skeletal effects, the true multiplier must 
be larger than 5. Since plciotropy is common for 
genetic diseases in both species, it seemed that the 
multiplier should not be too much larger than 5, and 
10 seemed to be a useful round number that would 
suggest little precision. McKusick [M8] agreed that the 
factor of 10 was reasonable, recognizing that the 
catalogue does not reflect the human genome in 
reality. 

240. In view of these and other considerations, the 
Committee adopted 10 as the multiplication factor, and 
the estimate of risk, calculated as it was from data on 
mice, was assumed to be approxiniately correct for 
humans. Anotl~cr li~iiitation in using the direct method 
is that both skeletal and cataract mutations are 
connective tissue disorders, and i t  is anticipated that 
the genes involved in other tissues may respond 
differently to DNA damage. As more is leanled about 
the relationships between DNA damage and pheno- 
typic changes, it is expected that the multiplication 
factor will require adjustment, perhaps for each tissue 

tY Pea 

241. The Conimittcc estimated that paternal exposure 
to 0.01 Gy per gerleratiorr would lead to 20 serious 
dominant disorders per million live-born. According to 
the BEIR V report [Cl] ,  this figure was estimated to 
be between 5 arid 15. Risk from exposure of the 
mother was estimated to be 0%-44% of that from 
paternal exposure (see Table 3). 

242. Starting with the UNSCEAR 1982 Report [U3], 
the Committee included, in addition lo skeletal 
malformation, dominant eye cataracts in its direct 
estimates. The radiation-induced mutation rate for such 
cataracts was established by mouse experiments 
mainly by Ehling et al. [ES, E6]. Dominant cataracts 
of various types are known 10 occur in humans and 
can be diagnosed in mice relatively easily. Again, the 
problem arises of finding a way of extrapolating from 
a very limited selection of mutations observed in mice 
to all loci expressing dominant mutations of clinical 
relevance in humans. 
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243. The multiplication factor suggested by Ellling to 
convert the dominant cataract rate to an overall muta- 
tion rate was again based on McKusick's catalogue of 
autosoma1 phenotypes [M7]. The nuniber of well- 
established dominant mutations, 42, was assu~ned to 
be the same in mall and I I I O U S ~ .  This ratio is tllcn used 
to convert thc induced niutation rate of dominant 
cataracts to the estilnatc of the overall dominant 
mutation rate. As new knowledge of the human situa- 
tion is gained, it should be possible to readjust the 
multiplication factor. 

244. Ehling et al. [E8] have recovered rnore than 85 
independent dominant cataracts in the mouse. About 
one third were observed in radiation gcnctic experi- 
ments. Combined experiments with the well-known 
specific-locus test (the seven specific recessive 
mutations) [E3] showed that the yield of domiliarit 
cataract mutations was one fourth that of specific- 
locus mutations. 

245. Using an argument similar to that mentioned 
above for skeletal mutations, the dominant cataract 
mutation frequency was estimated to be 0.45-0.55 
mutations per 0.01 Gy per gamete for high-dose-rate 
exposure. For low-dose-rate exposure, this estimate was 
divided by 3, yielding an estimate of 0.15- 0.18 lom6 
mutations per gamete. Again using the McKusick cata- 
logue listings m7] and a multiplier of 36.8, a risk 
estimate of 6-7 1 0 . ~  serious donlinant disorders per 
0.01 Gy of paternal exposure was derived. Both 
estimates, that based on skeletal mutations and that 
based on cataract mutations, are similar, considering the 
multiple assumptions they require. The Committee 
decided in favor of a rough estimate of 10-20 serious 
dominant disorders per million live-born [U3]. 

246. Several correction factors are needcd to estimate 
risk by the direct method. All estimates of phenotypic 
damage are based on high-dose-rate exposures, even 
though risk is estimated for low-dose-rate exposures. 
It is necessary to assume that the dose-rate effect for 
serious dominant damage is the same as that seen for 
specific-locus mutations, which are recessive mutations 
at one of seven genes in the mouse. (The predictive 
value of the specific-locus data seems stronger in this 
regard because many of the mutations at the s locus, 
which is one of the seven genes studied in the 
specific-locus test, are associated with reduced sizc, 
suggesting an associated dominant effect [RS].) Most 
data used in the direct method also come from 
experiments using fractionated exposures, which were 
administered with the expectation of increasing the 
mutation frequency. These experimcnl% require 
correction factors, again based on specific-locus data, 
for the fractionation effect. 

247. The estimate of genetic risk to the female de- 
pends on the assumption that the relationship for in- 

duced d o n i i ~ ~ a l ~ t  damage and specific-locus mutations 
will be the same as that for thc male. No experiments 
have been conducted studying the induction of skeletal 
anomalies or cataraclr following the irradiation of 
female micc, and qualitative differences in the 
mutations in the two scxcs could affcct the level of 
induced damage to an iniporta~~t extent. 

248. Evcn though many large experinlents have beer1 
conducted to learn about the induction of mutations in 
mamnials, the direct method still rests upon relatively 
few experiments including few mutations. The total 
includes only 42 dominant skeletal mutations and 12 
domiria~~t cataract mutations [S8, U3, U4], a small 
number on which to base such an important applica- 
tion, particularly when the mouse and human disorders 
may be quite different It would be reassuring to have 
much more data collected on different swains or 
species; this would provide some indication of whether 
the frequency of induced dominant damage is highly 
dependent on the genetic background of the animals 
being examined. It would also be helpful to confirm 
the conceptual rnodel on a niolecular level. Thc direct 
method has only been used to estimate the genetic risk 
of serious genetic diseases, but since this is the 
information about genetic risk that is most needed, this 
is not a serious limitation of the method. 

249. Although the direct method requires no 
information on the incidence of genetic diseases in a 
particular human population, i t  is important to have 
such an estimate to help put the mouse estimates into 
perspective. The incidences presently used in the 
doubling dose method (see above) are probably not 
valid for this purpose, however, for two reasons: (a) 
they include many conditions that are probably far lcss 
serious than those used in the direct method and (b) 
they are based on the incidences of disorders instead 
of the incidences of i~~dividuals with disorders. 
Concerning the latter point, i t  is relevant to note that 
many of the dominant skeletal mutations causc 
numerous cffects, sometimes on other body systems as 
well [S24]. In spite of h is ,  when estimating risk by 
h e  direct method, the number of affected individuals 
(which corresponds to the number of induced nluta- 
tions) is used instead of the total nunlber of malfonna- 
tions. This would seem to be a reasonable approach, 
since only one individual is disabled as the result of 
each mutation. 

250. The principal advantage of the direct method of 
risk estiniation is that i t  makes no assumptions 
regarding spontaneous mutations with similar genetic 
mechanisms or phenotypic effects, and no assumptions 
are necessary regarding the mulational component in 
complex diseases or malfontiations. The method rclics, 
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however, on extrapolations fro111 mice to humans and 
irom a small fraction of doniinant mutations, for 
example those affecting the skeleton or tile lens, to ail 
dominant mutations. In these repects, the so-called 
doubling dose (or indirect) method is much more 
direct: doubling doses have been estimated not only in 
mice, with subsequent extrapolation to humans, but 
also in humans, Gom the results of studies on aton~ic 
bomb survivors. In addition, estin~ates of the spon- 
taneous incidence of dominant mutations and their 
increase in relation to a certain radiation dose were 
based not only on certain categories but on all such 
mutations. 

251. The indirect method requires two main steps. In 
the rust, the absolute number of mutations in relation 
to a certain dose and quality of radiation is estimated. 
This estimate is compared in the second step with the 
spontaneous mutation rate (or the assumed mutational 
component of cornplex conditions). The direct method 
requires only the first of these steps. The logical 
relationship between the two approaches should be 
kept in mind when the so-called direct approach is dis- 
cussed in the following paragraphs. Selby IS221 cor- 
rectly distinguishes between the indirect method as a 
method of relative risk estimation and the direct 
method as a method of absolute risk estimation. More- 
over, an absolutc risk estimate should always be put 
into perspective by relating it to spontaneous muta- 
tions, i.e. by transforming it into a relative estimate. 

252. Many of the criticisms of the doubling dose 
method also apply to the direct method. In addition, 
there are a few points of criticism from the viewpoint 
of medical genetics. It is certainly too simplistic to 
calculate the multiplication factor from the number of 
different dominant skeletal nialformations and cata- 
racts in humans in comparison with the total number 
of known, dominantly inherited hunian phenotypes. 
The phenotypes enumerated in McKusick's catalogue 
of 1975 [M7] are a mixture of moderately common, 
relatively rare and extremely rare phenotypes. There 
have been many changes and additions to the cata- 
logue since 1975. Many new entries in the category of 
confirmed human skeletal and cataract disorders, as 
well as many additional multiple anomaly disorders 
involving skeleton and cataracts should be included in 
such a calculation. One purpose of McKusick's cata- 
logue is to permit the medical geneticist a quick 
orientation in the vast area of genetically determined 
hunian phenotypes. It has never been McKusick's in- 
tention to say anything about the incidence or preva- 
lence of such phenotypes or their mutational origin. 

253. The life expectancy of a mouse (approximately 
two to three years) is very much shorter than that of 
a human being. Certain genetic defects that lead to 
hereditary cataract in humans later in life simply have 

no time to m:inifcst lhcniselves in mice. Thus, only 
cataracts ~naeifesting at birth or a short time after- 
wards can be assun~ed to be genetically honlologous 
to the r~louse c;il;iracls recorded for use with the direct 
method. I t  must also be kept in mind that all experi- 
nicrlts considcrcd in the direct method have been done 
on male mice. The genetic risk for the offspring of 
irradiated feniale mice could be considerably different. 

254. The estimate from skeletal anomalies may be 
criticized on similar grounds. For example, it is well 
known to a~rato~nists that minor, and sometimes not so  
minor, variations of the human skeleton arc wide- 
spread. Many, if not most of these variants have no 
clinical significance at all. In this context it  should be 
renlenibcred that human pol~ulations are mixed geneti- 
cally, whereas the mouse populations used in experi- 
ments are often inbred strains. The best way to arrive 
at reaso~~able extrapolations to relevant mutation rates 
in humans would be to compare the patterns of mani- 
festation of skeletal mutants and cataracts in the 
niouse with h o ~ ~ i o l o g o u ~  dominantly inherited diseases 
in the human skeleton and eye, as documented and de- 
scribed in the medical genetic literature. For example, 
as Sclby suggests [S22], it would be particularly 
reassuring if mouse mutant [S31] involving cleido- 
cranial dysplasia could be identified for which there is 
a homologous hurrian syndrome . 

255. Selby [S22] suggested that clinical geneticists 
could help to classify animals as to clinical severity. 
In his opinion, the biggest advantage of the direct 
method is that it i~~cludcs  within its scope the irregu- 
larly inherited disorders, which constitute 85% of the 
serious genetic disorders in humans. The direct 
method requires no assumption that spontaneous and 
induced mutatio~u have approximately the same likeli- 
hood of causing harm, no knowledge of the current 
incidence of serious genetic disorders in the human 
population, no estirnate of how many of the irregularly 
inherited disorders are niultifactorial or dominant dis- 
orders with low pcnetrance and no knowledge of the 
persistence of rnutations in the population. However, 
these advantages are offset by the fact that it does not 
allow correlati~ig a possible increase in mutations of 
known incidence with the spontaneous occurrence 
rates of relevant traits in human populations. 

256. Another difiiculty with the direct melhod is that 
risk is measured for only a small portion of the total 
damage of concern to humans. Skeletal nialfonnations 
and cataracb are used because they can be examined 
in detail in  Uie niouse. Much discussion, and several 
lines of argument, went into the choice of the niulti- 
plier of 10 to extrapolate from induced serious skelelal 
darnage to induced serious total damage. However, 
both skeletal and cataract ~ ~ ~ u t a t i o n s  are disorders of 
conriective tissue, and it is likely that the DNA 



damagc in thcsc tissues will bc somewhat diffcrcnt 
from that in othcr tissucs. As nlorc is lcarncd about 
the rclationsl~ips betwccn DNA damage and phcno- 
typic damagc, it would not be surprising for tile ~nulti- 
plicadon factor to rcquirc sonic adjustnicnt hccausc of 
tissuc diffcrcnccs. Multifactorial disordcrs and 
tlisordcrs of coniplcx actiology arc probably far niorc 
colnlnon than is accounted for by a multiplier of 10. 

257. A major shortcoming of the dircct nicthod has 
becn the uncertainty about the inclusion of risk from 
serious disorders of multifactorial (complcx) actiology, 
which make up the great majority of the hurnan gene- 
tic load. Bccausc radiation-induccd mutations often 
havc incomplete pcnctrancc [S23, S241, i t  would not 
be surprising if many disordcrs of complcx actiology 
involve mutations with incomplctc penctrancc. Othcr 
important classes of induccd damage for which the 
actiology is not presently understood might be ovcr- 
looked if only those mutations are iricludcd that have 
proven transmissibility or nlcct particular presumed 
mutation criteria, as has been done thus far i n  applying 
thc dircct method. In addition, generations beyond the 
Fl  could exprcss visible effccts of induccd mutations 
that involve non-traditional n~cchanisms of inhcritancc, 
such as gcnomic imprinting, not all of which will be 
visible in the F1 generation. 

258. In conclusion, thc dircct n~cthod, at least in its 
prcscnt form, does not allow estimating the expcctcd 
increase of dominant phenotypes overall in humans. 
Howcver, it has provided an enormous amount of in- 
formation in carefully controlled conditions. In 
addition, it does not contradict the doubling dose 
cstimatcs from data on the atomic bomb survivors and 
seems to be a uscful altcniative approach lo the 
problem of estimating gcnctic damagc in  humans. If 
rnolccular analyses arc uscd, the method could probab- 
ly bc dcvclopcd to provide additional interesting 
information on the gcnctic basis of some irregularly 
inherited anomalies and on genctic effccts in humans. 

C. EXI'ElllhIENTAL STUDIES 

1. New experimerlhl data relevlint 
to risk estimation 

259. Basic data on the gcnctic cffccts of radiation 
continue to be derived from earlier aninial cxpcri- 
mcnts. A major study in progress. assessing do~ninant 
damagc in mice, is intcndcd to havc direct rclcvancc 
to the estimation of genetic risk in humans. This study 
and others on thc gcnctic cffccts of radiation arc 
reviewed in this Section. 

260. The results of studics of dominant skeletal and 
cataract mutations in mice remain the foundation of 

the dircct ~ncthod of gcnclic risk estimation. Ehling 
[E2] rcportcd h a t  U~rcc of his prcsumcd dominant 
niutalions wcrc indccd shown to transmit lhcir c f f e c ~ .  
in a donlina~it nianncr. Sclby and Sclby IS23, S24, 
S25] conducted a largc breeding-test cxpcrimcnt 
whosc aii~in purpose was lo dclcnninc conclusivcly 
u ~ a t  ttlc do~ninant skclctal mutations induccd by cxpo- 
sure of stcm-cell spcrmatogonia to low-LET radiation 
wcrc indccd don~inant niuta~ions. It is noteworthy h a t  
niany of tllc dominant mutations wcrc shown to have 
ir~coniplctc pcnctrance and variable cxpressivity (and 
fius might or might not bc truly autosomal dominant). 
Sclby IS201 latcr dcnlonstratcd thc statistically signi- 
ficant induction of dominant skclctal mutations in 
stem-cell spcrmatogonia following acute x-irradiation 
with 6 Gy or 1 Gy + 5 Gy (24-hour interval) or cxpo- 
sure to cthylnitrosourca [S26]. 

261. Ehling ct al. [E3, KlO] dcmonstrated that acutc 
gamma radiation induces dorninarit cataract mutations 
in mousc stem-cell spcrmatogonia and in post-spcniia- 
togonial stagcs. This fractionated cxperiment and two 
latcr oncs that yicldcd induccd n~utation frcqucncics 
that wcrc not significantly higher than in controls wcrc 
used in the UNSCEAR 1982 Report [U3] to apply the 
direct mcthod to cataracts. Tbc resulting risk estimate, 
based on cataract data, was 10 genetically abnormal 
children pcr 0.01 Gy of patcrnal exposure to low- 
dose-rate, low-LET radiation. It was used in the 
UNSCEAR 1982 Report [U3] and in the UNSCEAR 
1986 and 1988 Reports [Ul ,  U2] as thc lower bound 
of the risk estimate made by h e  direct method. Ethyl- 
nitrosourea has also been shown to induce dominant 
cataract mutations [Fl]. Many dominant cataract muta- 
tions exhibit incomplctc pcnclrance and variable 
cxprcssivity IF2, G6]. 

262. Sclby ct al. IS201 arc using the assessment of 
dominant damage approach IS221 to invcstigatc thc 
induction of dominant mutations in stem-ccll spcnna- 
togonia, with c~nphasis on skclctal and cataract 
mutations. Results to date IS291 arc prescrited for 
6 Gy of low-LET ionizing radiation, dclivcrcd cithcr 
as 0.04 ~ n G y  min-' 13'cs ganinia radiation (chronic) 
or 0.89 Gy min-I x radiatio~~ (acute), and for a 
matchcd control. The frcqucncics of mice with pos- 
sibly serious cataracts in the diffcrcnt groups wcre as 
follows: chronic irradiation, 511,502 (0.33%); acutc 
irradiation, 411,290 (0.31%); and matched conlrol, 
511,693 (0.30%). The frcqucncics of mice with scvcrc 
skclctal r~ialfonnatior~s were as Lbllows: chronic irra- 
diation, 1 1/1,791 (0.85%); aculc irradiation, 2011,193 
(1.68%); and matchcd control, 2311,457 (1.58%). 
When lcss scvcrc skclctal mallonnations wcrc in- 
cludcd, thc frequencies wcre chronic irradiation, 
2511,291 (1.94%); acutc irradiation, 3711,193 (3.10%); 
and matchcd control, 5111.457 (2.81%). No significant 
differcnccs wcrc obscrvcd. 
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263. Graw et a]. [G6] conducted experiments on the 
induction of dominant cataract mutations in stem-cell 
spermatogonia in mice, as detected in first-generation 
ol'fspriag produced ill ntatings with untreated females, 
and found no significant effect of radiation up to 
5.1 Gy + 5.1 Gy (24-hour interval). The rcason for 
this lack of effect is not known, but at least the results 
are consistent with a low frequency of induction of 
cataract mutations. Specific-locus data collected in the 
same experiments showed that both treatments were 
clearly effective in inducing other typcs of mutations. 

264. Selby [S21] reanalyscd the published data of 
Graw ct al. to assess whether there had been a signifi- 
cant increase over control in the frequency of cata- 
racts. The findings led Selby to suggest that many of 
the cataracts found in such experiments may result 
from induced mutations with such low penetrancc that 
proof of transmission is unlikely. 

2. Studies of mutations in mouse oocytes 

265. For many years estimates of the genetic risk to 
offspring of exposed women have been more uncertain 
than those of the risk to offspring of exposed men. 
Large-scale experimcnts using neutrons or x rays do 
not show that specific-locus mutations are induced in 
the immature arrested prirnary oocytes in the mouse 
(i.e. oocytes ovulated more than six weeks after irra- 
diation). Russell [Rl l ]  presented a series of arguments 
suggesting that it might be reasonable to apply the 
apparently negligible risk for this germ-cell stage in 
the mouse to immature arrested primary oocytcs in 
women, even though the arrested oocytes of mice are 
in diffuse diplotene (dictyate stage) and those in 
women are in a more condensed state (typical diplo- 
tene). Russell [R l l ]  also argued, however, that for the 
sake of caution one might want to consider the 
possibility that the human arrested oocyte could be as 
mutatiorially sensitive as the most sensitive oocyte 
stages in the mouse, namely, the maturing and mature 
oocytes. To provide a basis for such extrapolation, he 
provided four different fits for the low-level radiation, 
specific-locus experiments in female mice. Only the 
highest frequency (0.44 times that in spennatogonia) 
was significantly above the control value. Russell 
concluded that genetic risk in the female is probably 
less than that in the male, and the Committee has 
applied the value of 0.44 in the direct method when 
calculating the upper limit for risk following maternal 
exposures [Ul ,  U2]. 

266. Dobson and Straume [D4] suggested that it is 
inappropriate to base risk estimates for human arrested 
primary oocytes on the specific-locus data collected 
for arrested primary oocytes in the mouse. They 
demonstrated [S37] that che target for cell death in 

arrested primary oocytes of mice is not the DNA but 
rather the plasma rnc~nbrane or something siniilar to 
it  in terlns of geometry and location in the cells. They 
lave suggcstcd that in Russell's large 0.5 Gy specific- 
locus expcriruent using x rays [Rl l ] ,  which provided 
most of the bi~sis for concludi~ig that risk for this stage 
might he negligible, thc oocytes that survived [lie 
membrane damage would have received doses substan- 
tially lower than 0.5 Gy. They suggested that the 
estimate of risk based on a 0.5 Gy exposure might be 
much lower than it should be. In the UNSCEAR 1986 
Report [U2] it was noted that current concepts of 
microdosimetry agreed with Russell's view that the 
distribution of ionizations from x rays would be so 
diffuse that the dose to the large nucleus of an oocyte 
could not difler appreciably from the exposure of 
0.5 Gy administered. 

267. Many more details of the Monte Carlo calcula- 
tions by Straunie el al. have now been published 
[S38], however, and those calculations suggest that 
there is a very small fraction of oocytes in the 0.5 Gy 
x-ray experiment that received as little as about 0.2 Gy 
to their DNA and there is a very small fraction of the 
oocytes that received as little as about 0.1 Gy to their 
plasma membrane. Furthermore, their calculations 
i~tdicated significant coupling between the plasma 
membrane and nuclear doses, such that when the dose 
to the membrane was lower tl~an average, the dose to 
the nucleus tended also to be low, and vice versa. In 
the view of Straume et al. [S38], only oocytes with the 
lowest dose to DNA (presumably about 0.2 Gy) sur- 
vived, so Russell's finding of no mutations in 92,059 
offspring [ R l l ]  was for a dose of only about 0.2 Gy 
instead of the 0.5 Gy administered. In their view, 
Russell's data do not suggest as low a mutation fre- 
quency as he estimated. Even if the interpretation of 
Strautne el al. is accepted, however, it should be noted 
that the data Goin Russell's large 0.5 Gy experiment 
provide no basis for concluding that arrested primary 
oocytes are highly mutable, or even mutable, because 
no specific-locus mutations were found. 

268. Besides providing evidence that the arrested 
primary oocytes in Russell's 0.5 Gy experiment may 
have received a lower dose than had been tliought, 
Straume et al. [S38] demonstrated the induction of 
genetic damage in those oocytes by exposure to 
monoenergetic 0.43 MeV neutrons. They selected this 
form of radiation because of its short track lengths, 
which they say per~niu  the recoil protons to deposit 
ettergy in the nucleus without traversing the plasma 
memhrane. As a result, there would presumably be 
little or no correlation between energy deposilion in 
Ute plasma membra~~e and the DNA, and oocytes 
receiving higher doses could survive. The two types of 
induced genetic damage detected in mice that had 
been superovulated using honnonal injections 8-12 
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weeks after irradiation were (a) chro~nosome aberra- 
tions, detected in oocytes arrested at metaphase 1, and 
@) dominant lethals, detected by the success with 
which cultured two-cell embryos survived to the 
morula or the blastocyst stage or tiatclied from the 
zona pcllucida arid fonncd a sl~ect  of trophectodern~ 
with a proliferated inner cell mass. The i~tduction of 
both types of genetic damage was reported to be 
significant, with 6.0% chror~~osome aberrations and 
16.9% dominant lethality at 0.25 Gy. 

269. Although the authors denlonstrated the induction 
of genetic damage in arrested primary mouse oocytes, 
it is not clear whether these types of genetic damage, 
detected following superovulation, are relevant to the 
genetic damage that would be seen in the offspring of 
irradiated females. They referred to the work of 
Griffin and Tease (next paragraph) and to much earlier 
work by Brewen et al. [BlO] on the induction of 
chromosome aberrations in maturing mouse oocytes, 
and they state that the intrinsic mutational sensitivity 
of mouse immature oocytes is not very different from 
that of maturing oocytes. They claimed that their 
results make it possible to estimate genetic risk for 
women more confidently using the substantial amount 
of genetic data previously available for maturing 
oocytes in the mouse. The risk estimates presented in 
the UNSCEAR 1986 Report [U2] ranged from the 
lower limit of zero, based on the assumption that the 
mutational sensitivity of immature human oocytes is 
similar to that of immature mouse oocytes, to the 
upper limit of about 9, based on the assumption that 
the sensitivity of the human oocytes is similar to that 
of mature and maturing niouse oocytes. The latter is 
0.44 times that for spermatogonia. Thus, the 
Committee took the position that risk in the female 
could be as high as Straume et al. now suggest that it 
should be. 

270. Griffin and Tease [G7] provided the t int  clear 
evidence of the induction of genetic damage in 
arrested primary mouse oocytes by radiation (or by 
any agent, for that matter). Young (4-5 weeks-old) 
female mice were exposed to whole-body gamma 
radiation at a mean dose rate of 0.1 mGy mid1 until 
they received a total of 1, 2 or 3 Gy. Eight weeks 
after the end of the treatment, they were induced to 
superovulate by hormonal injections, and metaphase Il 
oocytes were screened for numerical and structural 
chromosome anomalies. Hyperhaploidy (i.e. the 
presence of an extra chromoson~e) was used to assess 
the effect of the radiation on chromosome segregation. 
Several kinds of structural anomalies could also be 
detected in these cells. Again, the extent to which this 
genetic damage seen in superovulated oocytes would 
affect the health of the progeny of such females is 
unknown. The cliromoson~e aberrations reported are 
probably not compatible with survival, but they may 

indicate a low level of induction of srnaller types of 
rearrangenlents Ulat might be viable. 

271. Returning to studies on immature oocytes, Selby 
el al. IS281 found Uiat fernalcs acutely irradiated near 
birth latcr produced as rilariy as four or five litters, in 
sharp contrast to adult females, which becanle sterile 
after one or two litters followirig such an acute expo- 
sure [R7]. Based on the known radiosensitivities to 
cell killing of the different oocyte stages present near 
the time of birth, it seems likely that this experiment 
provided the mutation frequencies for pachytene and 
perhaps diplotene oocytes. Unlike in the adult female, 
the mutations found following an acute exposure were 
not restricted to the first six weeks after treatment; in 
fact  all mutations were found later or much later than 
this. No evidence was found for induction of muta- 
tions when females were exposed to 3.0 Gy at a 
moderately low dose rate near the time of birth. 

272. As discussed above, it is uncertain whether the 
finding of no induction of specific-locus mutations in 
arrested primary oocytes of adult female mice can be 
extrapolated to women. If the degree of condensation 
of the chromosomes has an important bearing on the 
mutational response, .those immature oocytes with 
condensed chromosomes that are present near the time 
of birth, which were studied by Selby el al. [S28], 
may be more comparable to the vast majority of 
oocytes in women than any other oocyte stage studied 
in the mouse. The finding of no nlutation induction in 
those oocytes at moderately low dose rates suggests 
there may be no reason to abandon the view that 
mutation induction in female mice could be negligible 
compared to that in male mice. 

3. Induction of translocations in primntes 

273. Van Buul [ V l ]  and Adler and Erbelding [ A l l  
conducted studies on the induction of reciprocal 
translocations in various strains of monkeys. Based on 
these results, there appear to be significant strain 
differences in monkeys. The frequency for s t u m p  
tailed macaques represents the lowest induction rate 
per gray ever recorded for an experimental mammal 
[Vl]. This may raise questions about differences 
between primates and mice and about the validity of 
using mice to study radiation risk for humans. Gene- 
roso et al, [G3, G4] also found strain differences in 
mice for the induction of reciprocal translocations. 

4. Induction of don~inunt mututio~is 
causing congenital mulfom~utions 

274. Mutation studies aimed at dctectilig anomalies 
present at birth in mice and rats often examine fetuses 
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late in pregnancy instead of soon after birth, to avoid 
the probleni of niothers eating grossly abnormal off- 
spring. Earlier work was discussed in previous 
UNSCEAR Reports [ U l ,  U2, U3], and recently there 
has been a detailed review of these studies [S21]. 
Wl~ile some experinients have shown clear-cut effects 
of mutagens, others have shown weak effects or no 
effect at all for strong mutagens. Because of this in- 
consistency and the high levels sometimes found in 
controls, Lyon and Renshaw [LlO] concluded that, in 
humans, the incidence of nialformations is likely to be 
a relatively insensitive indicator of an increased 
mutation rate. Many of the congenital malformations 
are probably threshold traits (see Section I.C), and 
some of them are fairly common in the strains used. 
There is also reason to believe that some of the ano- 
malies might result from spontaneous mutations with 
low penetrance that are segregating in the stocks 
[S21]. Selby pointed out that the randomization of 
parents in such studies, which does not appear to be 
standard practice, would help to guard against 
misinterpretations and improve the usefulness of the 
results [S21]. 

275. Nomura [N16] has almost doubled the sizes of 
his saniples for studies of the induction of congenital 
nialformations in mice by x-rays. The statistically 
significant induction of congenital malformations was 
shown for acute irradiation of post-spermatogonial 
stages, stem-cell spermatogonia, oocytes in adult 
females that were ovulated within 6 weeks after 
irradiation and oocytes present in 21-day-old mice. 
Nomura reported that frequencies of congenital 
malformations increased with dose for spermatozoa, 
stem-cell spermatogonia and mature and maturing 
oocytes of the adult. However, the slope of the siniple 
regression line of dose versus frequency was 
statistically significantly above zero only in the mature 
and maturing oocytcs. While much importance was 
given to the clear linear relationship between dose and 
mutation frequency found in spermatogonia between 
0 and 2.2 Gy, the much lower mutation frequency 
reported for 5.0 Gy was ignored. In the total data 
reported, 42% of the anorrialies found by Nomura 
were open eyelid, 25% were dwarfism and the rest 
were tail anomalies or cleft palate. Most of the mice 
with open eyelid showed only a small unilateral gap, 
and it was felt that had they been born, most would 
have been indistinguishable from normal mice by a 
few days after birth. 

5. Rrsulb of the direct method 
to estimate risk 

276. The experiments of Ehling [El)  and of Selby el 
al. IS231 both yielded estimates of an induced 
frequency of about 4 dominant skeletal mutations 

per galtietc per 0.01 Gy Sor low-dose-rate irradiation, 
after applying correction factors derived from 
specific-locus experiments. As explained in describing 
the concept of the direct metlrod, this frequency was 
multiplied by 0.5 (for severity), by 10 (multiplication 
factor for total damage) arid by 1 ~iiillion, to yield the 
estiriiatc that 0.01 Gy of patenlal exposure would 
result in 20 genetically abnonnal children per million 
live birtlis. In Ihe UNSCEAR 1982 Report [U3], risk 
in the fernale was considered possibly negligible or, at 
most, 44% of that in the male, yielding the range 0-9 
for 0.01 Gy of maternal exposure. The correction 
factors used to estimate maternal risk came from the 
suggestion of Russell [R l l ] ,  based on specific-locus 
data in mice. Data on the induction of dominant 
cataract niutations were used in that same report to 
derive an estimate of 1 0  genetically abnormal children 
per 0.01 Gy of paternal exposure to low-dose-rate, 
low-LET radiation as the lower bound of the risk 
estimate made by the direct method. 

277. Selby et al. [S29] point out that the preliminary 
results of assessment of dominant damage experiments 
in progress show no large error of underestimation in 
the direct estimate of genetic risk following paternal 
irradiation, even if that estimate is applied to all 
genetic disorders causing ' serious handicaps. They 
suggest that the data from an assessment of dominant 
damage experi~nent using protracted exposure [S29] 
could be used to derive an estiniate of genetic risk as 
follows: subtraction of control results from experi- 
mental results will yield the frequency of induced 
serious genetic disorders. The estimate of genetic risk 
per 0.01 Gy could be calculated by dividing the 
induced frequency by 600 and then by multiplying it 
both by 10 (to expand to all body systems) and by 1 
million to obtain an estiniate of genetic risk expressed 
per inillion live births. Many of the correction factors 
and assumptions used before in applying the direct 
method would thus no longer be needed. Multiplica- 
tion by the correction factors of 0 and 0.44, derived 
from specific-locus results, would yield an estimate of 
maternal risk, as was done previously. 

278. If a ~ ~ ~ o u s e  dies during the first few weeks of 
life, most of the types of phcnotypic damage discussed 
above would not be detected. The omission of early 
deaths from induced dominant mutations would be a 
serious deficiency in a risk estimate. The assessment 
of dominant damage experiments IS291 are specifically 
designed to circumvent this problem by including 
extraordinary efforts to examine the skeleton of every 
mouse living beyond three weeks of age. This 
eliminates overlooking serious niutations because of 
early deaths. In the UNSCEAR 1986 Repod [U2] the 
Committee made an estimate for protracted gamma 
radialion of the frequency of induction of dominant 
mutations causing death between birth and early life. 
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That estimate was based in part on an analysis by 
Sclby and Russell IS271 of first-generation litter-size 
reduction in 14 radiation experiments involving 
158,490 litters. That experilncnt yielded the estimate 
illat for 0.01 Gy of low-LET, low-dose-rate paternal 
irradiation, illere would be 19 deaths causcd by 
dominant mutations betwccr~ conception and three 
weeks of age for every nlillion F1 mice that would 
have lived to that age in the absence of irradiation. 

279. The data of Liining [L7], from one large 
experiment, yielded a similar cstimate, 24 induced 
deaths per million. While the data of Selby and 
Russell could not be used to partition the total 
mortality rate into that occurring before and after 
birth, the data of Liining [L7] and of Searle and 
Papworth [S15] could be used for this purpose. Based 
on these three data sets, the Committee estimated that 
the induction rate of dominant genetic changes causing 
death between birth and weaning would be 5-10 cases 
per million births per 0.01 Gy [U2]. This estimate has 
since been referred to as the "frequency of dominant 
sublethal effectsn. Although no such estimate has yet 
been made for maternal risk, it would seem reasonable 
to make a rough estimate by assuming that risk in the 
female is possibly negligible and, at most, 44% of that 
in the male, as has been done for other end-points. 
Risk in the female would thus be about 0-5 for 
dominant sublethal effects. 

280. It should be noted that the chances that children 
with any one of many different serious birth defects 
will survive is heavily dependent on the sophistication 
of the medical technology available. The risk estimate 
for dominant sublethal effects based on the mouse is 
thus probably especially relevant when considering 
genetic risk 6om radiation in countries where 
advanced medical technology is less readily available. 
Baseline risk estimates are very difficult to obtain in 
such countries. 

281. Table 3 shows the estimate of genetic risk based 
on the mouse model. It is noteworthy that there is no 
longer a separate listing for unbalanced products of 
reciprocal translocations. Those effects are presumably 

283. Studies on skeletal and cataract mutations have 
shown that many of these mutations are recessive 
lethal mutations that have effects in hcterozygotes 
[ K l l ,  S18]. Roughly 10% of the earlier direct estimate 
of risk based on the skeleton was thought to result 
frorrl balanced translocations that acted like dominant 
mutations [S18]. 

284. The equilibrium estimate is the frequency of 
induced damage expected in each generation if the 
hypothetically increased mutation frequency stays 
constant until an equilibrium is reached. The estimate 
of genetic risk for thc first generation could be extra- 
polated to an estimate at equilibrium if the persistence 
of mutations were well enough known. This is the 
reverse of the procedure that is necessary to cstimate 
first-generation risk from equilibrium risk by the 
indirect method. Persistence, however, is rather well 
known only for the better understood diseases, such as 
those caused by simple dominants. For these, it is 
thought to be about 5 generations, although this is 
very dependent on the specific disorder. In the past, 
the Committee assunled that mutations responsible for 
disorders of complex aetiology persist for about 10 
generations [U3], but this is an especially uncertain 
estimate. The discussion of multifactorial disease and 
non-traditional inheritance in this Annex underlines the 
difficulty of understanding the persistence of mutations 
that cause serious genetic diseases in humans. 

285. In view of these uncertainties, no attempt is 
made to estimate risk at genetic equilibrium using the 
direct method. An equilibrium estimate is probably 
much less necessary for reaching decisions than a 
first-generation estimate, since as knowledge of gene- 
tics and medicine advances, ways may be found to 
reduce future impacts. As noted elsewhere, it would be 
useful to extend the direct method to at least a few 
later generations by measuring induced dominant 
damage following radiation exposure of successive 
generations. 

6. blouse versus human genes 

already included in the new risk estimate. It is 286. Comparisons between humans and mice have 
important to note that research specifically aimed at been extremely useful in understanding development 
understanding thc induction of translocations in mice and genetic disease. The homology and sequence 
or other species, especially primates, must be carefully conservation between mouse and human genes is 
followed to see whether the mouse model, as applied extensive. However, there are also notable differences 
in 3? lead lo a large underestimation of in expression ofdisuse Several oftbe 
risk. Appropriate additions could be made to the Table human  discsse mutations (e.g. neure 
if needed. fibrornatosis) are not observed in mice. The most fre- 
282. All modes of inheritance that could lead to quent mouse mutations (e.g. W locus) are rarely seen 
first-generation effccts are presumably included in the in humans. Furthermore, a number of human disease 
estimates given in Table 3, regardless of whether the genes have been isolated, the abnormal mouse homo- 
aedology is understood. Earlier work [S23] showed logues of which do not produce any alteration in 
that an important part of the total consists of dominant phenotype (e.g. Ducheme muscular dystrophy and 
mutations with full or incomplete penetrance. Lcsch Nyhan disease). Thus, the same mutation may 
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lead to disease in one species but not in another. There 
also appear to be niarkcd strain differences in mice 
with regard to Ule severity of the phenotypic defect 
produced by a particular gene mutation. This type of 
strain variation in mice is probably comparable to the 
ethnic differences observed in humans [Lll] .  

287. In addition to differences in disease phenotypes, 
there are also significant ditrcrences between mice and 
humans in early developmental processes, placenta- 
tion and types of congenital anomalies. For instance, 
monozygous twinning is rare in most strains of mice 
but occurs quite frequently in humans [N2]. 

D. GENETIC RISK ESTIMATES 

288. Some new information relevant to estimating the 
genetic effects of radiation has been presented in this 
Annex. There has, however, been no reason to revise 
the risk estimates, although the uncertainties could 
well be widened in view of the many complexities that 
are emerging. The genetic risk estimates of the 
Committee are summarized here and compared with 
those of other groups, national and international. 

1. Estimates of UNSCEAR 

(a) Dominant and X-linked diseuses 

289. The Committee has not changed its estimate of 
the incidence of dominant and X-linked diseases in the 
population since the UNSCEAR 1972 Report [U5]. 
This value of 10,000 cases per million live births 
divided by the doubling dose of 1 Gy, multiplied by a 
mutational component of 100% for these diseases and 
by a continuing dose of 0.01 Gy per generation gives 
an equilibrium estimate of 100 cases per million live 
births. The first generation increment (15 cases per 
million live births) is assumed to be 15% of that at 
equilibrium and the second generation increment (13 
cases per million live births) is 15% of the equilibrium 
less the first generation cases (100-15 cases per 
million live births). These results are listed in Table 5. 

(b) Recessive diseases 

290. The Committee has estimated that autosomal 
recessive diseases occur at a rate of 2,500 per million 
live births. Calculations based on a combination of 
data from observations on human populations and 
from mouse experiments suggested that an extra dose 
of 0.01 Gy of low-LET radiation to each parent in a 
stable population with a million live-born offspring 
would induce up to 1,200 extra recessive mutations 
[S16]. From these data it was calculated that 
partnership with an established or newly induced 

recessive allele in the population would produce about 
one extra child with a recessive disorder in the 
following 10 gcnerations (per million horn in each 
generation). About 10 extra cases of recessive diseases 
would be cxpectcd fro111 U~is dose by the tenth 
generation, a s s u ~ n i ~ ~ g  about 1 % of first-cousin matings. 

(c) Chmmosonial disenses 

291. Based on extensive cytogenic data from buman 
populations, the Conirnittce estimated that visible 
structural anomalies or unbalanced translocations occur 
at the rate of 400 per inilliori live births [Ul,  U2, U3]. 
The indirect method of estimation (doubling dose of 
1 Gy) thus gives an incidence rate at equilibrium of 4 
cases per million live births from a continuing dose 
rate of 0.01 Gy per generation. The first-generation 
increment has been assumed to be three fifths of the 
equilibrium value [U3], giving 2.4 cases per million 
live births, The second-generation increment is Uuee 
fifths of the remainder: 3/5 x (4 - 2.4) = 1 case per 
million live births. 

292. The estimate of genetic risk was based on 
evidence that about 9% of individuals with unbalanced 
chromosome rearrangements survive to birth. The 
question of how many such rearrangements can be 
induced by radiation is not easily answered. Com- 
parative studies in mice, rhesus monkeys, marmoset 
nionkeys, crab-eating monkeys and human males have 
revcalcd striking differences (see thc UNSCEAR 1986 
Report [U2], Table 21, page 128). One interesting 
point should be noted: many spontaneously occurring 
translocations in humans are Robertsonian in type, but 
it has been concluded from mouse data h a t  radiation 
does not induce such Robertsonian translocations 
[F16]. 

293. For numerical chromosomal diseases (mainly 
trisomies), the Committee has used a figure for the 
current incidence of 3,400 per million live births [U2]. 
The increase following radiation exposure could not be 
calculated but was assumed to be very small, based on 
mouse data. The human data from the Japanese studies 
also support a small risk. 

294. Studics in the mouse have shown that the rates 
of aneuploidy induction in male and female germ cells 
by radiation were of the same order of magnitude 
(2-7 per Gy) and were not very different from 
those reported by various authors for translocation 
induction in spcrmatogonia [PI]. The oocyte, when 
irradiated at t l ~ e  time of fertilization, is especially 
susceptible to chrornosonic loss, especially loss of the 
X-chroniosonie. However, most mo~~osomic human 
zygotes do not survive early pregnancy; even the great 
majority of surviving 45 X-zygotes are thought to be 
attributable not to nondisjunction or chromosome loss 
during meiosis but to mitotic events during early 
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pregnancy. Moreover, most trisomics do not survive to 
birth [H9]. Hence, in view of the well-known high 
incidence of chromosomal anomalies among sponta- 
rieous abortions, any radiation-induced increase in 
noridisjunction and/or early chromosome loss is likely 
to lead to an increase in the rate of spontaneous 
abortion rather than to more chromosornally abnormal 
newborns, as explained in greater detail in earlier 
UNSCEAR Reports. This conclusion is conoboratcd 
by a study in the mouse [Rl] ,  in which the frequency 
of chromosomal radiation effects was followed from 
zygotes to early and late embryos. The fraction of 
chromosomally disturbed gem1 cells, which was very 
high at the beginning, was found to be practically zero 
in embryos surviving to birth. 

295. In the UNSCEAR 1982 Report [U3] (Table 8, 
page 525), 1 2  studies were listed that addressed the 
question of whether pre-conceptual irradiation of 
mothers increases the incidence of Down's syndrome. 
Four studies described a significant increase in this 
syndrome; eight studies failed to show such an effect. 
The studies included wonlen who had been exposed at 
some time in their lives to small doses of radiation for 
medical reasons. Obviously, they were not an unbiased 
population sample; there is ample opportunity for the 
action of confounding variables. On the other hand, 
the data do not allow dismissing the possibility that 
low radiation doses enhance the risk for autosomal 
nondisjunction in female human meiosis, at least under 
certain conditions (see also the studies of populations 
living in areas of high natural background radiation in 
India and China, discussed in Section III.A.2). The 
Japanese data do not support an increased risk for 
live-borns with trisomics. 

(d) Congenital anomalies and multifactorial 
diseases 

296. In the UNSCEAR 1988 Report P I ] ,  the Com- 
mittee estimated the incidence of congenital anomalies 
and multifactorial diseases to be 60,000 and 600,000 
per million live births, respectively, but did not 
estimate the increase caused by radiation [Ul] .  In the 
UNSCEAR 1977 and 1982 Reports [U4, U3] the 
Committee had used a doubling dose of 1 Gy and a 
mutational component of 5%, but the uncertainties did 
not justify continuing this procedure, given the higher 
estimated incidence of these conditions of varying 
seriousness that can arise throughout a lifetime. The 
study of the survivors of the atomic bombings in 
Japan indicates no increase in congenital anomalies or 
multifactorial disorders subsequent to parental irradia- 
tion [N8, N9]. In theory, a system of continuous 
registration of these conditions that is complemented 
by ad hoc studies on special problems, such as genetic 
data (for example empirical risks in families) or envi- 

ronniental factors (radiation, drugs and environmental 
chemicals), is the best system for answering questions 
of incidence and causation. However, in view of the 
complex genetic basis of most malformations and of 
multifactorial diseases, it is impossible to estimate 
incrcascs caused by radiation, and no such estimate 
was attempted in the UNSCEAR 1988 Report [Ul]. 

2. Estimates of BEIR. ICRP AND NUREC 

297. While the BEIR I11 Committee [C2] relied 
mostly on the direct method to estimate first- 
generatio~i risk for genetic disorders and traits that 
cause a serious handicap at some time during a life- 
time, the BEIR V Committee [Cl]  described the direct 
method but stated that the "Committee had little 
confidence in the reliability of the individual assump- 
tions required by the direct method let alone the 
product of a long chain of uncertain estimates that 
follow from these assumptions. Therefore, they did not 
place heavy reliance on the direct method in making 
their risk estimates, but used it only as a test of 
consistency". The BEIR V Committee discussed relati- 
vely few of the many assumptions used in the indirect 
method, which it did apply. In contrast, the United 
States Nuclear Regulatory Commission report [NlO], 
in discussing the BEIR V report, noted that the direct 
method involved fewer uncertainties than the indirect 
and was thus preferable. 

298. The BEIR V report presented a much higher 
cunent incidence for genetic disorders than the 
UNSCEAR 1988 Report [Ul]  (Table 5). It concluded 
that the current incidence is 1,247,300 genetic effects 
per million live-born offspring. Risk was not estimated 
for the 1,200,000 of these effects that consisted of 
heart disease, cancer and selected other diseases. 
Regarding these three categories, they concluded as 
follows: m e  magnitude of the genetic component in 
susceptibility to heart disease and other disorders with 
complex aetiologies is unknown. Because of great 
uncertainties in the mutational component of these 
traits and other complexities, the committee has not 
made quantitative risk estimates for them. The risks 
may be negligibly small, or they may be as large or 
larger than the risks for all other traits combined". For 
the remaining genetic disorders (current incidence of 
47,300 pcr million), the estimate of first-generation 
risk of radiation-induced genetic effects per 0.01 Sv of 
exposure was between 16 to 53 per million live births 
(Table 5). Of that total, between 1 and 15 were 
estimated to be clinically mild. 

299. The risk of congenital anomalies was given in 
the BEIR V report [C l ]  as about 10 in the first gene- 
ration and 10-100 at equilibrium for 0.01 Sv of 
additional radiation. These estimates assumed that the 
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relevant malforniations consist of those caused in part 
by multifactorial inheritance in combination with a 
threshold and in part by irregularly manifesting 
dominant mutations. The overall mutational component 
was estimated to be between 5% and 35%. The upper 
limit (35%) was then used to estimate the increase 
(Table 5). The result is quite uncertain. Moreover, the 
argument is based in part on results of twin studies, 
which are misleading for congenital malformations 
since the background incidence of most congenital 
abnormalities is increased in monozygous twinning, 
apparently because of the special conditions that 
produce monozygotic twin pregnancies [VlO]. 

300. The ICRP estimated the component of risk for 
multifactorial diseases Gom radiation exposure to be 
0.5 SV-' and the total for severe hereditary effects 
for all generations to be 1 loe2 SV-' (see Annex B in 
PI]). The ICRP risk coefficients p l ,  S44] relied 
heavily on the UNSCEAR 1988 risk estimates [Ul], 
with some important additions. The effect of 0.01 Gy 
per generation per million live births on the incidence 
of Mendelian and chromosomal diseases was taken to 
be 120 at equilibrium [S44], as in Table 5. The natural 
prevalence of congenital abnormalities was taken to be 
695, as in Table 5, and of other multifactorial disorders 
65%. Assuming a doubling dose of 1 Gy of low-dose- 
rate, low-LET radiation, an average mutational compo- 
nent of 5% and a weighting factor of one third for 
severity of effects, the risk coefficient for all 
multifactorial diseases, including congenital anomalies, 
becomes 120 per million live births at equilibrium for 
exposure to 0.01 Gy per generation [Il ,  S44], or 
1.2 10.' SV-l. The total risk coefficient for all 
Mendelian, chromosomal and multifactorial diseases is 
thus 2 4  SV-' at equilibrium. However, when the 
total population is considered, the genetically signi- 
ficant dose will be markedly lower than the total dose 
received over a lifetime. If it is assumed that the mean 
age at reproduction is 30 years and the average life 
expectancy at birth is 70-75 years, the dose received 
by 30 years is about 40% of the total dose. The risk 
coefficient for the total population is thus 0.4 x 
2.4 SV-', or 1 lo-' SV-' at equilibrium, i.e. when 
the effects are summed over all generations [Il, S441. 
The corresponding risk coefficient summed over the 
f i s t  two generations only would be 0.2 SV-l. 

301. The NUREG Committee [NlO] expressed genetic 
risk per 480,000 live births instead of per million live 
births. This figure is an estimate of first generation 
offipring in the United States, predicted from the 1978 
demographic data of 1 million persons of all ages (i.e. 
16,000 live births per year for 30 years). Its combined 
first-generation risk estimate for single-gene disorders, 
chromosome aberrations (including aneuploidy) and 
congenital abnormalities was 30 radiation-induced 
genetic disorders, and its first-generation estimate for 

selected irregularly inherited diseases (having a normal 
incidence of 576,000 per 480,000 live births, which is 
equivalent to the current incidences used by the 
BEIR V Con~mittee), was 35 radiation-induced genetic 
disorders. The Committee stressed the "extremely 
tenuous nature of Uiese numerical estimates for dis- 
eases of complcx aetiology in light of the very large 
uncertainties involved" [Nl 01. 

302. The NUREG Committee pointed out that its 
estimate of risk from unbalanced translocations, as 
well as the estimate in the UNSCEAR 1988 Report 
[Ul], was based on an estimate of the -frequency of 
balanced translocations at least an order of magnitude 
higher than that actually observed cytologically in the 
offspring of the atomic bomb survivors [A7]. It thus 
may be that the risk estimates in the UNSCEAR 1988 
Report [Ul] for this category of genetic disease are 
too high. 

3. Resvulltntion of doubling dose estimates 
in mice and humans 

303. It has been suggested that, for humans, the 
doubling dose of acute low-LET ionizing radiation of 
the gonads is 0.3-0.4 Sv, with limits of 0.1-1 Sv [Cl, 
U2]. That estimate appears to be based primarily on 
the data summarized by Luning and Searle [MI,  
namely, data on semi-sterility (i.e. reciprocal transloca- 
t ion~),  the seven-locus (or specific locus) system of 
Russell [R4], dominant visible mutations recovered in 
the course of specific-locus studies, dominant skeletal 
mutations and recessive lethals. The average of these 
values was 0.31 Sv. When a dose-rate reduction factor 
of 3 was cmployed for conversion to the effect of 
chronic radiation, the doubling dose for chronic and/or 
intermittent radiation was about 1 Sv, with lower and 
upper limits of 0.3 and 3 Sv. It has been suggested 
that for chronic radiation the doubling dose is not less 
than 1 Sv [Cl]. This estimate was based on a wider 
variety of end-points of genetic damage than those 
used by Luning and Searle, and the confidence limits 
for some of the additional end-points were very wide. 

304. In view of the apparent discrepancy between 
these estimates and those resulting from the follow-up 
studies on the children of atomic bomb survivors, Nee1 
and Lewis [N7] compared the findings on mice and 
humans point-by-point. They concluded that because 
of biological differences between the two species, a 
precise comparison was impossible for many end- 
points. For instance, the newborn mouse corresponds 
roughly, in terms of development, to a human fetus at 
100 days of gestation [N7]. The data on congenital 
malformations in mouse fetuses following paternal 
irradiation were obtained by sacrificing pregnant mice 
at day 18 or 19 of gestation, equivalent to less than 



100 days of hunian fetal dcvelopnicnt [K5 .  K6]. 
Because in humans some fraction of the corresponding 
defects would be lost through early miscarriage and in 
most studies go unrecorded, and bccailsc the very 
immature mouse fetus cannot be subjected to the sanic 
type of physical examination as a newborn i ~ ~ f ; ~ ~ i t ,  the 
mouse and human data are not cornparablc. Furthcr- 
more, the polytocous nature of mousc reproduction 
results in pre- and postnatal competition between litter 
mates, which does not exist in humans. This compcti- 
tion renders a cornparison of the two species with 
respect to postnatal mortality following radiation 
uncertain and complicates any cxtrapolatio~i. Finally, 
since several of the mouse strains employed in radia- 
tion research were originally dcvclopcd for research on 
cancer, it may not be entirely valid to compare the 
results of Nomura [N14, N15] on mice with the rcsulls 
obtained in Hiroshima and Nagasaki, particularly since 
the tunlour types that dominate Nomura's data are not 
thosc associated with genn-line mutations in humans. 

305. Given the mailncr in which the recent estimate of 
the human genetic doubling dose resulting from acute 
radiation (the Japanese studies) was derived, the 
mouse estimate that would seem to be most compar- 
able to the human would be that based on locus-spcci- 
fic phenotype studies. In Table 6, the findings for 
eight different types of locus-specific phenotype 
studies in the mousc are compared. These studies are 
of rather uneven informational content, and sonic not 
quite congruous studies are combined, particularly 
those in which the results had not previously been 
incorporated into doubling dose estimates. The simple, 
unweighted average of the results of these eight types 
of tests is 1.35 Gy. Applying the dose rate factor of 3 
customarily applied to such data in the light of the re- 
sults of Russell et al. [R6], the estimate of the murinc 
genetic doubling dose of chronic ionizing radiation 
becomes about 4 Gy. As for the human data, it is dif- 
ficult to develop a precise error term for thcse data. 

306. The potential difference between acute and chro- 
nic exposure and between different types of radiation 
needs further study. Scarle and Edwards IS161 in 
particular have shown an increase in translocations 
with protracted exposure to low levels of high-LET 
radiation (i.e. alpha particles and fission neutrons). 

307. It will be notcd that the results obtained with 
different test systems appear to vary widely. Since for 
several of these estimates (e.g. clcctrophorctic variants 
and recessive visible mutations), only a single muta- 
tion has been encountered in the controls, the error of 
the estimate is large. There may also be real differ- 
ences between systems. The data of Russell et al. [R5] 
indicate significant differences among the seven loci 
in their syslem with reference to radiation-induced 
rates. Similar data on locus differences in spontaneous 

locus niutability arc beginning to emerge for humans 
[N7]. Thus, it  should not be regarded as surprising if 
different systems yield different estimates, and there is 
no objcctivc basis for preferring the results G o n ~  one 
systcni ovcr thosc dcrivcd lrom another. 

308. This sunimary of the mouse data indicates the 
need to consider the results from many systems in 
arriving at a balanced view of the genetic cffccts of 
radiation. It should be notcd that the studies in Japan 
(Section 1II.A.1) irivolve end-points that reflect the 
input of many loci. There may, however, be an addi- 
tional rcason for differences between the results of the 
different lilouse systems: inadvertent selection in some 
of the rnurine systcnis of the more mutable loci for 
study. For exa~iiple, the valuable and much uscd 
seven-locus test system dcvcloped by Russell [R5] was 
dcvcloped on the basis of known, contrasting pheno- 
types associated with each of the loci in question. This 
was the key to developing the test crosses, which 
pennittcd rapid locus scoring for mutation. It now 
seems possible that this derivation of the system may 
have introduced inadvertent selection for loci with 
relatively high spontaneous and induced mutation 
rates. This and the possible strain differences in mice 
again raises the question of ethnic differcnces in 
humans: could different genelic backgrounds result in 
loci with differing susceptibility to mutation? 

309. Although the error in both the mouse and human 
estimates is, for various reasons, indeterminate but 
presumably large, these considerations, in the view of 
Nee1 and Lewis, may bring the mouse and human 
results into much better congruence than appeared to 
be the case in the past. There is, of course, no rcasoll 
why two species differing in as many respects as niice 
and humans should have identical doubling doses, but 
there is also no rcason 10 think they should be 
unequal. Given the difference in the end-points uscd 
for the two species, this congruence is somewhat 
surprising and should be regarded with caution. 

4. Molecular biological developments 

310. Sankaranarayanan [S3, S4, S5, S6, S7] con- 
sidered at length the impact of molecular biology on 
b e  estimation of genetic risk from ionizing radiation 
and made a number of p i n k .  In genetic risk estima- 
tion, adverse genetic consequences have gcncrally 
been vicwcd through the prism of naturally occurring 
gcl~etic tliseascs. The co~lccpt of radiation-induccd 
genetic disease relies on the premise that the types of 
events induced are similar to those arising spontane- 
ously; this was supported by the recovery in expcri- 
mental systems of induced mutations at selected gene 
loci, the phenotypes of which were similar lo thosc of 
spontaneous mutations. This idea continues to catalyse 
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the search for increases in the frequencies of known 
dominant or X-linked genetic diseases in human popu- 
lations exposed to radiation (e.g. as a result of the 
Chernobyl accident [C15] and the atomic bombings of 
Hiroshima and Nagasaki). 

311. However, as discussed in Section II.C, molecular 
data for Mendelian diseases and for radiation-induced 
mutations in experimental systems now demonstrate 
that (a) while the types of events are indeed similar, 
those that lead to naturally occurring Mendelian 
diseases show specificities both in their distribution 
and their mechanisms of origin and @) the overlap in 
mechanisms between spontaneous and induced muta- 
tions may be small. Thus, the probability that ionizing 
radiation will induce the specific mutations that result 
in known Mendelian diseases is likely to be small. It 
is not to be implied that gonadal radiation exposures 
have no adverse genetic effects. Rather, the message 
is that the frame of reference used, namely naturally 
occurring Mendelian diseases, may not be entirely 
adequate [S7]. 

312. With regard to the two standard methods of risk 
estimation using animal models the following may be 
noted. The size of the multiplication factor used in the . 
direct method is partly based on an understanding of 
the relative damage to different body systems from 

' spontaneous mutations. As noted earlier, the, estimate 
of this is uncertain. It would be subject to additional 
uncertainty if the very large numbers of genes that can 
mutate to cause damage to different body systems 
respond to radiation damage to very different extents. 

313. With the doubling dose method, the risk is 
estimated by multiplying the natural prevalence of 
autosomal dominant and X-linked diseases by the 
relative mutation risk. A number of arguments suggest 
that the value of the natural prevalence may need to 
be revised downwards and that of the doubling dose 
upwards: as a consequence, the estimate of risk will 
be lower than at present. These arguments are as 
follows: 

(a) since radiation generally induces deletions, and 
assuming that only about 50% of naturally oc- 
curring Mendelian diseases are due to deletions, 
clearly the value of the natural prevalence used 
in the risk estimation should be lower, pertaining 
only to the subset of genes that are responsive to 
induced deletions; 

@) the estimate for a doubling dose of 1 Sv is based 
primarily on mouse data for recessive visible 
mutations at seven loci, which may be more 
mutable than most genes. Genes that mutate to 
recessives have been observed to do so at a 
higher rate than those that mutate to dominants. 

This suggests that if a doubling dose based on 
recessives is uscd for estimating the risk of 
dominant gcrletic discase, the risk will be over- 
estima ted; 

(c) the risk estimation used in the doubling dose 
mcthod assumcs lhat genes that mutate at high 
rates spontaneously will also mutate at high fre- 
quencies after irradiation. This assumption is 
open to doubt. A high spontaneous rate depends, 
anlong other factors, on the size and sequence of 
the gene and on the types of mutational mecha- 
nisms involved. A high induction rate is more 
dependent on whether a random change in the 
gene can give rise to the phenotype being 
measured [S7j. 

314. Again, as emphasized above, the growing under- 
standing of non-traditional mechanisms by which 
genetic diseases may arise (see Section 1.D) has 
introduced another dimension of complexity and may 
influence estimations of genetic risk, depending on 
how these mechanisms respond to radiation. 

315. Two main methods have been used in animal 
experiments (primarily mouse) that attempt to quantify 
genetic risk from exposure to radiation: the doubling 
dose (also referred to as the indirect) method and the 
so-called direct method. Both methods involve collect- 
ing similar or identical data on radiation exposures and 
abnormalities in offspring. However, they use different 
approaches in extrapolating animal data to humans. 
The terms direct and indirect refer to whether the 
estimate of darnage in the first generation is based 
directly on phenotypic damage found in mice in first- 
generation progeny (direct method) or whether it is 
based on extrapolation back to the first generation 
from a prediction at genetic equilibrium (indirect 
melhod). Although the frequency of harmful effects 
from induced mutations (from the exposure of a single 
generation) would be expected to decrease beyond the 
first generation, owing to negative selection, it should 
be kept in mind that some of the genetic effects of 
radiation, e.g. aneuploid segregants from certain trans- 
locations, or mutations leading to abnormal imprinting 
in gametes of first generation offspring, might not 
manifest until the second or subsequent generations. 

316. The doubling dose (or indirect) method of gene- 
tic risk estimation expresses risk in relation to the 
natural incidence of mutations and genetic diseases 
that are evident at birth in the general population. The 
doubling dose is the arnount of radiation necessary to 
produce twice as many niutations as would occur 
sponta~~eously in the population in a generation. It is 
obtained by dividing the average rate of spontaneous 
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mutations at a given set of gene loci by the rate of 
induction of mutations at the same set of loci. The 
reciprocal of the doubling dose is the relative niutation 
risk. A low doubling dose means a high relative niuta- 
lion risk, and vice versa. This nlethod is generally 
used to estimate risks under equilibrium co~~ditions. 
The currently used doubling dose estimate, 1 Sv, for 
low-dose-rate or chronic exposures to sparsely ionizing 
radiation such as x rays or gamma rays is based pri- 
marily on mouse data on autosomal recessive muta- 
tions at seven specific loci and is expected to be at 
least of the correct order of magnitude. One difficulty 
of the doubling dose method in estimating the risk of 
autosomal dominant and X-linked diseases in man is 
to specify correctly the mutational component, or the 
component of a given disorder that is due to genetic 
mutation. 

317. In the direct method, the estimated ratcs of 
induction of domil~arit mutations affecting the skcleton 
or causing cataracts in the eye of the mouse are used 
to derive estimates of the total risk of dominant gene- 
tic disease to the first-generation (F,) progeny of an 
exposed human population. Assumptions about the 
'persistence of mutations in the population, however, 
could permit extrapolating first-generation esliniales to 
later generations. The direct method and the doubling 
dose method each has its inherent advantages and dis- 
advantages in using the results of animal cxperiments 
to calculate the risks in humans of induction of here- 
ditary disorders caused by radiation. It is thus 
recommended that both methods continue to be used 
and compared. Caution should be exercised, however, 
when extrapolating mouse studies to humans: there are 
notable differences between mice and humans in dis- 
ease expression, early development, placentation and 
types of congenital anomalies that are most frequent. 
There are also strain differences in rnicc, which are 
probably comparable to ethnic differences in humans. 

318. Whilc people who have been exposed to radia- 
tion have been shown to suffer direct effects from 
exposure, such as increascd cancer rates, the data on 
survivors of Uie atomic bon~bings indicate that acutc 
irradiation will1 moderate doses of iol~izing radiation 
has a negligible adverse effect on the health of the 
subsequent generation. A number of different indi- 
cators, such as untoward pregnancy outcome, can- 
cer in the children of exposed parents and mutations 
affecting certain protein charackristics, have been used 
to infer doubling doses. Several types of analyses of 
seven data sets failed to reveal a statistically 
significant effect of parental radiation for various 
indicators. The average combined gonadal dose of 
acute ionizing radiation received by the proximally 
exposed parents (0.4 Sv) approximates that which in 
the past had been estimated to be a genetic doubling 
dose for mice. The statistical power of these studies is 
such that the absence of an effect of parental exposure 
to the atomic bombings on any of the indicators 
suggests humans may not be as sensitive to the genetic 
effects of radiation as has for some years been 
projected on the basis of niurine doubling-dose data. 

319. The estimate obtained from the studies on the 
atomic bomb survivors suggests that a doubling dose 
estimate for humans of between 1.7 and 2.2 Sv for 
acute irradiation and 4.0 Sv for chronic exposure, 
should be used. It also suggests that the genes used in 
the specific locus studies in mice may be more radio- 
sensitive than most genes in humans. Studies of popu- 
lations living in areas of high background radiation, or 
exposed to radiation through accidents, support the 
conclusions from the Japanese studies, i.e. that humans 
have little risk of hereditary damage from moderately 
low exposures to ionizing radiation, The potential 
differe~lces between acutc and chronic exposures and 
between different types of radiation require further 
study. 

IV. FUTURE PERSPECTIVES 

A. MOLECULAR INVESTIGATIONS 

320. So far, the hereditary effects of radialion have 
been discussed and assessed mainly at the level of 
phenotypes. Indced, changes in phenotypes are of 
primary interest to society. There are, however, 
complex problems of methodology in cstirnatirig such 
effects, as discussed in the previous Chapters. Many 
uncertainties have to be bridged by assumptions and 
extrapolations. On the other hand, basic research in 
genetics, and especially in human genetics, is concen- 
trating more and more on the structure of genes Ihem- 

selves arid their products. To allow using these new 
technologies in testing for radiation effects, new 
approaches have been, or are being, developed at the 
levels of gene DNA and proteins. 

321. In view of Ihe difficulties in assessing mutational 
effects at the phenotypic arid gene-product levels, on the 
one hand, and recent progress in studying DNA 
sequences directly, on Ihe other, it is not surprising that 
the possibility of studying possible radiation errccls 
directly in the DNA has bcen explored. A number of 
approaclies have been suggested, including the following: 
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panels of genetic markers, along with scquc~tcc tagged 
sites, to be used in positioning a genetic defect, greatly 
facilitating the identification of gcncs for spccific 
diseascs and malforniations. 

328. The riiapping a~ id  sequencirig of I I O I I - ~ I U ~ ~ I I ~  

genomcs will allow scientists to work with si~riplcr 
systems (i.e. smaller genomes) and to nianipulate and 
study the structure and function of mapped gcncs in 
the intact organism, which is cxtrcniely difficult to do 
in humans. Because many essential genes arc largely 
conserved over species boundaries, insights gained 
from animal models can onen be applied to the study 
of human genes [C4]. According to researchers whc 
support the project, the traditional manner of searching 
for an abnormal gene is unnecessarily coslly and 
wasteful of the scientist's time; it  is, moreover, prac- 
tically untenable for genetically complex defects such 
as Alzheimer's disease, cancer or schizophrenia [C8]. 
A positional approach (as opposed to a functional 
approach) makes it possible to isolate the abnormal 
genes when the structure and function of the gene pro- 
duct are unknown. It was the positional mclhod that 
led to the cloning of the genes for cystic fibrosis and 
neurofibromatosis. It has an even greater advantage for 
polygenic and multifactorial disordcrs [a]. 

329. The long-term goal of the project is to sequence 
the entire human genome. The urtdertaking should be 
completed in 15 years [W5]. Because the information 
gained from the mapping and sequencing of genes for 
human disease, as well as for traits such as sex and 
intelligence, will havc profound social implications, 
3%7% of the budgets for most genome projects have 
becn allocated for studying the ethical, legal and social 

implications of the information. The purpose of these 
studics is to anticipate and address implications for 
individuals and society in arcas such as health 
irisura~icc arid pre~~atal  testing and will develop policy 
options, c.g. in areas where there might be conflict of 
interest, to ensure that the inronnation is used for the 
benefit of individuals and society [Ull 1. 

330. The Human Genome Project is expected to havc 
at least four corollary benefits [WS]: 

(a) it will provide a direct method for analyzing 
mutation rates, as well as the effects of particular 
mutagens (including radiation), using human 
DNA. Thus, risk estimates will be far more ac- 
curate than at present, and the various compli- 
cating factors will be able to be defined and 
analysed individually; 

(b) new laboratory technologies will be developed to 
achieve the goals of the project; 

(c) new computer technology will be applied to 
niolecular biology. with a concomitant dcvelop- 
rnent of new hardware, software and database 
designs to support arid facilitate thc massive 
scale of the u~tdertaking; 

(d) the identification and cloning of medically and 
biologically important genes will, in turn, furnish 
scientists with material for research on their 
identity, structure and function for many years to 
come. Froni the standpoint of the hereditary 
effects of radiation, it is expected that once the 
human genome has becn sequenced, a much 
better understanding of radiation biology, 
susceptible areas of the human genome and the 
tracing of suspected damage will be possible. 

CONCLUSIONS 

331. The present situation in  radiation genetic risk 
estimation can be summarized as follows: (a) cunellt 
risk estimates for Mendelian diseases appear to be 
conservative and to provide an adequate margin of 
safety in radiation protection; and @) while none of 
the methods used for risk cstiniation is free of 
uncertainties, in the absence of more reliable methods 
it would not be prudent to abandon any of the 
approaches or to alter the risk estimates presented in 
the UNSCEAR 1986 and 1988 Reports [U2, Ul]. New 
data and understanding have served primarily to 
increase the complexity of the task of risk estimation. 

332 Some relatively reliable data are available on the 
incidencr: of chromoson~al abemtions and on a few rare 
dominant or X-linked conditions (sentinel niutadons) in 

hutnans. It is, ia principle, possible to determine the 
background sponta~icous incidence of congenital anomalics 
at birth in a human population However, to do so requires 
a sophisticated logistical network that includes, aniong 
other things, a precise definition of end-points. To allow 
comparing data fro111 various cou~ilries and different time 
periods within the same country, uilemational coordination 
is necessary. The Hungarian registry is a good example of 
a ~iational saccrtirig system. 

333. Even with data from such a system at hand, it is 
not yet possible to predict an increase in the incidence 
of congenital anomalies attributable to a spccific ex- 
posure of the gonads to radiation, since such a pre- 
diction would require esti~natiag h e  mutational corn- 
po~ient of such all increase. An estimation of this corn- 
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ponent would in turn require much more Ihorough 
knowledge of the genetic basis of these anonlalies and 
the involvement of environnlental factors. 

334. Observations on human populations and experi- 
ments with animals are improving risk estimation; 
however, both of these methods require considerable 
extrapolation: from a very few sentinel mutations to 
all genetic disease, and from animal to human. It 
must, therefore, be kept firmly in [nilid that both the 
direct and the doubling dose method still provide only 
rough estimates of risk. Because both methods require 
extrapolation and estimation, the terms direct and 
indirect (or doubling dose) are not entirely accurate. It 
might be more appropriate to refer to the two methods 
as the absolute method and the relative method, or 
perhaps as the first-generation method arid the equi- 
librium method. 

335. The direct and doubling dose methods have 
yielded risk estimates that are of a similar order of 
magnitude; because each method has its advantages 
and drawbacks, it would seem prudent to continue 
using both to derive information that is as complete as 
possible. The estimates obtained should be regarded as 
lower limits, with the caveat that radiation effects on 
multifactorial disease, gene regulation and non- 
traditional forms of inheritance are not well under- 
stood and may require different methods of estimation. 

336. One purpose of this Annex has been to point out 
the difficulties that are inherent in any attempt to 
quantitatively predict the health hazards to future 
generations caused by exposures to ionizing radiation. 
Such predictions, based on extrapolations fiom animal 
experiments and on the direct observation of exposed 
population groups, are possible in genetically simple 
and straightfonvard situations, such as for cytogene- 
tically visible chromosomal aberrations or rare domi- 
nant and X-linked diseases. For all other groups of 
diseases, such an estimate is not yet possible and will 
probably remain impossible for some time to come. 
The studies on the children of atomic bomb survivors 
at Hiroshima and Nagasaki suggest that the adverse 
effects on the f i s t  generation of progeny Gom a single 
moderate radiation dose will probably be only minor. 
A more specific statement cannot be made at this time. 

337. When considering mutations on the molecular 
level, several points should be kept in mind. The rela- 
tive frequency of the various molecular changes seen 
in spontaneous mutation differs from that seen in 
radiation-induced mutation. It has been noted that most 
spontaneous mutations tend to be small point muta- 
tions, while a majority of radiation-induced mutations 
are larger DNA deletions. The fact that radiation-in- 
duced mutations are likely to differ from spontaneous 
mutations in the type of mutation produced, Gequency 
and sites affected, and in the disease phenotypes pro- 

duced, must also be considered and, in fact, expected 
in any attempt at risk estimation. It should also be 
kept in niind U~at almost all work done on the effects 
of gcrni-cell irradiation on phenotypic damage in 
progeny has been done in males; fe~nale germ cells 
may have very differerit susceptibility to differerit 
types of induced mutation at different stages, 
particularly during in lrtero developmerit of the female. 
These points offer convincing arguments that a simple, 
direct correlation between the number of mutations 
arid the degree of mutation damage would be exceed- 
ingly difficult, if not impossible, in both animal and 
human studies. 

338. Many newly recognized mechanisms of gene 
regulation and genetic disease in humans were not 
known by classical geneticists and thus have not been 
considered in previous estinlates of genetic risk. They 
could, however, be significantly affected by radiation. 
Any estimation of risk must understand and consider 
these additional potential sources of hereditary disease; 
however the current state of knowledge of non-tradi- 
tional mechanisms such as genomic imprinting and 
allelic expansion (see Section 1.D) is limited. It may 
be assumed that these mechanisms could have trans- 
generational effects and would not necessarily mani- 
fest in the FI or even the F2 generation, but here  are 
few data with which to quantify risk. 

339. From a purely scientific point of view, then, the 
problem cannot be defined more precisely at this time, 
and numerous questions require further examination. 
Thus, risk estimates can be made only with great un- 
certainty. It remains impossible to make any respons- 
ible statement on the morbidity of genetic effects in 
middle and advanced age in humans, but a preliminary 
statement regarding morbidity and mortality in young 
age might be attempted. Almost the only empirical 
data available for such an estimate are the data on 
children of survivors of the atomic bombings at Hiro- 
shima and Nagasaki, since the extensive experimental 
animal work can only approximate effects in humans. 

340. The study of children of the atomic bomb sur- 
vivors has shown that the long-term monitoring of 
cerhin risk groups is possible. However, despite a 
relatively large sample size and exposure to relatively 
high radiation doses, the outcome of this study has 
been largely negative so far; i.e. it has found little or 
no convincing evidence that radiation influences the 
incidence of congenital malformations (or other rnulti- 
factorial conditions). In view of this result, it can 
hardly be imagined that an even larger risk group 
would lead to positive findings. Studies on populations 
living in areas of high natural background radiation in 
various parts of the world, such as China, Brazil and 
southern India, have also demonstrated no clear evi- 
dence of any genetic risk Gonl exposure to radiation. 
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341. The situation for multifactorial diseases, which 
include not only congenital dkorders but also disorders 
with onset at all ages, is still more difficult. Complex 
systems of intertwined genetic polyniorphisnls in 
combination with a great variety of mutations leading to 
disease in human populations are becoming evident to 
medical genetic researchers. Esti~natcs of incidence and 
even prevalence in a population critically depend on 
parameters such as the definition of disease in general 
and the delineation of diseases from the range of normal 
variability of conditions. Moreover, epidemiological 
research has shown that the incidence and prevalel~ce of 
many such diseases differ from one population to 
another, and even within the same population from one 
time period to another, mainly owing to environmental 
factors. 

342 A serics of recommendations can be formulated to 
assist future attempts at risk estimation. It is first of all 
recommended that studies in both mice and humans of 
genetic damage due to radiation should be carried to the 
molecular level. Information from the Human Genome 
Project will bc especially helpful in this regard. Since it 
is now possible to deterniine which chromosonies were 
inherited from which parent, it can be determined on a 
molecular level whether a mutation in a child was 
inherited fkom the parent with higher exposure to 
radiation, 

343. However, it is likely to be a long time before the 
findings of the Human Genome Project provide 
definitive ways of cstirnating genetic risk from radiation. 
In the meantime, infomiation is needed on the possibility 
that radiation induces mutations that cause specific 
genetic disorders with non-traditional inheritance. If it 
can be shown that some mechanisms leading to 
abnormal development differ considerably between mice 
and humans, experiments must bc designed to indicate 
whether such differences are likely to lead to 
substantially different radiation risks in the two species. 
Taking mouse studies to a molecular level would help to 
make this comparison. 

344. In addition, a formal protocol should be established 
for follow-up studies on heritable effects in the event of 
accidents involving ionizing ndiation; such i~~vcstigatio~w 
may yield a great deal of information on human genetic 
risk that could not be obtained in any other way. 

345. Additional information is needed on the inductio~~ 
of phenotypic damage observed in the progeny of 
irradiated experimental mammals. It would be useful to 
have data on body systems other than those involving 
skeletal and cataract mutations. It would be especially 
valuable if data could be developed that would, in some 
straightforward way, permit estimates of Ihe risk of 
inducing dominant mutations that affect predispositions 

to cancer. More animal experiments are also needed to 
determine the risk of nondisjunction, Robertsonian 
translocations, autosomal recessive mutations nianifesting 
in subsequerit generations and the role of radiation in 
upsetting r~ontraditiol~al mecllanisrns of disease 
inheritance, such as genoniic imprinting and transposable 
elements. 

346. Several obvious gaps in knowledge exist regarding 
the induction of doniinant phenotypic damage. Until such 
damage is measured in offspring following the irradiation 
of oocytcs (probably mature arid maturing oocytes in 
mice), the direct method can be applied to women only 
by assuming that the relationship between the sexes is 
the same as predicted from specific-locus results. 
Estimates are needed for the phenotypic damage that 
results when both males and females are exposed to 
high-LET radiation. 

347. Additional experiments using different strains of 
niice or olher small experimental mammals could 
indicate the extent to which genetic background 
determines the overall level of induced doniinant genetic 
damage. It would also be usehl to determine the extent 
of induced phenotypic damage following several 
successive generations of radiation exposure. Such rcsults 
could validate the assumptions used in extrapolating 
from the first-generation direct estimate to later 
generations. 

348. It is known that Mendelian diseases in mammals 
can be induced by radiation. It seems likely that risk 
estimation can become more precise as more human 
genes arc sequenced, mutation spectra analysed and 
mechanisms uruavelled. It is therefore essential that 
scientists making genetic risk estimates keep abreast of 
progress in molecular biology. 

349. New mouse in vivo lest systems should be 
designed, including tests for dominant mutations, which 
take into account the homologies between the human and 
mouse genomes. Molecular studies with somatic cell 
mutations, both spontaneous and induced, will extend the 
knowledge of mutation spectra and mechanisms. 

350. In well-studied experimental systems, most 
radiation-induced mutations are recessive and are due to 
DNA deletions. If human germ cell responses are 
similar. such mutatio~~s will accumulate in the gene pool. 
Given the very low levels of inbreeding in present-day 
human populations, homozygosity for induced recessives 
may occur only rarely. Thus it would be useful to have 
assessments, instead, of the overall adverse health effects 
in heterozygote carriers of induced recessive mulations. 
In humans, a useful starting poult would he to compare 
the health of nornial individuals with that of obligate 
heterozygotes for known recessive mutations. 



782 UNSCEAR 1993 REPORT 

Tnhle 1 
Incidence or gencllc or pnrllr~lly genetic diseases having serious henllll consqucnccs before lhc uge or 25 years a 

(031 

Based m the British Cdumtilr Hcallh Surveillance R c e j s y  in a study d 1,169,873 births f r m  1952 lo 1983. 

Caregory 

Table 2 
Examples of molecular mechnnlsms that cause spontaneous deletions and duplications 
is71 

R a e  p a  million lirv birrhc Pcrcenlage of rotd binhs 

P.r( A: Serious discmn with known genclic acliology 

ilfechanism 

Rcplicadon dippage in tandem rcpcats 

Unequal hcmologaus recanbinaticm-related gcna 

Unequal hanologocn rmmbinatim between Alu repeals 

Nmhandogoor, rccanhnation with one brca@oint in a near Alu repeals 

Uncqual dnn chranarid exchange 

Gene convurim involdng a functional gene and a pseudogene 

Daninan~ 
Rccusivc 
X-linked 
(3hromtamal 
Mullifadorial 
Genetic unknown 

Tual 

ErMtplc 

Some ha-globin structural variants 
Some mutadons in f a a a  VII and facta IX genes 

M a t  alpha-rhalahsemias, anomalous trichromacy 

Some alpha-globin gene ddclicms 
Lowdmsity lipoprotein rcccptor gene dclctims and duplicatimr 
Fabry dismc. steroid sulphalase deficiency 

Somc delelions in alpha, beta and umplcx thalasrunias 
l ipprorein lipase deficiency 

Some dystrophin gcne duplications 

21-hydroxylase ddrciency (adrenal hyperplasia) 

1,395 
1,655 
532 

1,845 
46.583 
1.164 

53.175 

0.14 
0.17 
0.05 
0.18 
4.64 
0.12 

5.32 

P a d  B: Serious congenital u~lurnulicr 

All magenital a n m a l i a  (ICDA codes 740-759) 
Congenital a n o m a l i ~  uith genetic aetiology (included in Par1 A above) 

52,SOS 
2b,581 

5.26 
266 

P m  C: Serious genetic dheases and congenital anon in lit^ 

Dirordcrs in Pari A (above) and -genital anomalies m% induded 79.392 7.94 



Table 3 
Gcnclic risk eslln~ntes lor scrlous e ( T i ~ t s  in huninns rroiti 0.01 Gy or low-LET rndinlion 
Tmn~ tipplici~lion of Ule direct niethnd lo ti~ousc dnlri 

" h e r  atirnatcbased on induccd cataracts; rnultipliraticm factor 36.6. The dsm, collcdcd at hgh dosc rat- have been carected bawd on specificlocus results. 

Based m many experiments m the amcwnt of induced dcath and on two cxpcriments that indicate that part of total cwuning  after hinh. 
Data unavailaMe. Estimate assumed t o  be 44% d rcsult with irradiated malcs, an uppcr bound suggested by specif ic- lms cxpaimmts.  Bcwrac  o f  qualitative 
d i f f c rmca  in mutations bclwcen males and females, there is additional uncertainty in this risk ehtirnale. 
Indudes risks for all types &inheritance, including transl-lions. unbalanced products d r c c i p r w l  ~ n n s l o c ~ t i o n r  and rccipr-l t ranslmtions h a t  act like 
dominant mutations. 

Bprir of mimarc 

Phmotypic changes in mice 
living 3 weeks a Imgcr 
dying baweeu birth and 3 weeks d agc 

Tdnl. each scx 

Total, b a h  sexes 

Table 4 
Esliniates of mlnirnal gametic doubling dascs from nnnlysis of  end-points of  genetic cKecls 
in survivors of the atomic bombings 

[N j l  

fipecrad frequency in the f ist  xmrration 
(Number ppa million live bir th)  

" Per diploid locus. 

From uparurc of d w :  

10-20 
5-10 

15-30 

Gcnctic effect 

Untoward 
pregnancy outcome 

FI mortality 

El cancer 

Scxchrornohane ancuploids 

~oc i  e n d i n g  for prdcins 

Equal to mulntional mnlributioo divided by o t s a v e d  total tackground incidence (x 100 f a  5). 
The douMing dose is qua1 to alp (equinlent  to  the reciprocal of the excesr relat~ve risk per sirvcrt). ' Ihc rmn~mal douMing d m c  is the rcnprocal d : p/a 
+ the normal derivate at the desired probability level t i m u  the square rmt of the variance d P/u 
Observed zygotic mutation rates. 

From aparur r  of fcmnlu: 

0-9 ' 
0 5  

014  

15-44 

Ohsovcd 
fold 

bockpwnd 
incidence 

0.0502 

0.0458 

0.0012 

0.0030 

O.aOM)13 

tIsrimnrad 
w n r i o n o l  

conuiburion 
ro bockground 

incidence " 

O.(X) 174.0027 

0.0016-0.0026 

0.00002-0.00005 

0.0030 

0.000013 

Murruiond 
component 

b 

(%) 

3.4-5.4 

3.5-5.7 

2.0-4.0 

100 

100 

Regrssion 
pnromercrs 

6: 0.0026:0.0028 
a: 0.039:0.0058 

p: 0.00076rO.0015 
a: 0.063 a.001 

~:-0.00006zO.W026 
a: 0.0010~0.00033 

p: O.OocW4rO.00oC9 
a: 0.0025rO.00043 

p:-0.00o01?0.M)001 
a: 0.00001r0.00001 

Doubling dare (SL~ 
of l o w  conf&ce 1% of 

99% 

0.14-0.23 

0.51-0.63 

0.04-0.07 

1.U 

0.99 

95% 

0.18-0.29 

0.66-1.10 

O.OS-0.l I 

1.60 

227 

90% 

0.21-0.33 

0.61-1.32 

0.07-0.15 

1.91 

7.41 
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I 

Tehie 5 
Incidence of gcnellc d i s e ~ s e  and risk estimates in humans from 0.01 Gy or low-LET radiation from application 
or the Indircct method . 

Table 6 
Estimates of gametlc doubling doses for acute, high-dme irradialion or spern~atogonia derived Crom 
specific-locus, speclflc-phenotype systems in the mouse 

[N'l 

Gcnctir dircare 

Auloromal dominant 
Clinically scvc~c 
a i n i a l l y  mild 
X-linked 

Autoromal r m i v c  

Ovomolmal  
S u u d u r ~ l  anomalia 
Numcriul momaliu 

Coagcnital .nomaliu 

Mullifadorid discares 
I l m  di-c 
G n u r  
Sdeded Mhn 

T d  

lncidcnrc 

SLslem 

Rurrdl s e w - l a u s  

Daninnnt viriMes 

Daninmt a l a r a a  

S k d d  rnalfmrtiolu 

tiiuocompatibility loci 

Rccucivc Idhdr  

Lea encoding for pruans  

Rccurivc viribler 

per m i l l i a  

UNSCEAR 
lull 

10,000 

2500 

400 
3,400 

60,000 

600.MX) 

Effccr rrf 0.01 Gy per g o ~ c r a i o n  

Doubling datc 

(GY) 

0.44 

0.16 

1-57 

0.26 

A.60 

0.51 
0.80. 1 . n  

4.00 

0.11 

3.89 

Origin of wcaral d u  

101 x C3H 

Varicus 

1011'1 x QWEl 

10 1 

CS7B 1/6M 

DBA 
QIUI~CH x 101m 

DBA C ~ I I  

Vari cur 

QIl/llell x 101/)1 

lib+ b i r t h  

BUR V 

I c 1 l  

2500 
7. 500 
400 

Zm 

600 
3.800 

20.000-30,000 

609m 
30Qm 

prr million live 

UNSCFAR [ l l l j  

Rcfcrcncc 

Firs 
gcnerorwn 

IS 

0.05 

2 4  

bir~hr 

BEIR V [CI] 

Dluo summarized in 

[FJ, S12] 

IL61 

[ n l  

[El l  

lB1l 

Is*] 
lul 
1 ~ 9 1  

IN71 

II-81 

FLs 
gcnernrion 

5-20 
1-15 
el 

< I  

4 
<1 

10 

Calcdoral by 

[N7) 

[La] 

P I  

1 ' 4  

IS11 

P-4 
In11 
I B ~ I  

[h"l 

IN7] 

Second 
gcnonlion 

13 

0.05 

1 

EQuilibrium 

25 
75 
d 

V a y  dow i n a c u c  

Vcry little i n a u s c  
<1 

10-100 

Equilibriwn 

100 

IS 

4 

N u  eat~mnted 
NU estimated 
N a  estimated 

NU estimated 

N u  estimated 

17 14 I 120 
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- 
T t i h l e  7 
Correction I n c t o r s  u s e d  w i t h  the d l r c r t  method Ir, o l ) h l n  c s l l n i t ~ t a  of r i s k  or d o r r r l ~ i t ~ n l  g c n c l l c  d l s c r ~ s e  In h u t n a n s  

IS61 

* 1hc  ccrrsaion f a d a s  arc bkxd on specific-locus cxpcrimcntr arricd out at Oak Ridge. 
B a r d  on the McKusick catalogue d autosanal phcndypcr. 1975 editica [M7]; at that time, it was estimated that atout 74 out d 328 clinically important 
autororml d o m i w t  ~ a d i t i m r  in man invdwd cne or m a c  parts d t h e  &aon (about 20%); h w e v a ,  since &dad d e f w  arc m a e  easily dia@ &an 

lhac d o h u  a p n  syrtcmr. the uuc f i p e  was assumed to be about 10%. 
' The uxrcction fa dore-&aaionatim effects (U1.2) is b a d  on u n w r c a t  specific-locur rtudiu in Ncuhaberg. 

bred  on h e  MdCusick catalogue d autoromal phcnaypu, 1978 edition [ M I ;  at that time, it was estimated that 20 out d 736 of all known and provm 
dominant mutations (27%) were assda ted  with m e  or another form of calaraa in man; recent analpis by Favor [R], bared on the McKudck catalogue d 
autoromd p h ~ y p c a .  1966 edition [M7], showr that t h a c  numbers are. respectively. 28 and 1.17t i s .  2 4 %  of known dominant mutations arc ascodaled 
with cataradr. 'Ihe multiplicatioa f a a a  is therefore 41. 

.Qcp Corrccrion procedure Qwnriry a corrccrion focror Rcrulr 

SkrlcCnl mutations 

1.4 l(rL 
2 3  10'' 
4.0 1(r6 

40 lo4 
20 lod 

20 104 

1A 
I n  
IC 
ID 

1E 

Mutatim frquency (1 + 5 Gy; 2 4 4  f r a d i m a t i o ~  y rays) 
Mutntim rate (per 0.01 Gy) 
C o n d i o n  for dose fractimation and dose-rate &ech ' 
Exuapdadon f ran  rktlcul effects to d l  dominants 

@roportiondity -&ion factor) * 
Gnection for severity 

Risk of duninant genetic discaw to the lirst-generation progeny 
p a  0.01 Gy of paternal cxpmure 

C a b &  mubtionr 

37 + 2646 
Divide (IA) by 600 

Multiply (1B) by 111.9 and 1/3 

Multiply ( 1 0  by 10 
Divide (ID) by 2 

2A 
2U 
X 
3A 
3 8  
3C 
4A 
4B 
4C 
5 
6 

6 + 5.231 
Divide (U) by 910 

Multiply (2B) by 111.2 and Y3 
3 + 19212 

Divide (3A) by 534 
Multiply (30) by ll3 

3 + 11.095 
Divide (4A) by 600 
Multiply (48) by lf3 

Multiply (5) by 36.8 

Mutatim frequency (4.55 + 4.55 Gy: 24-h fractimatim; y rays) 
Mutatim rate (per 0.01 Gy) 
Correction for dme Ciaaimation and dm-ra le  &CN ' 
Mutaticn f rqumcy (5.34 Gy aade  7 nyr)  
Mutatim rate (per 0.01 Gy) 
Correction for dose-rate cffecl 
Mutatim frequency (6 Gy, acute y rays) 
Mutatim rate (pcr 0.01 Gy) 
Concction for dme-ratc e n d  
Average of (ZC), (3C) and (4C) u u g h t d  by the number of mLtantr 
Exrrapdation hmr dominnnt cataracts to all dominants 

Risk d daninant genetic disease to the first-gmaation progeny 
pcr 0.01 Gy cf paternal cxpsure 

1.15 lo3 
1.26 lo4 
3.5 1(r7 

0.29 lw3 
5.5 l(r7 
1.8 l(r7 

0.27 10.' 
4.5 l U 7  
1.5 l U 7  
2 6  l(r7 
-10 lo4 

-10 104 
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allele 

allclic association 

allelic disorders 

a h  repetitive sequence 

amplification 

ancuploid 

annealing 

anticipation 

antisense strand (of DNA) 

associat ion 

a u t m m e  

bacteriophage 

band 

base pair (bp) 

basesequence 

bladom ere 

breakpoint 

carrier 

cDNA 

cDNA library 

Glossary 

an alternative form of a gcnc at a givcn locus. Being diploid organisms, humans may 
have two alleles at a given locus, i.e. a normal and a mutant allele. Abbreviation or  
allelomorph 

the association of two allcles at distinct lod beyond chance expectation. Normally a 
consequence of dose  linkagc: loci within a mcgabasc usually show somc allclic 
association 

disorders. which may bephcnotypically different, that an: due to mutations in the same 
gene 

repetitive scquena: found about 500,000 timcs in human gcnomc. The sequence 
contains a recognition site for the restriction enzyme Alul and is around 300 base pain  
in length. 

an increase in the number of copies of a particular DNA fragment. Can occur under 
natural circumstances, e.g. amplification of a repcat sequence, as in fragile-X syndrome, 
or during laboratory prooedures such as doning or polymerase chain reaction 

a chromosome number that is not an exact multiple of the haploid number; an 
individual with an ancuploid chromosome number. Usually rcfcrs to an absence 
(monosomy) or an extra copy (kisomy) of a single chromosome 

see hybridization 

phenomenon in which the severity of a genctic condition appears to become more 
severe and/or arise at an earlier age with subsequent generations 

the non-coding strand of the DNA doublc helix that serves as the template, for mRNA 
synthesis 

the oaurrence of an allele with a disease more often than chance should allow 

any chromosome other than a sex chromosome. Men have 22 pain of autosomes and 
an X- and a Y-chromosome: women have the same autosome pairs and two 
Xchromosames. In the Paris convention, written 46XY and 46XX 

see phage. Bacterial virus used as a vcctor for cloning segments of DNA 

a chromosomal segment defined by distinct staining. Both lighter and darker segments 
are called bands and are numbered from the centromere outwards, with smaller bands 
classified by a second number. Bands 11, 12, 13, 21, 22, 31 could be a continuous 
series. 

in the DNA double helix, a purine and pyrimidine base on each strand that intcract with 
each other through hydrogen bonding. Thc number of base pairs is often used a s  a 
measure of the length of a DNA segment, e.g. 500 bp. 

the order of nudmtide bases in a DNA molecule. Length is usually defined in base 
pain. 

one of the cells produced by deavage of a fertilized ovum, forming the blastoderm 

refers to sites of breakage when chromosomes break (and rccombinc) 

an unafleded individual who is hctemzygous at a particular locus for a normal gene 
and an abnormal gene which, although i t  may be detectable by laboratory tests, is  not 
expressed phenotypically. Variously uscd to covcr both permanent non-expression in 
recessives and X-linked recessives and temporary nonexpression in dominants (e.g. 
Iluntington's chorea). More recently used to dcscribe unalfccted individuals who carry 
unstable or dynamic mulations that can expand and cause a genetic condition in 
offspring 

complementary DNA. The synthetic DNA equivalent of messenger RNA (mRNA) with 
a sequence complementary to the DNA strand from which i t  is derived 

a collcdion of doncs  containing inserls of ovcrlnpping cDNA fragments representing 
expressed sequences (mRNA). cDNA libraries differ from one tissue or cell type to 
another. 
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chimaera 

chiasma 

chorionic villus sampling 

chromatin 

chromosome 

cis 

cleavage 

clone 

cloning 

coding sequence 

co-domimnt 

wdon  

wdon  usage 

complementary 

compound heterozygore 

congeniral 

the unit of genetic distancc defined as the length of a segment of chromosome which 
has a 1% chance of recombining at meiosis. See also recombination percentage. 
rquivaient segments of chromosomes usually recombine more frequently at oogenesis 
than at spermatogenesis. Because even numbers of recombinant events between two 
strands cancel out, the recombination pcrcenlage is always less than the genetic distance 
and can never exceed 50%. The percentage recombination and the genetic distance in 
ccntimorgans are very similar when linkage is close (i.e. less than 10%). 

the part of the chromosome by which it is moved at e l l  division and which separates 
i t  into two arms, appearing as a distinct "waist" on microscopy. Point of spindle 
attachment to the chromosome during meiosis and mitosis 

an organism compounded from hvo or more zygotes. A mosaic is formed from variant 
e l l s  derived from the same zygote. 

the crossing of chromatid strands of homologous chromosomes during meiosis 

procedure used to oblain fetal cells for prenatal diagnosis; involves biopsy of the 
placental membranes. Now usually done transabdominally from 8 weeks of pregnancy 

during mitosis each chromosome replicates into two DNA strands called chromatids. At 
meiosis ~ecombination is due to chiasmah bctween non-identical pairs of chromatids. 

the composite of DNA and proteins that comprises chromosomes 

thread-like, deep-staining bodies situated in the nucleus. They are composed of DNA 
and protein and carry the genetic information. 

on the same chromosome, usually quite close. The opposite of trans, which relates to 
the other,homologue. Cis effects are due to physical action between segments of the 
same DNA strand; trans effeds are due to diffusion. Historically implies on the same 
chromosome. In molecular biology refers to an effect on a gene directed by the 
sequence of that gene or very close to it on the same chrornosome (in contrast to trans 
effects, which are produced by other factors, such as the transcription factors encoded 
by other genes). The terms are commonly used to describe factors that influence gene 
expression. 

mitotic segmentation of the fertilized ovum, the size of the zygote remaining unchanged 
and the cleavage cells, or blastomeres, becoming smaller and smaller with each division 

a group of individual organisms or cells derived from a single individual by asexual 
reproduction 

production of genetically identical cells (clones) from a single ancestral ell; cloning 
is utilized in molecular biology to propagate single or discrete DNA fragments of 
interest. 

those parts of the gene from which the genetic code is "translated" into amino acid 
sequences of a protein 

when both alleles are expressed in the heterozygote 

a group of three adjacent nucleotides that codes for particular amino adds or for the 
initiation or termination of the amino acid chain 

given the degeneracy of the genetic code, refers to the preference of codons used to 
speafy particular amino acids. Often differs among species and among differcnt genes 
and proteins 

two nucleotide sequences are complementary when they can form a perfect double helix 
because they have a mirror-image relationship 

an individual who has different mutant alleles at a given locus 

existing at, and usually beforc, birth; referring to conditions present at birth, regardless 
of their causation 

relationship by descent from a common ancestor. a consanguineous mating is between 
individuals who have one or more common ancestors. As all individuals have common 
ancestors i t  is usually restricted to couples with a common pair of grandparents, e.g. 
first cousins. 
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wnsensus sequence a minimum nudcotide sequcnce found 10 be common (although not necessarily 
identical) in different genes and in genes frorn different organisms that is associated 
with a specific function. Examples include binding sites for transcription factors and 
splicing machinery. 

conserved sequence base sequence in a DNA molecule (or an nmino acid sequence in a protein) that has 
remained essentially unchanged throughoul evolution 

contiguous gene syndrome syndrome due to abnormalities of two or more genes that map next to each other on 
a chromosome; most often caused by a deletion that involves several contiguous genes 

contig map 

cosmid 

genetic map showing the order of (contiguous) DNA fragments in the genome 

a cloning vector derived from a natural bacterial parasite capable of accommodating up 
to 40 Kb of DNA (see plasmid) 

coupling whcn alleles frorn hvo loci are known to bc on the same chromosome; the opposite of 
repulsion. Also, all alleics derived frorn one parent 

crossing-over the exchange of segment of a chromosome in meiosis. Small chromosomes usually have 
a single chiasma, so  that of the four chromosomes entering gamete. two are hybrid and 
two unchanged, e.g. if the parental chromosomes are ABCDE and abule, the gametes 
could be ABCDE, ABcde, abCDE and abcde. The middle two are recombinant 
chromosomes with a crossover between loci B and C. 

deoxyribonucleic acid. The long double-stranded molecule whose sequence of the four 
possible nucleotide bases provides the genetic information. The strands are held 
together by hydrogen bonds between nitrogenous bases that constitute the code: adenine 
(A) and thymine (T) which pair with each other, and guanine (G) and cytosine (C), 
which pair with each other. 

a DNA sequence variation that is easily dctedable; examples include restriction 
fragment length polymorphisms and dinucleotide and trinucleotide repeat 
polymorphisms. 

DNA marker 

DNA methylotion attachment of methyl groups to DNA, most commonly at cytosine residues. May be 
involved in regulation of gene expression 

DNA polymerase 

DNA sequence 

degeneracy 

deletion 

enzyme responsible for replication of DNA 

the relative order of base pairs 

(of the genetic code) different codons code for the same amino acid 

loss of a portion of a gene or chromosome; a type of mutation; a synonym of 
deficiency 

diploid containing two chromosome sets. The normal condition of mast human cells except 
gametes: megakaryocytes, Purkinje cells and a few others have multiple sets. 

dizygotic 

domain 

twins derived from two distinct zygotes 

a discrete portion of a protein (and corresponding segment of gene) with its own 
function. A protein may have several different domains and the same domain may be 
found in different proteins. 

a trait that is expressed in the heterozygote, sometimes only late in life 

mutations that produce an abnormal clinical phenotype (disorder or trait) whcn present 
in the heterozygous state 

heterozygous mutations in whidr the produd of the mutant allele interferes with the 
function of the product normal allele 

domimnt negalivc mutations 

doubling dose the dose of radiation hat,  under a given set of conditions, will lead to an overall 
mutation frequency that is double the spontaneous frequency 

a DNA sequence is written from the left, or 5', direction or to the right. or 3' direction. 
Downstream refers to the 3' direction. i.e. the stop codon for a gene is downstram (3') 
of the coding sequences of that gene. 

dysmorphology 

electroplroresis 

study of abnormalities of morphologic development 

an analytical method used to separate nuclcic acid, peptidc or protein fragments bascd 
on size and charge of the molecule; typically smaller fragments lravcl furtber through 
the media (gel) in which separation is carried out. 



ANNFX G: HEREDITARY EFFECTS 01: RhDIAIlON 789 

enchromatin 

en1:ancers 

erpressivity 

Fl, F2 etc. 

founder effect 

frameshifr mutation 

fragile site 

gamete 

gene 

gene targeting 

genetic locus 

genetic fingerprint 

genetic marker 

genetic distance 

genetic dr$i 

genome 

genome DNA 

genomic library 

genotype 

germ cell 

germ-line mosaicism 

darkly stained chromatin 

DNA squenccs that increase transcription of a nearby gene; they can act in either 
may bc eitl~er 5' or 3' to the gene or within an intron. 

the chromatin that is thought to conlain active or potentially active genes. Light (vs. 
dark) bands on G-banding 

a region of a gene containing a coding sequence. Most genes have several exons 
separated by introns, which are usually longer. 

the extent to which a genetic defect is expressed 

the firs1 (F1) or second (F2) generation of progeny of a mating 

a genetic effect due to the establishment of a new population by a few original founders 
who carry only a small fraction of the total genetic variation of the original population, 
with the consequena: that some mutant alleles may reach unusually high frequencies 
in the new population. [Examples: the 2,000 Dutch settlers in South Africa in the 17th 
and 18th centuries, who did not marry outside the small ethnic group, eventually giving 
rise to a population of about 3 million. Frequency of familial hypercholesterolemia (FH) 
heterozygotcs: 1/85 to 1/100 and 95% of mutations accounted for by only three alleles. 
Likewise, the current population of French Canadians of 5.8 million descznded from 
7,000 French settlers between 1608 and 1763. One familial hypercholesterolemia 
mutation accounts for about 60% of the heterozygotes in this group.] 

a mutation that alters the normal triplet reading frame so that codons downstream from 
the mutation are out of register and not read properly 

gap or defect noted in the continuity of a chromosome when stained, e.g. fragile-X site. 
Many are apparent only when cells are cultured under special conditions. 

mature reproductive cell (sperm or ovum); contains a haploid set of chromosomes (23 
for humans) 

the unit responsible for transmitting an inherited character, the region of DNA that 
specifies the synthesis of a protein 

artificial modification of a gene in a specific and directed fashion. Typically refers to 
substituting one DNA sequence for another to inactivate a gene or introduce or correct 
a mutation in a gene 

a specific position or location in the genome 

a pattern of restriction fragments detected by probes that recognizes alleles at highly 
polymorphic loci; this is effectively unique to all individuals except identical twins. 

an allele used in following the inheritance pattern of loci in cell lines, pedigrees or 
populations 

the functional distance between two loci defined through recombination; it is measured 
in centimorgans; for small values ( 4 0 % )  it is approximately equal to the recombination 
percentage. 

the tendency for variations to occur in the genetic composition of small isolated 
inbreeding populations by chance. Such populations become genetically different from 
the original population from which they were derived. 

the complete genetic composition of an individual's chromosome; the complete set of 
genes characteristic of a species 

DNA from a genome containing all coding (exon) and noncoding (intron and other) 
sequences, in contrast to cDNA, which contains only coding sequences 

a collection of clones containing DNA inserts of overlapping DNA fragments 
representing the entire genome of an organism 

the alleles present in an individual at a locus or loci under consideration 

see gamete 

presence of two or more cell lines in the gonadal cells. lmplies risk of transmission of 
mutations present in the gonads to offspring 



gonadal mosaicism 

haploid 

heterochrornatin 

hetero,ysde 

histones 

homeobar domain 

homologies 

homologous 

homologous chromosomes 

homologous recombination 

housekeeping genes 

human gene therapy 

hybridization (annealing) 

imprinting 

in situ hybridization 

insert 

insertion 

intron (intervening sequences) 

kYo?vpe 

kilobase (kb) 

library 

linkage 

see germ-line mosaicism 

containing one chromosome set as found in gametcs nfter meiosis. The normal 
condition for gametes. The human haploid ~iumbcr is 23, half the diploid number of 46. 

the condition of cells with respect to genes whcn only one set is present, as for genes 
on the X-chromosome in  the mnlc 

chromatin composed of repetitive DNh; stains as dark (versus light) bands in 
G-banding 

an individual with two different alleles at a particular locus (adj. hcterozygous) 

proteins assodated with DNA in chron~osomcs 

a short DNAsequence common to a group of DNA binding proteins involved in pattern 
formation in early embryogenesis 

similarities found in DNA or protein scqucnccs whcn individuals of the same or 
different species arc compared 

matched. The other of a pair of chromosomes 

chromosomes containing the same linear gcne sequences. In a normal mating, 1 of a 
pair of homologous chromosomes is derived from each parent. Humans normally have 
22 pairs of homologous chromosomes and 2 X-chromosomes or 1 X- and 
1 Y-chromosome. 

substitution of a segment of DNA by anothcr that is identical (homologous) or nearly 
so. Occurs naturally during meiotic recombination; also used in the laboratory for gene 
targeting to modify the sequence of a gene 

genes that encode proteim neocssary for basic cellular functions. They are expressed 
in virtually all cells. 

insertion of normal DNA directly into cells to correct a gcnetic defect 

the artificial conjunction of two complementary DNA strands, one of which usually 
carries a radioadive marker. Also used for the production of cells containing 
chromosomes from more than one species 

phenomenon in which an allele at a given locus is altered or inadivated depending on 
whether it is inherited from the mother or (he father. Implies a functional difference in 
genetic information depending on whclhcr i t  is inherited from the father or the mother 

use of a nucleic acid probe to dctcd the presence of a DNA sequence in chromosome 
spreads or in interphase nuclei or of an RNA sequence in cells. It  is used to map gene 
sequenm to chromosomal sites and to detect gene expression. 

in molecular genetics, refen to DNA sequence of interest that has been inserted into 
a cloning vector such as a plasmid or badcriophage 

type of mutation in which a DNA sequence of variable length is inserted into a gene 
disrupting the normal structure of that gene 

the DNA sequences that interrupt the proteincoding sequences of a gene. The region 
of a gene that separates exons or coding sequences. They are removed during 
processing of mRNA. Introns may contain sequences involved in regulating expression 
of a gene. 

the chromosome set; the number, size and shape of the chromosomes of a somatic cell 
may be displayed diagrammatically as an idiogram. 

a thousand baxs. A common unit for specifying the size of gcnes and physical 
distances along a DNA region 

collection of dones in which overlapping genomic or cDNA fragments have been 
inserted into a particular cloning vcdor 

the non-independent meiotic segregation of alleles at different IOU, which is usually 
because the loci concerned are all on the same chromosome, and only separable by 
recombination. Linked loci are within measurable genetic distance of one another on 
the same chromosome, or arc members of the same linkage group, e.g. on the same 
chromosome. Distant loci on the same chromosome may show independent segregation 
and now show linkage. They are then described as syntonic. 
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linkage disequilibrium 

locus 

lod score 

mapping 

marker 

maternal inheritance 

megabase (Mb) 

Mendelian 

meiosis 

messenger RNA (mRNA) 

microsatellite 

missense mutation 

mitochondria1 (mt) DNA 

mitosis 

monogenic 

monozygotic 

morphogenesis 

mosaicism 

motif 

mutation frequency 

non-di.sjunction 

nonsense mutation 

x e  allelic association 

the position on a chromosome. Usually that of a gene, hut may refer to a DNA marker 

a statistical method used to determine if a set of linkage data indicates two loci are 
linked or unlinked. A lod (log of odds ratio) score of +3 (1,000:l odds) is commonly 
acccptcd to indicate that linkage exists, and a score of -2 (100:l odds against) excludes 
linkage. 

the proccss of determining the location of a gene by either direct observation or family 
study 

a detectable physical location on a chromosome. It can be a restriction enzyme cutting 
site, a gene, or a di- or trinucleotide repeat polymorphism whose presence and 
inheritance can be monitored. 

inheritance pattern displayed by mitochondrial genes that are propagated from one 
generation to the nexl through the mothers; the mitochondria of the zygote comes 
almost entirely from the ovum. 

one million base pairs of DNA sequence roughly equal to 1 cM of genetic distance 

a trait obeying Mendel's first law of independent segregation of the alleles at the same 
locus conveyed by each parent 

h e  type of cell division that occurs during gamete formation and results in the halving 
of the diploid somatic number of chromosomes so  that each gamete is haploid and 
contains one of each chromosome pair. These post-meiotic chromosomes are usually 
partly paternal and partly maternal in origin. 

processed RNA that serves as a template for protein synthesis or  for synthesis of cDNA 

highly polymorphic DNA marker comprised of mononucieotides, dinucleotides, 
trinucleotides or tetranucleotides that are repeated in tandem arrays and distributed 
throughout the genomes. The best studies are the CA (alternatively GT) dinuclmtide 
repeats. They are used for genetic mapping. 

highly polymorphic DNA markers comprised of a variable number of tandem repeats 
that tend to cluster near the telomeric ends of chromosomes. The repeats often contain 
a repeat of 10 nucleotides. They are used for genetic mapping. 

mutation that causes one amino acid to be substituted for another 

DNA distinct from nuclear DNA in that it is mostly unique sequence DNA and codes 
for proteins that reside in mitodondria 

the type of cell division that occurs in somatic cells 

a synonym of Mendelian, i.e. governed by only one gene 

twins derived from a single zygote 

evolution and development of form, as the development of the shape of a particular 
organ or part of the body 

an individual with substantial proportions of two or more cell lines derived from a 
single zygote 

threedimensional structure of gene product (protein) with known or implied function, 
i.e. DNA binding, traverse membrane etc. Often inferred from cDNA sequence 

refers to the type of inheritance determined by many factors including both genes and 
the environment. If these are assumed additive, estimates of heritability may be made. 
In Mendelian and infective disorders a single factor will have a deciding role in 
manifestation, although not necessarily in severity or the potential for prevention or 
treatment. See also polygenic 

a permanent and heritable change in genetic material (includes point mutations, 
deletions and changes in number or structure of chromosomes) 

number of mutations observed divided by number of progeny or cells examined 

failure of two members of a chromosome pair to disjoin (separate) during cell division 

mutation that changes a codon for an amino acid to a termination or stop codon and 
leads to premature termination of translation 
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nucleosome 

nucleotide 

mrcleus 

oligonucleo~ide 

oncogene 

open reading frame 

Paris convention 

pedigree 

penetrance 

phenocopy 

phenotype 

physical map 

p l y  A RNA 

polyomines 

polygenic 

polymerase 

polymerase chain reaction (PCR) 

polyploid 

the basic structural unit of chrorniilin, in which DNA is wrappd around a core of 
histone molecules 

a purine or pyrimidine base to which a sugar (ribose or dcoxyribox) and 1, 2 or 3 
phosphate groups arc attached 

thc organelle in eukaryolic cells that contains the gcnclic matcrial 

a short p i m  of DNA, typically 5-50 nuclcotidc. 

a gene, one or more forms of which is associated with cancer. Many oncogenes are 
involved, dircctly or indirectly, in controlling the ratc of e l l  growth. 

a stretch of DNA following an irlitiation codon that docs not conlain a stop codon. 
Open reading frames in a nuclcotidc sequence suggest an exon and thcrcforc a gene. 

the notation system in which the karyotype is defined by the number of chromosomes 
followed by the sex chromosomes and information, if any, on an abnormality, e.g. 
46XY, 47XliY (+21); 45x0; 47XXY. The position on a chromosome is defined by p 
and q (petit and queue) for the short and long arm and thcn by numbers defining bands 
and sub-bands, which are numbercd outwards from the ccntromere. Usually therc are 
2-4 major bands and 2-5 minor bands, the term band covcring both deeply and lightly 
staining segments. 

a diagrammatic representation of a family history 

the frequency of expression of a trait or genotypc. The proportion of individuals 
observed to show a particular phenotypic effect of a mulint gene compared with the 
number expected on the basis of Mendelian inhcrihnce 

a virus that infects bacteria and is a useful cloning vector for medium size pieces of 
DNA between 5 and 25 kb 

an environmenlally induced mimic of a genetic disorder 

the appearana: (physical, biochcniical and physiological) of an individual that results 
from the interaction of cnvironmcnt and genotype. Often used to define the 
consequences of a particular mutation 

a map of physical landmarks on a DNA fragment or chromosome measured in base 
pain. Landmarks indude restriction endocnucleose recognition sites, DNA sequence 
and chromosomal bands. 

extrachromosomal small circular DNA moleculc capable of autonomous replication 
within a bacterium. Commonly used as a cloning vector for small pieces of DNA, 
typically 50-5,000 bases 

RNA transcript that contains a tail of p l y  A residues at its 3' end; implies that an 
RNA sequence is mRNA. The p l y  A residues serve as stop signals to terminate 
transcription. 

compounds with many amino groups that are associated in the cell with nucleic acids 

inheritance determined by many genes at differcnt loci, each with small additive effects. 
A simple example is height within either sex. See also multifactorial 

see DNA polymerase, RNA plymcrase 

a method to amplify a DNA sequence using a heat-stable polymerase and two sets of 
primers that define the sequence to bc amplified. Several variations have been 
developed for speafic needs. May be combined with rcvcrse transcription of mRNA 
to cDNA to amplify an mRNA, so-called RT-PCR 

the occurrence in a population of two or more gcnctically determined forms in such 
frequencies that the rarest of them could not bc maintained by mutation alone. Used in 
various distinct senses. especially in KFLl's where i t  is used to imply altcrnative forms. 
Usually implies commonest allele is less than 99% so that over 2% of individuals are 
heterozygous. 

an abnormal chromosomal complement that exceeds the diploid numbcr and is an exact 
multiple of the haploid number 
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positional cloning 

pre-mutation 

primary transcript 

primer 

proband 

probe 

promoter 

protein 

pseudogene 

RNA 

reading frame 

recessive 

recessive mutations 

recombimnt DNA 

recombinant DNA molecules 

recombinant DNA technologies 

recom bimt ion 

recombination percentage 

repulsion 

restriction enzyme 

restriction fragments 

strategy for identifying and cloning a gene based on its location in the genome rather 
lhan on the biologic function of its product. Usually involves linking the gene locus of  
interest to one that has already been mappcd 

a permanent and heritable change in a gene that does not have phenotypic consequences 
(does not cause disease) but predisposes to a "full" mutation that may 

the initial RNA transcript of a gene, before p r o w s i n g  to mRN& it contains introns as 
well as cxonr. 

short polynudwtide chain that anneals to a nucleic acid template and promotes copying 
of the template from the primer site 

a synonym of propositus or proposita. The affected individual who brings the family 
to medical attention 

single-stranded DNA or RNA molecule of specific base sequence, labelled either 
radioactively or by other means, that is used to detect a complementary base sequence 
by hybridization. A labelled fragment of DNA (usually labelled with a radioactive 
isotope) used to identify a complementary sequence 

a sequence on a gene that is upstream (5') to coding sequences to which RNA 
polymerase binds and initiates transcription of a gene 

a large molecule composed of one or more chains of amino acids in a specific 
sequence; the sequence is determined by the sequences of nucleotides in the gene 
coding for the protein. Proteins are required for the structure, function and regulation 
of the body's cells, tissues and organs, and each protein has unique functions. Examples 
arc hormones, enzymes and antibodies. 

sequence of DNA that is very similar to a normal gene but has been altered slightly so 
that it is not expressed 

ribonucleic acid, the nuclcic acid found mainly in cytoplasm. Messenger RNA (mRNA) 
transfers genetic information from the nucleus to the ribosomes in the cytoplasm and 
acts as a template for the synthesis o l  polypeptides; transfer RNA (tRNA) transfers 
activated amino acids from the cytoplasm to messenger RNA; ribosomal RNA (rRNA) 
is a component of the ribosomes that function as the site of polypeptide synthesis. 

register in which translation machinery reads the genetic triplicate code 

a trait that is expressed in individuals who are homozygous for a particular allele 

mutations that produce an abnormal clinical phenotype when present in the homozygous 
or hemizygous state. I.letcrozygosity for the mutation, i.e. carrier state, may often be 
detected in persons whose clinical phenotype is normal. 

DNA that is artificially transferred from the genome of one organism to that of another 

DNA molecules of different origins that are combined and manipulated in the 
laboratory 

laboratory procedures used to manipulate DNA [ragmen&, e.g. cut, modify and ligate, 
and introduce them into an organism so that their number can be amplified as the 
organism replicates, i.e. cloning 

the formation of a new combinations of linked genes by crossing-over between their 
loci during meiosis 

equivalent segmenL~ usually recombine more frequently at oogenesis than at 
spermatogenesis. Because even numbers of cut-and-join events between two strands 
cancel out, the recombination percentage, often termed thela, is always less than the 
genetic distance and can never exceed 50%. They are almost the same at less than 10%- 
which is just over 10 cM. 

when specific alleles at two different loci are derived from different parents. The 
opposi le of coupling 

baclerialderived enzyme that recognizes a specific, short nucleotide sequence and cuts 
DNA at that site 

DNA fragments that result from digestion of DNA with restriction enzymes 
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restriction endonuclease a group of enzymes each of which clcavcs DNA at spCcific base sequences (recognition 
site) 

restriction map a map of a DNA sequence with rcstriction enzyme recognition sitcs serving as 
landmarks 

restriction sire 

retrovirus 

shortened term for rcstriclion cndonuclcnse recognition scquence 

ItNA viruses that encode the cnzyrne reverse transcriplase so that their RNA can be 
transcribed into DNA in the host cell; modificd retroviruses are used as vectors to 
introduce gcncs (or portions thcrcoo of interest into cukaryotic cells. 

an enzyme that catalyses the synthesis of DNA from an RNA template (and thus can 
also make cDNA from mRNA) 

restriction fragment length polymorphism. I h c  occurrence of two or more allelcs in a 
population differing in the lengths of fragments produccd by a restriction endonuclease 

reverse transcriptase 

RFIP 

RNA polymerase 

RNr\ splicing 

enzyme that synthesizes (transcribes) RNA from a DNA template 

p r o m s  by which intmns are removed from primary RNA transcripts, leaving only 
cxons that encode the amino acid scquence of a protein 

segregation 

sequencing 

separation of allclcs at meiosis 

determination o i  the order of nuclcotidcs in a DNA or RNA fragment, or the order of 
amino adds in a protein 

sequencing gel analysis electrophoretic technique by which nucleotidc size differences a s  little as a single base 
pair can be discerned 

sequence-tagged sites (STSs) short sequences of genornic DNA for which the base sequence is known. Polymerase 
chain readion can be used to amplify the known sequences, which can serve as 
physical landmarks for mapping. 

s u  chromosome the chromosomes that primarily govern sex determination (XX in women and XY in 
men). The other chromosomes arc autosomes. 

all cells in the body except gametes and their precursors somatic cells 

somatic cell hybrid a hybrid cell line derived from [usion of cells from different sources. I-lumanlrodent 
hybrids containing a small amount of human genetic material, such as a single 
chromasome, are used in human gene mapping. 

somatic mosaicism 

Sourhem blotting 

the presence of two or more cell lines in somatic (non-germinal) cells 

a technique, developed by E.M. Southern in 1975, for transferring DNA to a backing 
sheet prior to hybridization. Northern and Western blots are non-eponymous variations 
relating to RNA and prolein analyses. DNA is fractionated by electrophoresis, trans- 
ferred to a membrane (blotted) and detected by a complementary labelled probe that 
hybridizes to the DNA, revealing information about its identity, size and abundance. 

splicing 

stop codon 

removal of introns during the p r m s ~ i n g  of mRNA 

one of the three codons (UAG, UAA or UGA) that cause termination of protein 
synthesis 

loci on the same chromosome which may or may not be within range of detection 
through axegegation 

multiple copies of the same base sequence on a chromosome. When the number of 
repeats varies in the population, they are useful as DNA markers. 

tandem repeat sequences 

rcfers to the ends of chromosornes that contain characteristic repetitive DNAsequences relomeres 

termination codon 

transfection 

trans 

see stop codon 

transfer of a DNA fragment into prokaryotic or eukaryotic cells 

(a) historically implies on a different chromosome; (b) in molecular biology, refers to 
an effect on a gcne caused by a factor distinct from the sequence of that gcne, in 
contrast 10 cis cfleas. which are encoded in the sequence of thc gene. Cis and trans are 
commonly used to describe factors that influence gcne expression. On different 
chromasomes. usually quite close. The opposite of cis 

transcn'pr 

transcription 

refen to an mRNA molecule that encodes a protcin 

the synthesis of an RNA molecule (tran~cn'pt) from a DNA template in the acll nucleus 
catalped by RNA polymerase 



translocation 

frisomy 

rriploid 

uniparental disomy 

unique sequence DNA 

ups; ream 

site within a gcne wherc transcription of KNA begins 

containing foreign DNA. For example, transgenic mice contain foreign DNA scqucnms 
in addition to the complete mousc gcnome 

assembly of amino acids into peptides baxd on information enoodcd in mRNA, i.c. 
mRNA scquence of hases is translated into scqucncc of amino acids in a pcptidc or 
protcin. Occur; on ribosomes 

thc lnnsicr of genetic material from one chromosome to another non-homologous 
chromosome, usually through a reciprocal cvcnt at meiosis 

the slate of having three homologous chromosomes instead of the usual pair. as in 
trisomy 21 (Down's syndrome) 

a cell with three times the haploid number of chromosomes, i.e. three copies of all 
chromwomc types 

situation in which an individual has two homologous chromosomes (or chromosomal 
segments) from one parent and nonc from the other. May be heterodisomy if both 
chromosomes from the single parent arc present orisodisomy if two copics of the same 
parcntal chromosomc arc present 

non-rcpctitivc DNA that potentially codes for mRNA and protein 

a DNA sequence is written from the left, or 5', direction to the right, or 3' direction. 
Upstrcam refers to the 5' direction, i.e. regulatory elements of a gene are typically 
located upstream (5') of the coding xquenccs of that gene. 

the vehicle into which DNA is inserted prior to cloning in bacteria. Includes plasmids, 
phage and cosmids 

the random turning off of all the genes on onc of the X-chromosomes in somatic cells 
during early embryonic devclopmc,nt 

genes carried on the Xchromosomc. The term sex-linked should only be used on thc 
vcry rare occasions both X- and Y-chromosomes arc involved. 

the diploid cell resulting from the union of the haploid male (sperm) and female (ovum) 
gamcles 





ANNEX G: IIEWDITARY EFFECTS OF RADIATION 797 

Adler. I.D. and C. Erbclding. Radiation-induced 
translocations in spcnnatogoninl stem cells of Macaca 
fascicularis and Macacn mulatta. Mutat. Rcs. 198: 
337-342 (1988). 
Atomic Energy Control Board. Canada. Symposium 
on Leukemia Clustering. (V. Baguppillai. J.P. 
Goycttc, G. Hill et al., cds.) Ottawa, Canada, 1992. 
Allanson, J. Germinal mosaicism in Apcrt syndrome. 
Clin. Genet. 29: 429-433 (1986). 
Altland, K., M. Kaempfer and M. Forssbohm. Mass 
screening technique for detecting globin variants from 
newborn dried blood samples. p. 143-157 in: 
Proceeding of an International Symposium on 
Chemical Mutagenesis, Human Population Monitoring 
and Gcnctic Risk Assessment. Progress in Mutation 
Research. Volume 3. (K.C. Bora, ed.) Elscvier, 
Amsterdam, 1982. 
h a n d ,  R., C.D. Boehm, 1~I.H. Kazazian et al. Mole- 
cular characterization of a beta-thalassemia resulting 
from a 1.4 kb deletion. Blood 72: 636-641 (1988). 
Awa, A.A., T. Honda, S. Ncriishi et al. Cytogenetic 
studies of the offspring of atomic bomb survivors. p. 
166-183 in: Cytogenetics: Basic and Applied Aspects. 
(G. Obe and A. Basler, eds.) Springer Verlag, Berlin, 
1987. 
Awa, A.A.. K. Ohtaki. M. Ito et al. Chromosome 
aberration data for A-bomb dosimetry reassessment. 
p. 185-202 in: New Dosimetry at Hiroshima and 
Nagasaki and Its Implications for Risk Estimates. 
NCRP Proceedings No. 9 (1988). 
Aaltoncn, L.A., P. Peltomiiki. F.S. Leach et al. Clues 
to the pathogenesis of familial colorectal cancer. 
Sdence 260: 812-816 (1993). 
Ames. B.N. Endogenous DNA damage as related to 
cancer and aging. Mutat. Res. 214: 41-46 (1989). 
Bailey, D.W. and H.I. Kohn. Inherited histo- 
compatibility changes in progeny of irradiated and 
unirradiatcd inbred mice. Genet. Res. 6: 482-484 
(1965). 
Baird, P.A. Measuring birth defects and handicapping 
disorders in the population: The British Columbia 
Ilcalth Surveillance Registry. Can. Mod. Assoc. J. 
136: 109-111 (1987). 
Baird, P.A., T.W. Anderson, I3.B. Newcombc et al. 
Genetic disorders in childrcn and young adults: a 
population study. Am. J. Ilum. Genet. 42: 677-693 
(1 988). 
Baisogolov, G.D. and I.P. Shishkin. The course of 
pregnancy and the condition of infants born to the 
patients treated for Ilodgkin's disease. Med. 
Radiologiya 5: 35-37 (1985). 
Barcinski, M.A., M.C. Abreu. J.C.C. de Almeida el al. 
Cytogenetic investigation in a Brazilian population 
living in an area of high natural radioactivity. Am. J. 
Hum. Genet. 27: 802-806 (1975). 
Barlow, D.P., R. Stoger, R.G. Herrrnann el al. I h c  
mouse insulin-like growth factor type-2 receptor is 
imprinted and closely linkcd to the Tme locus. Nature 
349: 84-87 (1991). 

I37 kighton, P. (ed.). McKusidc's Ileritablc Disorders of 
Coruledive Tissue. Fifh edition. Mosby, St. Louis, 1993. 

B8 I3onaiti-Pellie, C. and C. Smith. Risk tables for 
genetic mun.elling in some common congenital 
malformations. J. Med. Genet. 11: 374-377 (1974). 

B9 Bower, C., R. Forbers and M. Scward. Congenital 
malformations in aborigines and non-aborigines in 
western Australia, 1980-1987. Med. J. Aust. 151: 245- 
248 (1989). 

B10 Brewen, J.G., 1I.S. Payne and I.-D. Adler. X-ray- 
induced chromosome aberrations in mouse dictyate 
oocytes. 11. Fractionation and dose rate effects. 
Genetics 87: 699-708 (1977). 

811 Byers, P.H., P. Tsipouras, J.F. Bonadio et al. Perinatal 
lethal osteogenesis imperfects (01 type 11): a 
biochemically heterogeneous disorder usually due to 
new mutations in the genes for type 1 collagen. Am. 
J. Rum. Genet. 42: 237-248 (1988). 

B12 Brandriff, B.F. and LA. Gordon. Human sperm cyto- 
genetics and the one-cell zygote. p. 183-194 in: 
Biology of Mammalian Germ Cell Mutagenesis. Ban- 
bury Report 34. (J.W. Allen et al., cds.) Cold Spring 
Harbor Laboratory P r w ,  New York, 1990. 

C1 Committee on the Biological Effects of Ionizing 
Radiations (BEIR V). Health Effeds of Exposure to 
Low Levels of Ionizing Radiation. United States 
National Academy of Sciences. National Research 
Council. National Academy Press, Washington, 1990. 

C2 Committee on the Biological Effects of Ionizing 
Radiations (BEIR 111). The Effects on Populations of 
Exposure to Low Levels of Ionizing Radiation: 1980. 
United States National Academy of Sciences, National 
Research Council. National Academy Press, Washing- 
ton, 1980. 

C3 Carpenter, NJ.. B. Say and N.D. Barber. A homo- 
zygote for pericentric inversion of chromosome 4. J. 
Med. Genet. 19: 469-471 (1982). 

C4 Caskey, C.T. and R.G. Worton. ASHG Human 
Genome Committee Report: The human genome 
project: Implications for human genetics. Am. 1. Hum. 
Genet. 49: 687491 (1991). 

CS Cattanach. B.M. Mammalian chromosome imprinting. 
Genome 31: 161 -162 (1989). 

C6 Cavenee, W.K. The genetic basis of neoplasia: the 
rctinoblastoma paradigm. Trends Genet (Dec.): 299- 
300 (1986). 

C7 Chen, Deqing el al. Cytogenetic investigation in a 
population living in the high background radiation 
area in China. Chin. J. Radiol. Med. Prot. 2: 6 1 4 3  
(1982). 

C8 Collins, F. Genome project can benefit search for 
disase genes. I3um. Genome News 2(3): 1-2 (1990). 

C9 Cordcro, J.F. Registries of birth defects and genetic 
diseases. p. 65-77 in: The Pediatric Clinics of North 
America: Medical Genetics I. (J.G. llall. ed.) W.B. 
Saunders, Philadelphia. 1992. 

C10 Coulondre, C.. J.11. Miller, PJ. Farabaugh et al. 
Molecular basis of base substitution hotspo(s in 
kcherichia coli. Nature 274: 775-780 (1978). 



798 UNSCE3R 1993 REPORT 

Cui, Yanwei el al. Ilercditary discases and congenital Donchowcr, I-./\., M. I~larvey, B.L. Slagle et al. Mice 
dclicicnt for p53 are developmentally normal but 
susceptible lo spontaneous tumours. Nature 356: 215- 
219 (1992). 

nialformation survey in high background area-Chin. 
J. Radiol. Mcd. Prot. 2: 55-57 (1982). 

Qeizel, A.E., K. Sankaranarayanan, A. Losonci et al. 
The load of genetic and parti-ally genetic diseases in I:hling, U.11. Dominant mutations affecting the skele- 

ton in offspring of x-irradiated male mice. Genetics 
54: 1381-1389 (1966). 
Ehling, U.11. Evaluation of presumed dominant skcle- 
(al mutations. p. 162-166 in: Chemical Mutagenesis in 
Mammals and Man. (F. Vogel et al., eds.) Springer 
Verlag, Berlin, 1970. 
Ehling, IJ.H., J. Favor, J. Kratochvilova el al. Domi- 
nant cataract mutations and specific-locus mutations 
in mice induced by radiation or ethyl-nitmsourea. 
Mutat. Rcs. 92: 181-192 (1982). 

Ehling, U.11. and J. Favor. Recessive and dominant 
mutations in mice. p. 389-428 in: Mutation, Cancer 
and Malformation. (E.11.Y. Chu and W.M. Genemso, 
cds.) Plenum Press, New York, 1984. 

Ehling, U.M., D.J. Charles, J. Favor et al. Induction of 
gene mutations in mice: the multiple end-point 
approach. Mutat. Res. 150: 393-401 (1985). 
Evans, H J .  Ionizing radiations from nuclear establish- 
ments and childhood leukaemias - an enigma. 
BioEssays 12: 541-549 (1990). 
Ehling, U.H. Induction and manifestation of hereditary 
cataracts. p. 354-367 in: Assessment of Risk from 
Low Level Exposure to Radiation and Chemicals: A 
Critical Overview. (A.D. Woodhead et al., eds.) 
Plenum Press, New York, 1985. 
Ehling, U.1-I. Genetic risk assessment. Annu. Rev. 
Genet. 25: 255-280 (1991). 
Engel, E. and C.D. DcLozier-Blanchet. Uniparental 
disomy, isodisomy, and imprinting: probable effects in 
man and strategies for their detection. Am. J. Med. 
Genet. 40: 432-439 (1991). 
Favor, J. A comparison of the dominant cataract and 
recessive specific-locus mutation rates induced by 
treatment of male mice with ethylnitrosurea. Mutat. 
Res. 110: 367-382 (1983). 
Favor, J. Characterization of dominant catarad 
mutations in mice: penetrance, fertility and 
homozygous viability of mutations recovered after 250 
mg/kgethylnitrosourea paternal treatment. Genet. Rcs. 
44: 183-197 (1984). 
Favor, J. Risk estimation based on germ-czll muta- 
tions in animals. Genome 31: 844-852 (1989). 
Favor, J., A. Neuhiiuser-Klaus, J. Kratochvilova et al. 
Towards an understanding of the nature and fitness of 
induced mutations in germ cells of mice: homozygous 
viability and heterozypus fitness effects of induced 
specific-locus, dominant cataract and enzyme-activity 
mutations. Mutat. Res. 212: 67-75 (1989). 

Fialkow, P.J., J.W. Singer, W.H. Raskind et al. Clonal 
dcvelopmcnt, stem-cell differentiation, and clinical 
remissions in acute nonlymphocytic leukemia. N. 
Engl. J. Med. 317: 468-473 (1987). 
Forrest, S.M., G.S. Cross, A. Speer el al. Preferential 
deletion of exons in Duchenne and Becker muscular 
dystrophies. Nature 329: 638-640 (1987). 
Frascr, F.C. The multifactorial/lhreshold concept - 
uses and misuses. Teratology 14: 267-280 (1976). 

man. 11. Some selected common mullifadorial 
discases: estimates of population prevalence and of 
detriment in terms of years of lost and impaired life. 
Mutat. Res. 196259-292 (1988). 
Czeizcl, A.E. Hungarian surveillance of germinal 
mutations. Ilum. Genet. 82: 359-366 (1989). 
Czeizel, A.E. Population surveillance of sentinel 
anomalies. Mutat. Res. 212: 3-9 (1989). 
Czeizel, A.E., C. Elek and E. Sudnszky. The 
evaluation of the germinal mutagenic impact of 
Chernobyl radiological contamination in Hungary. 
Mutagenesis 6: 285-288 (1991). 
Qeizel, A.E. Inadence of legal abortions and 
congenital abnormalities in Hungary. Biomcd. 
Pharmacothcr. 45: 249-254 (1991). 

Cattanach, B.M. Chromosome imprinting and its 
significance for mammalian development. in: Genome 
Analysis Series. Volume 2. (K. Davies and S. 
Tighlman, eds.) Cold Spring Harbor Laboratory Press, 
New York, 1991. 
Cattanach, B.M., M.D. Burtenshaw, C. Rasberry et al. 
Large deletions and other gross forms of chromosome 
imbalancecompatible with viability and fertility in the 
mouse. Nat. Genet. 3: 56-61 (1993). 

Cosgrove, G.E., P.B. Selby, A.C. Upton et al. Life- 
span and autopsy findings in the first-generation 
offspring of x-irradiated male mice. Mutat. Res. 
(1993, in press). 
Crow, J.F. and C. Denniston. The mutation component 
of genetic damage. Science 212: 888-893 (1981). 

DeChiara, T.M., EJ .  Robertson and A. Efstradiadis. 
Parental imprinting of the mouse insulin-like growth 
factor I1 gene. Cell 64: 849-859 (1991). 
den Dunnen, J.T., P.M. Grootscholten, E. Bakker et 
al. Topography of the Duchenne muscular dystrophy 
gene: FICE and cDNA analysis of 194 cases reveals 
115 deletions and 13  duplications. Am. J. Hum. 
Genet. 45: 835-847 (1989). 
Deng, Shaozhuang et al. Birth survey in high 
background radiation area. Chin. J. Radiol. Med. Prot. 
2: 60 (1982). 
Dobson, R.L. and T. Straume. Mutagenesis in 
primordial mouse oocytes could be masked by cell- 
killing: Monte-Carlo analysis. Abstract of the 15th 
Annual Meeting of Environmental Mutagn Socicty, 
Montreal, Canada, 1984. 
Dombroski, B.A., S.L. Mathias, E. Nanthakumar el al. 
Isolation of an active human transposable element. 
Science 254: 1805-1808 (1991). 
Donnenfcld, A.E., K.A. Conard, N.S. Roberts el al. 
Melnick-Needles syndromes in males: a lethal 
multiple congenital anomalies syndrome. Am. J. Mcd. 
Genet. 27: 159-173 (1987). 
Donohue, P.A., C. Van Doip, R.H. McLean et al. 
Gene conversion in salt-losing congenital adrenal 
hyperplasia with absent complement C4B protein. J. 
Clin. Endocrinol. Metab. 62: 995-1002 (1986). 



ANNEX G: I IEREDITARY EFFECTS 01: RADIATION 799 

F8 1:raser. F.C. The genetics of common familial dis- 
orders - major genes or multifactorial? Can. J. Gcnct. 
Cytol. 23: 1-8 (1981). 

F9 Fu, Y.11.. D.P.A. Kuhl, A. Pizzuti et al. Variation of 
the CGG repeat at the fragile X site results in genetic 
instability: resolution of the sheman paradox. Cell 67: 
1047-1058 (1991). 

F10 Fuhrmann, W. and F. Vogcl. Genctic Counseling. 3. 
Springer Verlag, New York, 1983. 

F11 Furusho, T. and M. Ohkc. A search for genetic 
effects of atomic bomb radiation on the growth and 
devclopmcnt of the F1 gencration. 1. Stature of 15- to 
17-year-old senior high school students in Hiroshima. 
RERF TRl4-78 (1978). 

\ ,  

Furusho, T. and M. Otakc. A search for generic 
effects of atomic bomb radiation on the growth and 
devclopmcnt of the F1 gencration. 2. Body weight, 
sitting height, and chest circumference of 15- to 
17-year-old senior high school students in Hiroshima. 
RERF TR/S-78 (1978). 

Furusho, T. and M. Otakc. A scarch for genetic 
effects of atomic bomb radiation on the growth and 
development of the F1 generation. 3. Stature of 12- to 
14-year-old junior high school students in Hiroshima. 
RERF TR/14-79 (1979). 

F14 Furusho, T. and M. Otake. A search for effects of 
atomic bomb radiation on the growth and devclop- 
ment of the F1 generation. 4. Body weight, sitting 
height, and chest drcumference of 12- to Idyear-old 
junior high school studcnts in Hiroshima. RERF 
TRl1-80 (1980). 

F15 Furusho, T. and M. Otakc. A search for genetic 
effects of atomic bomb radiation on the growth and 
development of the F1 gencration. 5. Stature of 6- to 
11-year-old elementary school pupils in Hiroshima. 
RERF TRI9-85 (1985). 

F16 Ford, C.E., E.P. Evans and A.G. Searle. Failure of 
irradiation to induce Robcrtsonian translocations in 
germ cells of male mice. p. 102-108 in: Conference 
on Mutations: Their Origin, Nature and Potential 
Relevance to Genetic Risk in Man. Jahrkonferenz 
1977. 7xntraallaboratorium fijr Mutagcnitatprufung, 
Ilarald Boldt Vcrlag, Boppard, 1978. 

F17 Favor, J., A. Ncuhzuser-Klaus and U.H. Ehling. 
Radiation-induced forward and reverse specific locus 
mutations and dominant catarad mutations in treated 
strain BALB/c and DEAD male mice. Mutat. Rcs. 
in: 161-169 (1987). 

F18 Favor, J., A. NcuhCuser-Klnus and U.11. Ehling. The 
induction of forward and reverse specific-locus 
mutations and dominant catarad mulalions in 
spermalogonia of trcatcd strain D B W  mice by 
ethylnitrosourea. Mutat. Res. 249: 293-300 (1991). 

G1 Gardner. MJ., AJ. Hall, M.P. Snec et al. Methods 
and basic data of case-control study of lcukaemia and 
lymphoma among young people near Sellafield nuc- 
lear plant in West Cumbria. Br. Mcd. J. MO: 429-434 
(1990). 

G2 Gardner, MJ., M.P. Snee, A.J. Ilall el al. Results of 
case-control study of leukacmia and lymphoma among 
young people near Sellafield nudcar plant in West 
Cumbria. Br. Mcd. J. 300: 423-428 (1990). 

G3 Gencroso, W.M., K.T. Cain, C.V. Cornett ct al. 
Camparison of two stocks of mice in spcrmatogonial 
rcsponsc to different conditions of radiation exposure. 
Mutat. Kes. 249: 301-310 (1991). 

G4 Gencroso, W.M., K.T. Cain. C.V. Cornett ct al. 
Dilfcrence in the response of two hybrid stocks of 
micc to x-ray induction of chromosomc aberrations in 
spcrmatogonial stem el ls .  Mutat. Res. 152: 217-223 
(1985). 

G5 Gillard, E.F., J.S. Chambcrlin, E.G. Murphy ct al. 
Molecular and phenotypic analysis of patients with the 
deletion-rich region of the Duchenne musalar  
dystrophy (DMD) gene. Am. J. Hum. Genet. 45: 507- 
520 (1989). 
Graw, J., J. Favor, A. Neuhluser-Klaus ct al. 
Dominant catarad and recessive specific-locus 
mutations in offspring of X-irradiated malc mice. 
Mutat. Res. 159: 47-54 (1986). 
Grilfin, C.S. and C. Tease. Gamma-ray-induced nume- 
rical and structural chromosome anomalies in m o w  
immature oocytcs. Mutat. Rcs. 202: 209-213 (1988). 
llaldane, J.B.S. The rate of spontaneous mutation of 
a human gene. J. Genet. 31: 317-326 (1935). 
Hall, J.G. Genomic imprinting. Cum. Opin. Gcnet. 
Develop. 1: 34-39 (1991). 
Hall, J.G. Review and Hypotheses. Somatic 
mosaicism: observations rclated to clinical genetics. 
Am. J. Hum. Gcnet. 43: 355-363 (1988). 

I14 Hall, J.G., J.M. Friedman, B.A. KCCM ct al. Clinical, 
genetic and epidemiological fadon in neural tube 
defects. Am. J. Hum. Genet. 43: 827-837 (1988). 

115 Hall, J.G., J.P. Dont, R. Rotta et al. Gonadal 
mosaicism in pseudoachondroplasia. Am. J. Med. 
Genet. 28: 143-151 (1987). 

116 Hall, J.G. Genomic imprinting: review and relevance 
to human disease. Am. J. Ilum. Genet. 46: 857-873 
(1990). 

117 Harada, F., A. Kimura, T. Iwanaga ct al. Gene- 
conversion-like events cause steroid 21-hydroxylase 
deficiency in congenital adrenal hyperplasia. Proc. 
Natl. Acad. Sci. (USA) 84: 8091-8094 (1987). 

I18 Harley, KG., J.D. Boork, S.A. Rundle ct al. 
Expansion of an unstable DNA region and phenotypic 
variation in myotonic dyslrophy. Nature 355: 545-551 
(1992). 

119 Hassold, T J .  and P. Jacob. Trisomy in man. Annu. 
Rev. Genet. 18: 69-77 (1984). 

1i10 Hecht, F. and B.K. lkcht. The half chromatid muta- 
tion model and bidirectional mutation in incontinentia 
pigmcnti. Clin. Gcnet. 24: 177-179 (1983). 

1111 Henthorn, P.S., D.L. Magcr, TJ .  flubman et al. A 
gene dcletion ending with a complex array of repeated 
sequences 3' 10 the human bcta-globin gene cluster. 
Proc Natl. Acad. S a .  (USA) 83: 5194-5198 (1986). 

I112 Hook, E.B. Surveillance of prrninal human mutations 
for effections of putative environmental mutagcns and 
utilization of a chromosomc registry in following rates 
of cytogenetic disorders. p. 141-165 in: Cytogcnctics: 
Basic and Applied Aspeds. (G. Obe and A. Basler, 
eds.) Springer Vcrlag, Berlin, 1987. 

1113 Hu, X., A.H.M. Burghes, P.N. Ray et al. Partial gene 
duplication in Duchenne and Beckcr muscular 
dystrophies. J. Mcd. Genet. 25: 369-376 (1988). 



800 UNSCEAR 1993 REPORT 

llu, X.. A.1I.M. 13urghcs. D.E. 13ulman et al. Evidcncc 
for mutation by unequal sister chromatid exchanp in 
Ihc Duchcnnc muscular dystrophy gene. Am. J. Ilum. 
Gcnet. 44: 855-863 (1989). 
Ilultcn, M., S. Armslrong, P. Challinor et al. Genomic 
imprinting in an Angelman and I'radcr-Willi 
transloation family. LHncct 338: 638639 (1991). 
llaas. O.A., A. Argyriou-'t'irita and T. Lion. Parental 
origin of chromosomes involved in the translocation 
1(9:22). Nature 359: 414-416 (1992). 
lluntington Disease Collaborative Group. A novel 
gene containing a trinuclcotidc rcpcat that is expandcd 
and unstable on lluntington disease chromosomes. 
Cell 72: 971-983 (1993). 
International Commission on Radiological Protection. 
1990 Recommendations of the International 
Commission on Radiological Protection. ICRP 
Publication 60. Pergamon Prcss, Oxford, 1991. 
International Agency for Research on Canccr (IARC). 
Long-term and short-term assays for caranogens: a 
critical appraisal. (R. Montesano et al., eds.) IARC 
Publication 83 (1986). 
Jagadeawaran, P., D. Tuan, R.G. Forget et al. A gene 
deletion ending at the midpoint of a repetitive DNA 
sequence in one form of hereditary persistence of fetal 
hemoglobin. Naturc 296: 469-470 (1982). 
Kalousek, D.K. and J.F. Dill. Chromosomal 
mosaicism confined to the placenta in human 
conceptions. Science 221: 665-667 (1983). 
Kalousek, D.K. and B. McGillivray. Confined 
placenta mosaicism and intrauterine survival of 
trisomies 13 and 18. Am. J. Ilum. Genet. 41: A278 
(1 987). 
Kato, 11., W.J. Schull and J.V. Necl. A cohort-type 
study of survival in the children of parents exposed to 
atomic bombings. Am. J. Ilum. Gcnet. 18: 339-373 
(1966). 
Kazakov. V.S.. E.P. Demidchik and L.N. Astakhova. 
Thyroid cancer after Chcrnobyl. Nature 359: 21-22 
(1992). 
Kirk, M. and M.F. Lyon. Induction of congenital 
anomalies in offspring of female mice exposed to 
varying doses of X-rays. Mutat. Rcs. 106: 73-83 
(1982). 
Kirk, M. and M.F. Lyon. Induction of congenital 
malformations in the offspring of male mice treated 
with X-rays at the prc-meiotic and post-meiotic stages. 
Mutat. Res. 125: 75-85 (1984). 
Kochupillai, N., I.C. Vcrma, M.S. Grewal el al. 
Down's syndrome and related abnormalities in an arca 
of high background radiation in coastal Kerala. Nature 
262: 60-61 (1976). 
Koenig, M., A.11. Rcgg,  M. Moycr et al. The 
molecular basis for Duchcnnc versus Becker muscular 
dystrophy: correlation of severity with typc of 
deletion. Am. J. Ilum. Gcnct. 45: 498-506 (1989). 
Kohn, lI.I., M.L. Epling, P.11. Guttman ct al. Effect of 
paternal (spcrrnatogonial) X-ray exposure in the 
mouse: life span. X-ray tolerance and tumour 
incidence of the pmgcny. Radial. Res. 25: 423-434 
(1 965). 
Kratochvilova, J. and U.11. Ehling. Dominant catarad 
mutations induced by gamma-irradiation of male 
mice. Mutat. Rcs. 63: 221-223 (1979). 

K11 Kratochvilova. J. Dominant cataract mutations 
detccted in offspring of gamma-irradiated male mice. 
J. Ilcred. 72: 301-307 (1981). 

K12 Krcstinina L.Yu., M.M. Koscnko nnd V.A. Kostyu- 
chcnko. Ixlhal dcveloprnental defects in descendants 
of a population residing in the arca of a radioactive 
trace. Mcd. Rndiol. 6: 30-32 (1991). (in Russian) 

K13 Kamiguchi, Y. and K. Mikamo. An improved, 
cf[icicnt method for analyzing human sperm 
chromosomcs using zona-free hamster ova. Am. J. 
Ilurn. Genet. 38: 724-740 (1986). 

K14 Kamiguchi, Y., 11. Tateno and K. Mikamo. Dose- 
rcsponse rclationship for the indudion of s t ~ c t u r a l  
chromosome aberrations in human spermatozoa after 
in vitro exposure to tritium bcta-rays. Mutat. Rcs. 228: 
125-131 (1990). 

K15 Kamiguchi, Y., H. Tateno and K. Mikamo. Types of 
structural chromosome abcrrations and their incidence 
in human spermatozoa x-irradiation in vitro. Mutat. 
Res. 228: 133-140 (1990). 

K16 Kamiguchi, Y.. 11. Tatcno and K. Mikamo. Micro- 
nucleus test in 2-cell embryos as a simple assay 
system for human sperm chromosome aberrations. 
Mutat. Rcs. 252: 297-303 (1991). 

K17 Kalousek, D.K., S. Langlois, I. Barrett et al. 
Unparental disomy for chromosome 16 in humans. 
Am. J. Ilum. Genet. 52: 8-16 (1993). 

K18 Kuroki, Y. and 11. Konishi. Monitoring of congenital 
anomalies in Japan. p. 59-64 in: Proceedings of 
International Conference on Radiation Effects and 
Protection, Mito, Ibaraki, Japan, March 18-20, 1992. 

L1 La Spada, A.K., E.M. Wilson, D.B. Lubahn et al. 
hdrogcn  receptor gene mutations in X-linked spinal 
and bulbar muscular atrophy. Nature 352: 77-79 
(1991). 

L2 Laird, C.D. Possible erasure of the imprint on a 
fragile X chromosome when transmitted by a male. 
Am. J. Med. Genet. 38: 391-395 (1991). 

U Lambert, M.E., J.F. McDonald and I.B. Bernstcin 
(eds.). Eukaryotic Transposable Elements as Muta- 
genic Agcnk. Cold Spring llarbour, New York, 1988. 

L4 Lejeune, J., R. Turpin and M.O. Rcthore. Les enfants 
ncs de parents irradies (Cas particuliers de la 
sex-ratio). p. 1089-1096 in: 9th International Congress 
on Radiology, Munich, 1960. 

L5 Li, C.C. p. 366 in: Population Genetics. University of 
Chicago Prcss, Chicago, 1955. 

L6 Liining, K.G. and A.G. Scarle. Ltimatcs of genetic 
risks from ionizing radiation. Mutat. R a .  12: 291-304 
(1971). 

L7 Liining, K.G. Studies of irradiated mouse populations. 
IV. Effects on productivily in the 7th to 18th 
generiitions. Mutat. Rcs. 14: 331-344 (1972). 

L8 Lyon, M.F. Some evidcncc concerning the "mutational 
load" in inbred strains of mice. l lcrcdity 13: 341-352 
(1 959). 

L9 Lyon, M.F., R.F.S. Phillips and A.G. Scarle. The 
overall rates of dominant and recessive lelhal and 
visible mutations induccd by spcrmatogonial 
x-irradiation of mice. Gcnct. Res. 5: 558-467 (1%4). 

L10 Lyon, M.F. and R. Renshaw. Induction of oongenital 
malformations in mice by prcnlal irradiation: 
transmission to later generations. Mutat. Res. 198: 
277-283 (1 986). 



EFFECTS 01: RADIATION 801 

L11 Lyon, M.F. and A.G. Scarlc (cds.). Genetic Variants 
and Strains of the Laboratory Mouse. Second edition. 
Oxford University I'ress, Oxford, 1989. 

MI Maeda, N. and 0. Smithies. The evolution of 
mulligene families: human haptoglobin genes. Annu. 
Rev. Genet. 20: 81-108 (1986). 

M2 Malcolm, S., J. ClayLon-Smith. M. Nichols et al. 
Uniparental paternal disomy in Angelrnan'ssyndromc. 
Lancet 337: 694-697 (1991). 

M3 Mange, A.P. and EJ .  Mange. p. 286-289 in: Genetics: 
Iluman Aspects. Sinauer Assodates Inc., Sunderland, 
MA., 1990. 

M4 Martin, R.H., W. Balkan, K. Burns et al. Direct 
chromosomal analysis of human spermatozoa. Am. J. 
Mum. Genet. 34: 459-468 (1982). 

M5 Martin, R.II., W. Balkan, K. Burns ct al. The 
chromosome constitution of 1OOO human spermatozoa. 
Hum. Genet. 63: 305-309 (1983). 

M6 Mathias S.L., A.F. Scott, 11.11. Kaazian et al. Reverse 
~ransa-iptase encoded by a human transposable 
element. Science 254: 1808-1810 (1991). 

M7 McKusick, V.A. Mendelian Inheritance in Man. 4th, 
7th and 8th editions. Johns Hopkins University Press, 
BalBmore, 1975,1986 and 1988. 

M8 McKusick, V.A. Communication to the UNSCEAR 
Secretariat (1977). 

M9 McKusick, V.A. Current trends in mapping human 
genes. FASEB J. 5: 12-20 (1991). 

M10 Modell, B. and A. Kuliev. Changing p a t ~ r ~ l  age 
distribution and the human mutation rate in Europe. 
Hum. Genet. 86: 198-202 (1990). 

M11 Murphee, A.L. and W.F. Benedict. Retinoblastoma: 
clues to human oncogcnesis. Science 223: 1028-1033 
(1984). 

M12 Muratani, K., H. Toshikazu, Y. Yoshihiro et al. 
Inactivation of the cholinesterase gene by Alu 
insertion. Proc. Natl. Acad. Sa. (USA) 88: 11315- 
11319 (1991). 

N1 Nakamura, Y., M. Leppert, P. O'Connell et al. 
Variable number of tandem repeat (VNlR) markers 
for human gene mapping. Science 235: 1616-1622 
(1987). 

N2 Nance, W.E. Twin Research, Part B: Biology and 
Epidemiology. Proceedings of the 2nd International 
Congress on Twin Studies. Alan Liss, New York, 
1978. 

N3 Neel, J.V. and W.J. Schull. p. xvi and 241 in: The 
Effect of Exposure to the Atomic Bombs on 
Pregnancy Termination in Hiroshima and Nagasaki. 
Publication 461. National Academy of Sciences, 
National Research Council, Washington, 1956. 

N4 Neel, J.V., C. Satoh. K. Goriki et al. Search for 
mutations altering protein charge and/or function in 
children of atomic bomb survivors: Final report. Am. 
J .  Hum. Gcnet. 42: 663-676 (1988). 

NS Neel, J.V., W J .  Schull, A.A. Awa et al. Implications 
of the liiroshima-Nagasaki genetic studies for the 
estimation of the human "doubling dose" of radiation. 
Proceeding of the 16th lntemational Congress 
Genetics, Toronto, 1988. 

N6 Ncel, J.V., W J .  Schull. A.A. Awa et al. The children 
of parents exposed to atomic bombs: estimates of the 
genetic doubling dose of radiation for humans. Am. 1. 
Hum. Genet. 46: 1053-1072 (1990). 

N7 Neel, J.V. and S.E. Lewis. The mmparative radiation 
genetics of humans and mice. Annu. Rev. Genet. 24: 
327-362 (1990). 

N8 Nccl, J.V. Update on the genetic effects of ionizing 
radiation. J. Am. Med. ASSC. 266: 698-701 (1991). 

N9 Nccl, J.V. and W.J. Schull (cds.). p. vi and 518 in: 
'111~ Children of Atomic I3omb Survivors. National 
Academy Press, Washington, 1991. 

N10 Nuclear Regulatory Commission, United States. 
Health ellects models for nuclear power plant accident 
consequence analysis. Modifications of models 
resulting from recent nports on health effects of 
ionizing radiation. Low-LET radiation. Part 11: 
Scientific bases for health effects models. 
NUREGICR-4214, Rev. 1 (1991). 

N11 Nelson, K. and L.B. Elolmes. Malformations due to 
presumed spontaneous mutations in newborn infants. 
N. Cngl. J. Med. 320: 19-23 (1989). 

N12 Nicholls, R.D., D.R. Higgs. J.B. Qegg et al. Npha-  
thalassemia due to recombination between the alpha- 
1-globin gene and an Alul repeat. Blood 65: 1434- 
1438 (1985). 

N13 Nomura, T. Changed urethane and radiation response 
of the mouse germ e l l  to tumor induction. p. 873-891 
in: Tumors of Early Life in Man and Animals. (L. 
Seven, ed.) Perugia University Press, Perugia, 1978. 

N14 Nomura, T. Parental exposure to X-rays and 
chemicals induces heritable tumours and anomalies in 
mice. Nature 296: 575-577 (1982). 

N15 Nomura, T. Further studies on X-ray and chemically 
induced germ-line alterations causing tumors and mal- 
formations in mice. p. 13-20 in: Genetic Toxicology 
of Environmental Chemicals, Part B: Genetic Effects 
and Applied Mutagenesis. (C. Ramel, B. Lambert, J. 
Mapusson, eds.) Alan Liss, New York, 1986. 

N16 Nomura, T. X-ray and chemically induced germ-line 
mutation causing phenotypical anomalies in mice. 
Mutat. Res. 198: 309-320 (1988). 

N17 Nomura, T. Of mice and men? Nature 345: 671 
(1990). 

01 Orkin. S.H. and A. Michelson. Partial deletion of the 
alpha-globin structural gene in human alpha- 
thalassernia. Nature 266: 538-540 (1980). 

0 2  Otake, M., W.J. Scull and J.V. Neel. Congenital 
malformations, stillbirlhs and early mortality among 
the children of atomic bomb survivors: a reanalysis. 
Radiat. Res. 122: 1-11 (1990). 

PI Pacchierotti, F., A. Russo and P. Mctalli. Meiotic non- 
disjunction induced by fission neutrons relative to 
X-rays observed in mouse secondary spermatocytes. 
11. Dose-effect relationshipos after treatment of 
pachytene cells. Mutat. Res. 176: 233-241 (1987). 

P2 Peltomlki, P., S. Knuutila, A. Ritvanen et al. Pallister- 
Killian syndrome: cytogenetic and molecular studies. 
a i n .  Genet. 31: 399-405 (1987). 

P3 I'rcston, D.L. and D.A. Pierce. The effect of chnnps 
in dosimetry on cancer mortality, risk estimates in the 
atomic bomb survivors. Radiat. Rcs. 114: 437-466 
(1988). 

P4 PeltomHki, P., LA.  Aaltonen, P. Sistonen c! al. 
Genetic mapping of a locus predisposing to human 
mlorectal cancer. Saence 260: 81 0-812 (1993). 



802 UNSCllAR 1993 REPORT 

1'5 Petrushkina. I., 0. Musatova, N. Okladnikova el al. 
Genetic cffccts of radiation. Nuclear Society 
International, Moscow: Scientific Informational and 
Methodical I3ulletin 4: 23-27 (1992). Consequcnms of 
Nuclear Tests on South Ural. (1993, in press). 

R1 Rcichert, W., W. Buselmaicr and F. Vogel. Elimina- 
tion of X-ray-induced chromosomal aberrations in the 
progeny of femal emicc. Mutat. Res. 139: 87-94 
(1984). 

R2 Richter, C., J.W. Park and B.N. Arnes. Normal 
oxidative damage to mitochondrial and nuclear DNA 
is extensive. Proc. Natl. Acad. Sci. (USA) 85: 6465- 
6467 (1988). 

R3 Russell, L.B. and E.M. Rinchik. Genetic and 
molecular characterization of genomic regions 
surrounding specific loci of the mouse. p. 109-121 in: 
Mammalian Cell Mutagencsis. Banbury Report 28. 
(M.M. Moorc et al., eds.) Cold Spring Ilarbor 
Laboratory Press, New York. 1987. 

R4 Russell. L.U. 1:undional and structural analyses of 
mouse genomic regions screened by the morpho- 
logical specifiolocus test. Mutat. Res. 212: 23-32 
(1989). 

R5 Russell, W.L. X-ray-induced mutations in mice. Cold 
Spring Ilarbor Symp. Quant. Biol. 16: 327-336 
(1951). 

R6 Russell, W.L., L.B. Russell and E.M. Kelly. Radiation 
dose rate and mutation frequency. Science 128: 1546- 
1550 (1958). 

R7 Russell. W.L., L.B. Russell, M.H. Steele el al. 
Extreme sensitivity of an immature stage oC the mouse 
ovary to sterilization. Science 129: 1228 (1959). 

R8 Russell, W.L. Effed of interval between radiation and 
conception on mutation frequency in female mice. 
Proc Natl. Acad. Sa. (USA) 54: 1552-1557 (1965). 

R9 Russell, W.L. Studies in mammalian radiation 
genetics. Nucleonics 23: (1965). 

R10 Russell, W.L. The nature of dwe-rate effed of 
radiation on mutation in mice. Jpn. J. Genet. 40 
(Suppl.): 128-140 (1965). 

R11 Russell, W.L. Mutation frequencies in female mice 
and the estimation of genetic hazards of radiation in 
women. Proc. Natl. Acad. Sa. (USA) 74: 3523-3527 

(1977). 
R12 Russell, W.L. and E.M. Kelly. Mutation frequencies 

in male mice and the estimation of genetic hazards of 
radiation in men. Proc. Natl. Acad. Sci. (USA) 79: 
542-544 (1982). 

R13 Rinchik, E.M., J.P. Stoye, W.N. Frankel el al. 
Molecular analysis of viable spontaneous and 
radiation-induced albino (c)-locus mutations in the 
mouse. Mutat. Res. 286: 199-207 (1993). 

S1 Sankaranarayanan. K. Genetic Effects of Ionizing 
Radiation in Multicellular Eukaryotes and the 
Asswmcnt of Genetic Radiation Hazards in Man. 
Elsevier, Amsterdam, 1982. 

S2 Sankarananyanan, K. Invited review: prevalencc of 
genetic and partially genetic diseases in man and the 
estimation of gcnctic risks of exposure lo ionizing 
radiation. Am. J. Hum. Genet. 42: 651-662 (1988). 

S 3  Sankaranarayanan, K. Ionizing radiation and genetic 
risks. I. Epidemiological, population genetic. 
biochemical and molecular aspects of Mendelian 
diseases. Mutat. Res. 258: 3-49 (1991). 

S4 Snnkaranarayanan, K. Ionizing radiation and genetic 
risks. 11. Nature of radiation-induccd mutations in 
cxpcricmental mammalian in vivo systems. Mutat. 
Itcs. 258: 51-73 (1991). 

S5 Sankaranarayanan, K. Ionizing radiation and genetic 
risks. 111. Naturc of spontaneous and radiation-induced 
mutations in mammalian in vitro systems and 
mechanisms of induction of mutations by radiation. 
Mutat. Res. 258: 75-97 (1991). 

S6 Sankaranarayanan, K. Ionizing radiation and gcnetic 
risks. IV. Current methods, estimates of risk of 
Mendelian discasc, human data and lessons from 
biochemical and molccular studies of mutations. 
Mutat. Rcs. 258: 99-122 (1991). 

S7 Sankaranarayanan, K. Ionizing radiation, genetic risk 
estimation and molecular biology: impact and 
inferences. Trcnds Genet. 9: 79-84 (1993). 

S8 Scholte, PJ.L. and F.H. Sobels. Sex ratio shift among 
progeny from patients having received therapeutic 
X-radiation. Am. J. Ilum. Genet. 16: 26-39 (1964). 

S9 Schrocder. W.T., L.Y. Chao. D.D. Dao et al. Non- 
random loss of maternal chromosome 11 alleles in 
Wilms' tumour. Am. J. IIum. Genet. 40: 413-420 
(1987). 

S10 Schull, W.J., J.V. Nccl and A. Hashizume. Some 
further observations on the sex ratio among infants 
born to the survivors of the atomic bombings at 
Hiroshima and Nagasaki. Am. J. Hum. Genet. 18: 
328-338 (1966). 

S11 Saable, H., W. Cavenee, F. Ghavimi et al. A model 
for embryonal rhabdomyosarmma lumorigenesis that 
involves genome imprinting. Proc. Natl. Acad. Sci. 
(USA) 86: 700-7484 (1989). 

S12 Scarle, A.G. Genetic effeds of spermatogonial 
X-irradiation on productivity of F1 female mice. 
Mutat. Res. 1: 99-108 (1964). 

S13 Searie, A.G. Mutation induction in mice. Adv. Radiat. 
Biol. 4: 131-207 (1974). 

S14 Scarle, A.G. and C.V. Beechey. Complementation 
studies with mouse translocations. Cytogenct. Cell 
Genet. 22: 127-146 (1978). 

S15 Seade, A.G. and D.G. Papworth. Analysis of pre- and 
post-natal mortality after spermatogonial irradiation of 
mia .  Communication to the UNSCEAR Secretariat 
(1986). 

S16 Scarle, A.G. and J.11. Edwards. The estimation of 
genetic risks from the induction of recessive mutations 
after exposure to ionizing radiation. J. Med. Genet. 
23: 220-226 (1986). 

S17 Scarlc, A.G., J. Peters, M.F. Lyon el al. Qlromosome 
maps of man and mouse, IV. Ann. Ilum. Genet. 53: 
89-140 (1989). 

S18 Selby, P.B. Radiation-induced dominant skeletal 
mutations in m i a :  mutation rate, charaderistics, and 
uscfulncss in estimating genetic hazard to humans 
from radiation. p. 537-544 in: Proceedings of the 6th 
International Congrcss on Radiation Research, 1979. 
Toppan Printing Co., Tokyo, 1979. 

S19 Selby, P.B. Radiation genetics in the mouse. p. 263- 
283 in: The Mouse in Biomedical Research: Ilistory, 
Genetics and the Wild Mouse. (H.L Foster, J.D. 
Small, J.G. Fox, eds.) Academic Press. New York, 
1981. 



A N N M  G: HEREDITARY EFFECIS OF RADIATION 803 

Sclby, P.B. Applications in genetic risk estimation of 
data on the induction of dominant skeletal mutations 
in mice. p. 191-210 in: Utilization of Mammalian 

Spranger, J., K. Renirxhkc, J.G. llall el al. Errors of 
morphogencsis: concepts and terms. J. Pcdiatr. 100: 
160-165 (1982). 
Stephens, J.C., M.L. Cavanaugh, M.1. Gradie et al. 
Mapping the human genome: current status. Scienoc 
250: 237-234 (1990). 
Straume, T. Biological Effediveness of Neutron 
Irradiation on Animals and Man. Ph.D. Thesis, 
University of California. 1982. 
Straume. T., T.C. Kwan, L.S. Goldstein et al. 
Measurcrncnt of neutron-indued genetic damage in 
mouse immaturc oocytes. Mutat. Rcs. 248: 123-133 
(1991). 
Strobel, D. and F. Vogel. Ein statistischer Gesichts- 
punkt filr das Planen von Untersuchungen Dber L d e -  
rungen der Mutationsrate beim Menschen. Acta Genet. 
Stat. Med. 8: 274-286 (1958). 
Sheridan, W. and 1. Wardell. The frequency of 
recessive lethals in an irradiated mouse population. 
Mutat. Res. 5: 313-321 (1968). 
Spotila, L.D., L. Sereda and D.J. Prockop. Partial iso- 
disomy for maternal chromosome 7 and short-stature 
in an individual with a mutation at the C O L I N  locus. 
Am. J. Hum. Genet. 51: 1396-1405 (1992). 
Schmiady, H., H. Kentenich and M. Stauber. Chromo- 
some studics of human in vitm fertilization (IVF) 
failures. p. 184-197 in: Cytogenetics, Basic and 
Applied Aspects. Chapter 9. (G. Obe and A. Basler. 
eds.) Springer Verlag, Berlin, 1987. 
Silver, A. and R. Cox. Telomere-like DNA poly- 
morphism~ associated with genetic predisposition to 
acute myeloid leukaemia in irradiated CB mice. Proc 
Natl. Acad. Sci. (USA) 90: 1407-1410 (1993). 
Sankaranarayanan, K. Genetic effects of ionizing 
radiation in man. p. 75-94 in: Risks Associated With 
Ionizing Radiations. Annals of the ICRP 22(1). 
Pergamon Press, Oxford, 1991. 
Tanaka, K. and K. Ohkura. Evidence for genetic 
effects of radiation on offspring of radiologic 
bxhnicians. Jpn. J. Hum. Genet. 3: 135-145 (1958). 
Temple, I.K., A. Cockwell, T. Hassold el al. Maternal 
uniparental disomy for chromosome 14. J. Med. 
Genet. 28: 51 1-514 (1991). 
Tbompson, J.S. and M.W. Thompson. Genetics in 
Medicine. W.B. Saunders Co.. Philadelphia, 1991. 
Tiwari, J.L. and P.1. Terasaki. HLA and Disease 
Associations. Springer Verlag, New York, 1985. 
Tretyakov, F.D.. 2.1. Voronina, P.F. Voronin et al. 
Infant mortality rates and structure in a town near a 
nuclear power enterprise. Med. Radiol. 7: 7-10 (1991). 
Trimble, B.K. and J.H. Doughty. The amount of 
hereditary disease in human populations. Ann. Hum. 
Genet. 38: 199-223 (1974). 
Thibodeau, S.N., G. Bmn and D. Schnaid. Miao- 
satellite instability in cancer of the proximal colon. 
Science 260: 816-819 (1993). 
Takahashi, T., H. Watanabe, K. Dohi el al. 2 5 2 ~  
relative biological effectiveness and inheritable effect 
of fission neutrons in mouse liver tumorigenesis. 
Cancer Res. 52: 1948-1953 (1992). 
Timofceff-Ressovsky, N.W. Gerichtetes Variieren in 
der phllnotypischen Manifestierung einiger 
Genovariationen von Drosophila funebris. 
Naturwissenschaften 19: 493-497 (1931). 

Specific-locus Studies in Hazard Evaluation and 
Estimation of Genetic Risk. (F.J. dc Serres and W. 
Shcridan, eds.) Plenum Press, New York, 1983. 
Selby, P.B. Experimental induction of dominant 
mutations in mammals by ionizing radiations and 
chemicals. p. 181-253 in: Issues and Reviews in 
Teratology. Volume 5. (ki. Kaltcr, ed.) Plenum Prcss, 
New York, 1990. 
Selby, P.B. ?he importance of the direct method of 
genetic risk estimation and ways to improve it .  
p. 437-449 in: Biology of Mammalian Germ Cell 
Mutagenesis. ~ a n b u i ~ e p o r t  34. (J.W. Allen et al., 
cds.) Cold Spring Harbor Laboratory Press. New 
York, 1990. 
Selby, P.B. and P.R. Selby. Gamma-ray-induced 
dominant mutations that cause skeletal abnormalities 
in mice. 1. Plan, summary of results and discussion. 
Mutat. R e .  43: 357-375 (1977). 
Sclby, P.B. and P.R. Selby. Gamma-ray-induced 
dominant mutations that cause skeletal abnormalities 
in mice. 11. Description of proved mutations. Mutat. 
Res. 51: 199-236 (1978). 
Selby, P.B. and P.R. Selby. Gamma-ray-induced 
dominant mutations that cause skeletal abnormalities 
in mice. 111. Description of presumed mutations. 
Mutat. Res. 50: 341-351 (1978). 
Selby, P.B. and S.L. Niemann. Non-breeding-test 
methods for dominant skeletal mutations shown by 
ethylnitrosourea to be easily applicable to offspring 
examined in spscifiolocus experiments. Mutat. Res. 
127: 93-105 (1984). 
Sclby, P.B. and W.L. Russell. First-generation litter- 
size reduction following irradiation ofspematogonial 
stem cells in mice and its use in risk estimation. 
Environ. Mutagen. 7: 451-469 (1985). 
Selby, P.B., S.S. Lee, E.M. Kelly et al. Specific-locus 
exp&ments show that female mice ex&ed near the 
time of birth to low-LET ionizing radiation exhibit 
both a low mutational rcsponsc and a dose-rate effect. 
Mutat. Res. 249: 351-367 (1991). 
Selby. P.B., V.S. Mierzejewski. E.M. Garrison et al. 
Preliminary results in assessment of dominant damage 
(ADD) experiments and their implications for genetic 
risk estimation. Communication to the UNSCEAR 
Secretariat (1993). 
Shen D.W., I. Pastan and M.M. Gottesman. In situ 
hybridization analysis of acquisition and loss of the 
human multidrug-resistance gene. Cancer Res. 48: 
4334-4339 (1988). 
Sillence, D.O., H.E. Ritchie and P.B. Selby. Animal 
model: skeletal anomalies in mice with aeidouanial 
dysplasia. Am. J. Med. Genet. 27: 75-85 (1987). 
Silverman, L.J., W.N. Kelley and T.D. Palell. Genetic 
analysis of human hypoxanthine-guanine phosphoribo- 
syltransferasc deficiency. Enzyme 38: 36-44 (1987). 
Singer, M.F. Ilighly repeated sequenm in mammalian 
genomes. Int. Rev. Cytol. 76: 67-1 12 (1982). 
Smith, D.W. and J.M. Aase. Polygenic inheritance of 
cerbin common malformations: evidence and empiric 
recurrence risk data. J. Pediatr. 76: 653-659 (1970). 



United Nations. Sources. Effects and Risks of Ionizing 
Radiation. Unitcd Nations Scientific Committee on the 
Effects of Atomic Radiation, 1988 Report to the 
General Assembly, with annexes. United Nations sales 
publication E.88.1X.7. Unitcd Nations, New York, 
1988. 
Unitcd Nations. Genetic and Somatic Effects of 
Ionizing Radiation. United Nations Sacntific 
Committce on thc Ellcch of Atomic Radiation, 1986 
Report to the General Assembly, wi!h annexes. United 
Nations sales publication E.86.IX.9. Unitcd Nations. 
New York, 1986. 
United Nations. Ionizing Radiation: Sources and 
Biological Effcds. United Nations Scientific 
Committee on thc Effects of Atomic Radiation, 1982 
Report to thc General Assembly, with annexes. United 
Nations sales publication E.82.IX.8. United Nations. 
New York, 1982. 
United Nations. Sources and Effects of Ionizing 
Radiation. United Nations Scientific Committee on the 
Effects of Atomic Radiation, 1977 Report to the 
General Assembly, with annexes. United Nations sales 
publication E.77.IX.1. United Nations, New York, 
1977. 
United Nations. Ionizing Radiation: Levels and 
Effects. United Nations Scientific Committee on the 
Effects of Atomic Radiation, 1972 Report to the 
General Assembly, with annexes. United Nations sales 
publication E.72.IX.17 and 18. United Nations, New 
York, 1972. 
Unitcd States Department of Energy. Understanding 
our genetic inheritance. p. 17 in: The US IIuman 
Genome Project: The First Five Years (1991). 
Urabe, K, A. Kimura, F. Harada et al. Gene 
conversion in stemid 21-hydroxylase genes. Am. J. 
Hum. Genet. 46: 1178-1186 (1990). 
van Buul, P.P.W. X-ray induced translocations in 
premeiotic germ cells of monkcys. Mutat. Rcs. 251: 
31-39 (1991). 
Vanin, E.F., P.S. llenthorn, D. Kioussis et al. 
Unexpected relationships between four large deletions 
in the human beta globin gene cluster. Cell 35: 701- 
709 (1983). 
Vnencak-Jones, C.L. and J.A. Phillips Ill. Ilot spots 
for growth hormone gene deletions in homologous 
regions outside of Alu repeats. Science 250: 1745- 
1748 (1990). 
Vogel, F. ABO blood groups and disease. Am. J. 
Hum. Genet. 22: 464-275 (1970). 
Vogel, F. Clinical consequences of heterozygosity for 
autosomal-recwive diseases. Clin. Genet. 25: 381-415 
(1984). 
Vogel, F. Risk calculations for hereditary effects of 
ionizing radiation in humans. Hum. Genet. 89: 127- 
146 (1992). 
Vogel, F. and W. l~elmbold. Blutgruppen - 
Populationsgenetik und Statistik. p. 129-557 in: 
Humangenetik. Ein kumcs Handbuch, Volume 1. (P.E. 
Becker, ed.) Georg Thieme Verlag, Stuttgart. 1972. 
Vogel, F. and R. Rathenberg. Spontaneous mutation 
in man. Adv. Hum. Genet. 5: 223-318 (1975). 
Vogel, F. and K. Ntland. Utilization of material from 
PKU-saeening programmes for mutation screening. 
p. 143-157 in: Proceedings of an In~ernational 

Symposium on Chemical Mutagenesis, lluman 
Population Monitoring and Gcnctic Risk Assessment. 
I'mgress in Mutation Research. Volume 3. (K.C. Bora. 
ed.) Elxvier, Amsterdam. 1982. 

V10 Vogel, I.'. and A.G. Motulsky. p. 344 in: Human 
Genctics. Springer Verlag, Berlin, 1986. 

V11 Voss, R., E. Ben-Simon, A. Avibl el al. Isodisomy of 
chromosome 7 in a patient with CF. could uniparcntal 
diso~ny bc common in humanr? Am. 5. Hum. Genet. 
45: 373-380 (1989). 

V12 van Nlcm, M.. D. Kalousek. and G. Chcrnoff. 
Evidence for multi-site closure of the neural tube in 
humans. Am. J. Med. Genct. 47 (1993, in press). 

W1 Wang, J.C., M.B. Passage, P.11. Yen et al. Uniparental 
hctcrodisoniy for chromosome 14 in a phenotypically 
abnormal familial balanced 13/14 translocation carrier. 
Am. J. Hum. Genet. 48: 1069-1074 (1991). 

W2 Wagstaff, J., J.11. Knoll, J. Fleming et al. Localization 
of the gene encoding the GABA A receptor beta 3 
subunit to the Angelman/Prader-Willi region of human 
chromosome 15. Am. J. Hum. Genet. 49: 330-337 
(1991). 

W3 Wahls. W.P., LJ.  Wallace and P.D. Moore. Hyper- 
variable minisatellitc DNA is a hotspot for 
homologous recombination in human cells. Cell 60: 
95-103 (1990). 

W4 Wald, N., J. Sneddon, J. Donsem et al. MRC Vitamin 
Study Research Group: Prevention of neural tube 
defects. Lancet 338: 131-137 (1991). 

W5 Watson, J.D. and R.M. Cook-Deegan. Origins of the 
human genome project. FASEB J. 5: 8-11 (1991). 

W6 Welch, T.R., L.S. Beischel, E. Choi et al. Uniparental 
isodisomy 6 associated with defiaency of the fourth 
component of complement. J. Qin. Invest. 86: 675- 
678 (1990). 

W7 Wilson, G.N. Heterochrony and human malformation. 
Am. J. Med. Genet. 29: 311 (1988). 

W8 World Health Organization. Congenital Malformations 
Worldwide: A Report from the International 
Clearinghouse for Birth Defeds Monitoring Systems. 
Elsevicr, New York, 1991. 

W9 Wright, S. The results of crosses between inbred 
strains of guinea pigs, differing in number of digits. 
Genetics 19: 537-551 (1934). 

W10 Wallace, M.R., L.B. Andersen, A.M. Saulino et al. A 
de novo N u  insertion results in neurofibromatosis 
type 1. Nature 353: 864-866 (1991). 

W11 Willman, C.L., C.E. Sever, M.G. Pallavidni et al. 
Deletion of IRF-1, mapping to chromosome Sq31.1, in 
human lcukaemia and prelcukaemia myelodysplasia. 
Scicnce 259: 968-971 (1993). 

W12 Wallace, D. Mitochondria1 diseases: genotype versus 
phenotype. Trends Genet. 9: 128-133 (1993). 

Y1 Yoshimoto, Y., J.V. Neel, WJ. Schull et a\. Malignant 
tumours during the first 2 decades of life in the 
offsprir~g of atomic bomb survivors. Am. J. Ilum. 
Genct. 46: 1041-1052 (1990). 

Y2 Yoshimoto, Y., WJ .  Schull, 11. KBto et al. Mortality 
among the offspring (F,) of atomic bomb survivors, 
1946-1985. Radiat. Res. 32: 27-35 (1991). 

Y3 Yu, S., M. Pritchard, E. Krcmer et al. Fragile X 
genotype characterized by an unstable region of DNA. 
Saence 252: 1179-1181 (1991). 



ANNEX H 

Radiation effects on the developing human brain 
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INTRODUCTION 

1. The developing human brain has been shown to 
be especially sensitive to ionizing radiation. Mental 
retardation has been observed in the survivors of the 
atomic bombings in Japan exposed in lrrero during 
sensitive periods [M2, M3,01, PI ,  T I ,  W 1, W2], and 
clinical studies of pelvically irradiated pregnant 
women have demonstrated damaging effects on the 
fetus [GI, 11, MI,  241. The sensitivity of the brain 
undoubtedly reflects its structural complexity, its long 

that the induction of effects is linear with dose. In the 
UNSCEAR 1988 Report [Ul] ,  these findings were 
summarized with the further statement that the risk 
estimates "may need substantial revision downward 
(particularly in the low-dose ranges)" and that "the 
Committee intends to review this in the near future". 
These points are considered in the further study 
outlined in this Annex. 

dcvclopmental (and hence sensitive) period, the 3. most point to inves,igatc is 
vulncnbility of the undifferentiated neural cells, the revised dosimetry system pS86) IR1l for 
need for cell migration to functional position and the survivors of the atomic bombings in allen 
inability of the brain to replace most lost neurons. the interpretation of results previously gained and, 

2. Previous UNSCEAR reports have considered the 
general dcvclopmcntal effects of prenatal irradiation. 
In the UNSCEAR 1977 Report [U4], mainly animal 
data were considered. In the UNSCEAR 1986 Report 
[U2], more recent animal data and, to the extent 

therefore; requires the risk cstimatcs to be changed. In 
particular, it will be necessary to establish whether it 
should be assumed that therc is linearity of the dose- 
response and whether there may be thresholds of doses 
for effects at particular stages of fetal development. 

possible, data on cffccts in humans were considered in 
order to derive risk estimates. The risks of effects, 4. In this Annex the emphasis is on reviewing the 
including mortality and the induction of malforma- results of the study of the survivors of the atomic 
tions, leukaemia and other malignancies and mental bombings in Japan. The results of other human epide- 
retardation, were assessed to be 0.4 Gy-' at the time miological investigations and of pertinent experimental 
of peak sensitivity and 0.1 Gy-' in less sensitive studies provide supplementary information, and these 
periods. These values were derived on the assumption have been considcred as well. 

I. THE HUMAN BRAIN 

A. DEVELOPMENT 

5. The brain is the culmination of a long and 
interrelated sequence of molecular, cellular and tissue 
events. Some of these occur before birth and some 
after. Those occurring before birth are classifiable on 
the basis of the time after fertilization at which they 
occur as either embryonic or fetal. Conventionally, 
embryogenesis describes the phase of prenatal 
development from the appearance of the embryonic 
disk to the end of week 8 after fertilization. After this 

time, the developing organism is called a fetus. Most 
of the structural complexity of Ihe brain evolves in the 
fetal period through a series of ir~terconnectcd events 
involving the production of neuronal cells, their 
migration from the periventricular proliferative zones 
to the cortex, their further differentiation, their growth 
in size and complexity of slructural and molecular 
organization, and the establishment of primary neuritic 
processes that contribute to the emerging fields of 
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connection. The details of these developniental events 
have been described elsewhere [C6, C7, 11, Ma, M9, 
015,  R2, R6, R10, R11, S17, U2] and will not be 
rcvicwcd in depth here. In this Annex, discussion will 
be limited to certain general principles of brain deve- 
lopment that have emerged largely in the last several 
decades and to recent experimental and epidemiologi- 
cal findings that bear on an understanding of the 
mechanisms through which prenatal exposure to 
ionizing radiation can lead to brain dysfunction. 

6 .  One of the first differentiation events in the very 
carly embryo is the appearance of discrete neural pre- 
cursors, the neuroblasts, which separate from a defined 
region of the primitive ectoderm. These cells are 
aggregated around the ventricles of the developing 
brain, and their descendants will populate the cortex. 
The mechanisms that operate within this ventricular 
zone to determine the ultimate fate of immature cor- 
tical cells are not well understood. Howcver, evidence 
accumulates that in early corticogenesis there is a 
cooperation among the cells in the proliferative zone. 
For example, recent studies have .shown that the 
neuroblasts in the proliferative zone are physiolo- 
gically coupled by gap junctions into clusters of 15-90 
cells [IA]. This has been demonstrated through the use 
of a low molecular weight dye, Lucifer yellow, that 
can be injected into a single cell and can easily pass 
through gap junctions from one cell to another. To 
distinguish between coupling through gap junctions 
and coupling through cytoplasmic bridges, possibly 
stemming from membrane fusion, the investigators 
also injected into single cells horseradish peroxidase 
(HRP), which does not pass through gap junctions 
because of its molecular size but can pass through 
cytoplasmic bridges. The injected HRP was invariably 
restricted to a single cell, indicating that the coupling 
was not due to cytoplasniic bridges. Similarly, experi- 
ments designed to decrease the conductance of gap 
junction channels and thus increase membrane resist- 
ance showed that the membrane resistance of cells 
within clusters was increased, but there was no 
increase in membrane resistance among non-coupled 
neurons in the cortical plate. The coupled cells, 
identified by the cell to cell diffusion of Lucifer 
yellow, form columns within the ventricular zone. The 
clusters themselves allow direct cell-to-cell interaction 
at the earliest stages of corticogenesis, and these inter- 
actions could participate in determining the fates of 
the developing neurons. This behaviour suggests an 
interdependency of the fate of these cells such that the 
death of one, whatever the cause, could lead indirectly 
to the impairment of the developmental polential of 
others. Once migration commences, however, the 
number of cells within the clusters decreases, and 
apparently the individual immature neurons divorce 
themselves from h e  clusters, since they can no longer 
be shown to be dye-coupled. 

7. It is importiint to note here that experimental 
studies currently suggest that each cortical neuron has 
not only a designated date of birth but also a definite 
functional address (see, e.g. [R16]). Since cerebral 
neuronal cells proliferate in specific peri- or circum- 
venlricular zones, proper function implies migration. 
The event (or events) that initiates the movement of  
post-mitotic, undifferentiated neurons from the pro- 
liferative zones to their normal sites of function is still 
unknown. However, once initiated, the movement of 
cells extends over weeks in aggregate, although an 
individual cell may reach its destination in a matter of 
days at the most. The migratory proccss itself is an 
active, timed phenomenon dependent to a large degree 
on an interaction between the surface menibranes of 
the neurons and their guidance cells, on matrix 
materials such as cytotactin and on the subsequent 
morphological shaping of the two different families of 
cells, neurons and neuroglia. Not all of the factors 
involved in this phenomenon are known: however, 
there is experimental evidence that a modification of 
cell surfaces or spaces on or near the glial processes, 
which guide the neurons during their nlovement, is 
involved [Fl]. The cells probably advance by making 
adhesive contacts at their leading edges, or growth 
cones, and then pulling themselves fonvard. Edelman 
[E2], for example, has shown that specific molecules, 
known as cell adhesion molecules, whose structure and 
function are apparently under genetic control, play a 
central role in these movements and that they do so 
through local alteration of the cell surface. It has also 
been demonstrated experimentally that within the optic 
tectum the growth cones are able to read gradients of 
surface-associated information in the process ofaxonal 
path-finding [BlS]. Thus, any damage lo the surface 
membranes or impairment of these molecular proces- 
ses, however transitory, could impair the timing of 
migration. It is known, for example, that blockade of 
the cell surface adhesion molecules with appropriate 
antibodies prevents proper migration of external gra- 
nule cells in cerebellar slices in culture [C9, H12, L3] 
and would presumably also do so in vivo. 

8. Two waves of neuronal migration take place 
[RlS]. The first of these commences at about week 7 
after fertilization and appears to involve cells from the 
inner area of proliferation, the ventricular zone. (Here 
and elsewhere, unless specifically stated otherwise, 
time is expressed in weeks following fertilization, 
estimated from and therefore assumed synonymous 
with time of ovulation.) The intermediate zone Ihrough 
which they pass is then sparsely structured and con- 
tains few impediments to their movement. This wave 
ceases at about week 10, when numerous nerve fibres 
appear in the intermediate zone, which thickens 
markedly. The second wave, numerically much the 
larger, begins about week 10, normally terminates 
about week 15 or so  and involves cells from a zone 
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further from the lumen than the zone from which the 
earlier migrants came. This time the migratory cells 
must traverse a denser intcrmcdiate zone and move 
past those earlier formed tlcurons that have already 
migrated, are positioned and have fonned connections. 
The later-formed ncurons arc assistcd on their way to 
the cortical plate by the long processes of specialized 
cells, Ule radial glia. At a subsequent time, the radial 
glia will begin to divide ancw and become differentia- 
ted into astrocytes. However, at this juncture, they 
seemingly serve two functions: first, to guide the 
migrating neurons through the densely packed inter- 
mediate zone and secondly, to ensure the faithful 
mapping of the ventricular surface onto the expanding 
and convoluted cerebral cortex by preventing or mini- 
mizing the intermixing of cells generated in different 
regions of the proliferative zone. While the majority of 
young neurons do migrate along these radial pathways, 
some mixing of these clonally related cells occurs. 
Walsh and Cepko [W8], using a retroviral marking 
method in vivo, have shown that in the rat some 
labelled cells appear to migrate up different radial glial 
fibres and even along the ventricular surface, perpen- 
dicular to the fibres themselves. The latter form of 
migration could cause a wide dispersion of related 
cells and suggests that the pathways for neuronal 
migration are far more con~plcx than the simple routes 
offered by radial glia. It is not yet clear how common 
this occurrence is, whether it is species-dependent or 
whether all of the labelled cells are indeed clonal or 
reflect an inhomogeneous distribution of the viral label 
[K13]. However, these authors, using a new method to 
identify the functional specification of the progenitors 
in the cortex, have recently confirmed their earlier 
findings and argue that this widespread and numeri- 
cally significant dispersion of neuronal clones implies 
that the functional specification of cortical areas 
occurs after neurogenesis [W14]. O'Rourke et al. 
[014] have confirmed these observations with time- 
lapse confocal microscopy. 

9. The cellular and molecular mechanisms of cell 
migration are not yet well understood, and little attcn- 
tion has heretofore been paid to cell membrane proper- 
tics and changes in ionic concentration during cell 
movement. Only recently, for example, has it  been 
recognized that migrating neurons in the developing 
cenlral nervous system express voltage-sensitive ion 
channels bcfore thcy reach thcir final destination. 
These channels appear to play a transient but specific 
developmental role in directing the migration of 
inmature neurons. Thus, Kornuro and Rakic [K14] 
have shown, using laser scanning confocal micro- 
scopy, that in the mouse cerebellum, granular neurons 
will not migrate ur~til they have begun to express 
N-type (conotoxin-sensitive) calcium channels on their 
plasmalemmal surface. If these specific channels are 
inhibited by the addition of conotoxin to the tissue 

culture medium, the neurons will not migrate; how- 
ever, the illhibition of other calcium channels, as well 
as those of sodiunl and potassium, had no cffcct on 
the rate of granule cell rnigr;ttion. Accordingly, thcy 
speculate that "the early expression of conotoxin- 
sensitive calcium channels in postmitotic cells may be 
an essential prereq~lisite to boll1 the initiation and the 
execution of thcir rnovcmcnt". 

10. Once migration has ceased, the fate of the 
migrating cells will ultimately dcpcnd on their abilities 
to connect with other ncuronal cells; formation of 
these axonal paUlways is a competitive phenomenon, 
and those cells that do not form the connections that 
allow stimuli to be passed from one cell to another 
will die and disappear. How these growing neurons 
find their targets has been one of the central problems 
of neurobiology for the last 40 or so years. It is now 
generally believed that the answer lies in chemo- 
affinity, that is to say, that the biochemical 
specification of growing axons is crucial in leading 
them to their appropriate targets [SlS]. The precise 
nature of this process is unclear, and competing 
theories exist. Some speculate that there is a structural 
or strict chemospecificity in which the ultimate pattern 
rests on the complementary recognition of mutually 
specific cell surface markers, but this implies the 
existence of a very large number of such markers, 
much larger than has yet ~ C C I I  identified. Others argue 
that the pattern arises through a regulatory or dynamic 
modulation of a relatively small number of specifi- 
cities (see, e.g. [E2]). Evidence in support of this latter 
notion can be found in the fact, as previously stated, 
that late-formed neurons must migrate past those that 
have already migrated, are positioned, and have 
formed connections. Chuong el al. [C9] have shown 
that modulation of the neural cell adhesion niolecule 
(N-CAM), which is present on all neurons (but not on 
the glia), or of the neuralglial cell adhesion molecule 
(Ng-CAM), which binds neurons to glia or glial 
molecules such as cytotactin, is implicated in the 
differential adhesiveness and regulation of this passing 
movement. N-CAM exists in two fonns, an adult and 
an embryonic, which differ in their degree of 
sialylation. The embryonic form, E-N-CAM, is highly 
sialylated, whereas the adult form is not. In the 
cerebellum, E-N-CAM is never expressed in the 
germinal zone of neuroblasts destined to form or 
forming the external granular layer. It is, however, 
expressed by the granule cclls during thcir migration 
but ceases to be demonstrable when these cclls have 
reached their final position in the internal granular 
layer. Other cerebellar cell types do express E-N-CAM 
as histogenesis unfolds, but they, too, cease to do so 
with h e  overt cessation of cerebellar histogenesis 
p14] .  These findings suggcst that E-N-CAM is only 
characteristic of growing and moving cellular 
structures. 
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11. Establishment of the proper axonal pathways 
entails coopcrativcness as wcll as competition. It has 
been shown that in the developing mammalian tclence- 
phalon there exists a special group of early arising 
neurons, the subplate or transient pioneer ncurons, that 
arc instru~ncntal in the laying down of the f i s t  axonal 
pathways arid may be essential to the establishment of 
permanent subcort ical projections [K4, M 131. These 
subplate ncurons will disappear in postnatal life after 
the adult pattern of axonal projcctions is wcll cstab- 
lishcd. It is also known that in the development of the 
central nervous system in some invertebrates, the 
grasshopper for instance, if the pioneer cells arc 
prevented from differentiating through heat shock, the 
sensory growth cones that would have migrated along 
the pathways established by the pioneers are blocked 
and fail to reach the central nervous system [K4]. 
While the death or failure of a pioneer cell to 
differentiate may not always preclude the establish- 
ment of a specific pathway, since the function of the 
pioneer may be assumed by another cell, it is clear 
that in some instances the pathway will not develop if 
the pioneer cell is prevented from differentiating. 
Moreover, at least in some insect species, where the 
geometry of a specific neuronal pathway may be quite 
complex and involve sharp angles, it has been shown 
that other specialized cells contribute to the delineation 
of the pathway. These cells have been called "land- 
mark" cells, and their presence and proximity appa- 
rently signal the pioneer to change course. Finally, as 
knowledge of the embryology of the brain increases 
and recognition of the functional specificity and 
diversity that exists among ncurons grows, it becomes 
more plausible to assume that the loss of relatively 
small numbers of neuronal cclls could have an effect 
on brain development out of proportion to the actual 
number of cells that are killed or whose differentiation 
is impaired. 

12. Some cerebral neurons, presently thought to be 
relatively few in number, do not have their origin in 
the circumvcntricular proliferative zones but arise else- 
where and migrate into the cerebrum. It has been 
shown, for example, that those neurons that secrete the 
hormone that releases the lutei~lizing hormone, the one 
responsible for stimulating production of the sex hor- 
mones testosterone and oestrogen, actually have their 
origin in the olfactory placode. These neurons, known 
as LHRH cells, begin to migrate from their sites of 
birth in Ihe placode through the olfactory bulb and 
into the cerebrum at about gestational day 12 or 13 in 
the mouse, following the ten~linal nerve (nervus termi- 
nalis). Most of the migration is completed by gesta- 
tional day 16, and the cells, which are ciliated and 
morphologically distinguishable from other neurons, 
are diffusely distributed through Ihe cerebrum [S9 ,  
W7]. These events in the human would bc occurring 
at about 12-14 weeks after fertili7ation. 

13. Marly areas of the mammalian brain are charac- 
terized by repeatcd ensembles of anatomically and 
physiologically distinguishable nerve cells. Among 
such ensembles arc those of the barrels and colurnns 
seen in the sonlatosensory cortex, the pattern of 
glorncruli in the olfactory bulbs and the columns of 
the visual cortex. Understanding the development of 
these neuronal assemblages has an important bearing 
on the nature of critical periods, the manner in which 
neural information is stored and the age-dependent 
neuronal response to injury. Progress in this undcr- 
standing has been slow for lack of suitable study 
techniques, and it  has not been clear whether the 
initial assemblages persist or whether they are lost or 
gained as the brain develops. Recently, LaMantia et al. 
[L2] have been able to show that with regard to the 
glomcrular pattern in the olfactory bulbs, the brain is 
gradually constructed by the addition of new glomeruli 
to a persisting population, without apparent losscs 
from the original population. Custoniarily regressive 
phenomena (cell death, synaptic loss and axon climi- 
nation) are known to play an important role in the 
devclopnlcnt of the brain, but their findings suggest 
that these regressive events must proceed during the 
construction of olfactory neural circuits, if they occur 
at all in this region of the brain. However, LaMantia 
et al. [L2] note that the olfactory systenl has several 
extraordinary features that may lead to an exaggeration 
in the elaboration of these hnctional units in the 
olfactory bulbs. These findings suggcst a need to 
reconcile the observation that some portions of the 
brain evolve through ongoing construction with the 
comnlonly accepted notion of development through the 
selection of useful circuits from a larger initial 
repertoire (see, e.g. [E2]). 

14. Three general features of the development and 
organization of the human brain and its adnexa are 
important to an understanding of the nature of its 
vulnerability to malformation or maldevelopmcnt, 
namely: 

(a) the brain is one of the most complex organs of 
the body, with an involved architecture in which 
different functions are localized in different 
structures. Differentiation of the latter takes 
place at different timcs and for different dura- 
tions. This is particularly true of the dcvelop- 
ment of the ncocortex, which proceeds over a 
long time; 

@) brain function critically depends on the disposi- 
ti011 and interconnection of structures and cclls, 
neuronal and glial, and normal structure and 
function hinge on an orderly sequence of events 
(cell division; programmed cell death; migration, 
including the positioning and selective aggrega- 
tion of cells of the same kind; differentiation 
with the acquisition of new membrane propcr- 
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tics; and synaptic inter-co~~ection),  each of 
which must occur correctly in time and space. 
Both cooperation and competition are involved 
in niany of these cvcnls; 

(c) h e  neurons of the cerebrum are not self- 
renewing. The capacity of neuronal precursors to 
divide is exhausted during the populating of the 
cerebral cortex and culminates in differentiated 
ncurons that do not undergo further division. 

Proper cortical function depends ultimately not only 
on the quantity of neuronal cells but their quality as 
well, and the latter depends, in turn, upon a variety of 
cellular and molecular processes, some intrinsic to 
these cells but some not. This has been particularly 
well illustrated through studies of the genetic disease, 
ataxia-telangiectasia (see [B17]). 

15. Summary. The majority of neurons in the 
developing central nervous system migrate from the 
site of their last cell division to their final, functional 
position. The processes of acquisition of this position, 
the endowing of neurons of the six cortical layers of 
the cerebrum with their laminar identities and the 
parcellation of the neocortex into over 40 functionally 
distinct areas remain poorly understood and pose a 
major problem for neurobiology [S18]. Understanding 
these phenomena and the plasticity of the brain, i.e. its 
capacity to continually remodel itself, is also central to 
understanding how exposure to ionizing radiation 
impinges on the cytoarchitectonic structure of the 
central nervous system and its functioning. 

B. DEVELOPhlENTAL DEFECTS 

16. Malformations of the brain may occur either in 
the course of major organogenesis, or take place dur- 
ing the differentiation and growth of the brain mantle. 
Among the former defects are malformations such as 
anencephaly and cncephalomeningocele, which repre- 
sent failures in the normal formation and elevation of 
the neural folds and the subsequent proper closure of 
the neural tube w l 1 ,  MIS, 041, and holoprosence- 
phaly, which reflects the failure of the forebrain to 
divide into hemispheres or lobes. At this time, the 
undifferentiated neural cells retain their regenerative 
capacity, and tissue damage can theoretically be 
repaired. The closure of the neural tube and the 
division of the prosencephalic vesicle take place 
relatively rapidly, probably within a few days [OS]. 
These events occur early in embryogenesis, 4 6  weeks 
after fertilization. 

17. Disturbances in the production of neurons and 
their migration to the cerebral cortex give rise to mal- 
formations of the brain mantle [Sl ,  S2]. Recent ad- 
vances in developmental neurobiology have shown that 

many of lllesc stem from failures in the normal intcr- 
actions of cells (neural and non-neural) during the 
developnnent of the primate brain. Nonnal interactions 
hinge upon (a) production of a sufficient number of 
neurons; (b) their appropriate positioning; (c) estab- 
lishment of the requisite cell shapes; and (d) formation 
of synaptic connections [R3, R4, R5]. Anlong such 
malformations are, for example, an absent corpus 
callosun~ or a disorganized cortical architecture, which 
may later result in abnormal fissuring of the cerebral 
hcmisphcrcs, heterotopic cortical grey matter and 
n~icrocephaly. 

18. The sensitivity of the differentiating neural tissue 
to damage changes with age, and so does its capacity 
to replace damaged cells. It is therefore inlpossible to 
say whether the intrinsic or apparent sensitivity of the 
structures changes as a function of time. At any given 
time in development, the probability of causing abnor- 
malities, and their severity, changes as the dose o f the  
teratogenic agent changes. Moreover, for a given dose, 
damage can vary as a function of the time in develop- 
ment at which the insult occurs, and therefore defects 
that arise in the growth and differentiation of the brain 
mantle, unlike those that arise in the course oforgano- 
genesis, can also differ substantially in severity. 
Broadly stated, the sensitive period for such abnorma- 
lities is months instead of days. The longer sensitive 
period and the limited repair capability must be 
important reasons why these malformations are much 
more common than organogenetic ones [D7]. The 
complexity of the origin of these defects is illustrated 
by the relationship between brain function and cellular 
repair that characterizes the human genetic disorder, 
ataxia-telangiectasia [B17, C13, C14]. In addition to 
the neurological defects ataxia-telangiectasia is also 
associated with ininiunodeficiency, an elevated inci- 
dence of lymphoreticular neoplasms and in vivolin 
vitro cellular radiosensitivity [C13]. Recent molecular 
studies suggest that the primary defect in ataxia-tel- 
angiectasia may center on the misrepair of DNA 
double strand breaks (see Annex E, "Mechanisms of 
radiation oncogenesis") and given the dramatic neuro- 
logical dysfunction that characterizes the disorder it 
may be concluded that DNA repair is critical for 
neuronal development and maintenance. 

19. The cells of the different structures of the brain 
are produced at different times. If the proliferating 
ventricular and subventricular cells are damaged 
during periods when a certain cell type is being pro- 
duced, the loss may be permanent. Thus, a brief insult 
may lead to the preferential damage to a particular 
region and consequently cause a permanent functional 
or behavioural abnormality. 

20. The period of maximum sensitivity or 
vulnerability to developmental disorders is understood 
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as that pcriod in dcvclopment during which defined 
teratological effccts are most likely to be produced. 
This does not imply that some malformations can be 
produced only at certain times but rather that a given 
dose is more effcctivc at some stages [U4] and that 
the duration of the pcriod of effectivericss may be 
broadcned by increasilrg the dose. Table 1, adapted 
from Williams [WlO], sets forth the weeks after ferti- 
lization at which major developmental features of the 
brain cvolve. By extension, it would be possible to 
suggest the damage that could ensue if the normal 
pattern of orderly differentiation and development did 
not occur (see also [J2, 221). 

1. Cerebral and cerebellar abnormalities 

21. The critical period for abnormalities in the 
development of t l~e  cerebral cortex occurs when the 
telcncephalic matrix cells uridcrgo their last cellular 
division, begin to migrate to the cortical plate and 
differentiate into specific phenotypes (see, e.g. [K8]). 
The production of neuronal cells accelerates and their 
migration to the cortical plate commences at about 
week 8 after fertilization. Cortical neuron production 
has largely terminated by week 16 after fertilization. 
Subsequently the laminar cortical structure becomes 
apparent and dendritic arborization, a process that 
extends into postnatal life, begins. Migrational errors 
involving the superficial cortico-cortical cells of the 
developing brain, or tbe loss of some of these cells, 
can lead to convolutional abnornialities [C2, G7], 
which since neuronal function follows position, may 
in turn contribute to the origin of functional and 
behavioural abnormalities. 

22. Disorders such as the dyslexias (severe inabili- 
ties to read) appear to be due to aberrations in specific 
cortical areas [G5, K2]. Galaburda et al. [G6], for 
example, have described a severely dyslexic child with 
small focal wartlike accumulations of ectopic neurons 
in layer I and scattered focal cortical dysplasias; these 
aberrations were confined to the speech region of the 
left hemisphere. Other cases with comparable 
structural abnormalities have been described 
subsequently. 

23. Similarly, auditory, olfactory and visual 
anomalies could be the consequence of damage to the 
specific cortical areas involved in these sensory 
functions rather than to the end-organs themselves or 
to specific sensory fibres in the corpus callosum [Gg]. 
In the case of olfaction, at Icast, damage can 
apparently arise through a failure of the LHRH cells 
to migrate into the cerebrum, since anosmia is a part 
of the syndrome of hypogonadism and hyprgonado- 
trophism known to be associated with migrational 
errors in these cells (S9]. 

24. Hypoplasia with derangcd cortical structure 
stemming fro111 illjury to the external granular matrix 
is the most comrrion abnormality of the cerebellum. 
Although some ccll classes, e.g. the Golgi Type Il 
cells, are generated early in the cerebellar anlage, 
other and niore riunierous cells, such as the granular 
neurons, are generated late. Overall, cerebellar growth 
starts later, procecds more slowly and therefore ends 
later than that of the rest of thc brain. This bimodal 
and protracted growth may account for the diffcrential 
susceptibility of the cerebellum to growth restriction 
[R3]. In all major respects, the development of the 
human cerebellum resembles that in other mammals, 
when allowance is made for the different timing of 
birth relative to brain development [D6]. Because of 
its unique developmental sequence, in which two 
populations of neurons are generated at opposite sides 
of the cortical plate and migrate in a subsequent phase 
to bypass each other, the cerebellum is the most 
frequent site of genetic abnormalitics [Cl]. 

2. Abnormalities of the brain adnexa 

25. Abnormalities involving the brain adriexa arise 
from either maldevelopment of the cnd-organs thern- 
selves, the eyes or ears, for example, (see [ O l l ]  for a 
description of the early normal development of these 
organs), or in the processing of the signals transmitted 
from these organs to the brain, or both [06] .  Failures 
in signal processing could be the consequence of a 
defect in the optic or auditory nerves or in the various 
cortical areas involved in auditory, olfactory and visual 
function. 

26. Defects in the optic tract, for instance, could be 
manifested as aberrations in the field of vision, their 
nature and extent depending on the severity of the 
damage. Total destruction of the retina or the optic 
nerve would result in blindness. Damage to the optic 
chiasm could give rise to total or unilateral blindness, 
depending on the location and severity of the lesion. 
Damage to the iris could culminate in a coloboma or 
be manifested as heterochromia or other pigmentary 
disturbance. Neither of these latter defects have been 
seen, however, among the prenatally exposed survivors 
of the atomic bombings [K12]. 

27. Rhinencephalic damage could, if severe, produce 
anosmia, and if less severe, an inability to perceive 
specific classes of odours, a selective arrosmia. 
Whether such prenatal damage to the brain adnexa can 
be subsequently ameliorated is unclear; however, some 
experimental evidence, based on the exposure of only 
a portion of the brain, suggests that the undamaged 
areas can compensate for the loss of function in the 
damaged rcgions. If such amelioration is possible, the 
effects of prenatal irradiation will be more difficult to 
assess. Special neurons in the nose are capable of 



detecting a myriad of odors and communicating these 
to the brain. These neurons, unlike most others, when 
they age and die, are replaced with new ones derived 
from a population of progenitor cells in the nasal 
epithelium. These new neurons will acquire chemosen- 
sitivity and form synaptic connections in the olfactory 
bulb of the brain. This process occurs continuously, 
but despite this constant change the sense of smell is 
normally quite stable. Whether this would be true 
following exposure to ionizing radiation is not known. 

28. Summary. The cells of the different structures 
of the brain are produced at different times, and hence 
tlle sensitivity of these structures to damage changes 
with age at exposure. A brief insult that might at one 

stage of embryogenesis have little or no effect can, at 
;inotI~er stage in development, lead to preferential 
damage to a particular region and consequently cause 
a pemianent functional or behavioural abnormality. At 
any given time, the probability of causing abnormali- 
ties and their severity change as the dose of the tcrato- 
genic agent changes. For a given dose, however, de- 
fects that arise in the growth and differentiation of the 
brain mantle, unlike those arising in the course of 
organogenesis, can differ substantially in severity, 
since the sensitive period for such abnormalities is 
months instead of days. Thc longer sensitive period 
and the limited repair capability must be important 
reasons why these malformations are much more 
common than organogenetic ones [D7]. 

11. RADIATION EFFECTS 

29. Cells that are actively dividing are more 
responsive to radiation than those that only divide 
occasionally, or cannot divide. Given the number of 
proliferating cell populations in the embryo or fetus, 
it is to be expected that their tissues would be espe- 
cially prone to radiation injury. This damage could 
take a variety of forms, ranging from necrotic to apop- 
totic death (see, e.g. [Gl l ,  HlO]) to the impairment of 
the cell membrane without death. Apoptosis, that is, 
programmed cell death, is the most common form of 
cell death in the body and is particularly important in 
embryo- and fetogenesis in the shaping and reshaping 
of tissues and organs. It differs from death due to 
necrosis in a number of ways. Normally the cell dies 
quickly, within four hours or so, rather than through a 
process that extends over a much longer period, as in 
necrosis. Moreover, in apoptosis the cell membrane re- 
mains intact as death occurs, whereas in necrosis the 
integrity of the membrane is rapidly lost. Inoue el al. 
[I61 have demonstrated that radiation-induced cell 
death in tbe external granular layer of the cerebellum 
of newborn mice is of an apototic nature. 

gap-junction-mediated intercellular communica- 
tion [Fl]. Tt is not clear whether neuronal and 
glial cells are equally radiosensitive; however, 
disturbances of myelin formation, a mature glial 
function, have been described in brain stem fibre 
tracts in experimental situations following irra- 
diation and appear more severe after exposure to 
neutrons than to x rays [GA; 

(c) abnormality might reflect an impaired capacity 
of the neurons to connect correctly. The develop- 
ment of neuronal connections, or synaptogenesis, 
is a multifaceted phenomenon; it involves tim- 
ing, space, surface-mediated competition and, 
possibly, diffusible agents; 

(d) irradiation could also lead to disoriented dendri- 
tic arborization, or a reduced number of dendri- 
tes or dendritic spines per cerebral cortical 
neuron [BS, B6]; 

(e) programmed cell death, which is essential to the 
development of the normal brain and its adnexa, 
could also be accelerated or otherwise altered by 
ionizing radiation. 

30. Where and how exposure to ionizing radiation at If cell death is not the sole mechanism through which 
crilical developmental junctures acts to impair brain irreparable damage occurs and if ionizing radiation can 
function is unknown at the moment. However, ioniz- contribute to one or more of the levels or sites at 
ing radiation could interfere in a variety of ways jB3, which neuronal variation can arise, then there are - - 
~ 4 ,  HI, H2, Y2]: numerous possible effects. Edelman [E2], for example, 

has identified seven major levels of neuronal variation, 
(a) radiation effects could arise from the death at 

and within each of these there is cornmonly more than 
mitosis of glial or neuronal precursors or both, 

one site at which variation can be envisaged (see 
or the killing of postmitotic, but still immature, 

Table 2). Relatively few of Ulese sites or levels of 
neurons; 

variation have been studied Gom a radiobiological per- 
(b) such effects could result from an intrusion on 

spective. 
cell migration either through an alteration of the - - 
cell surface phenomena that are involved, 31. Distinguishing between the possible alternative 
through the death of the glial cells that guide the mechanisms of damage and sites of altered variation, 
migrating neurons or through infringement on although formidable, is essential to more complete 
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understanding of the nature of the effects of io~lizing 
radiation. How rapidly this undcrstar~dirig will be 
attained is unknown, but there are promising develop- 
ments. For example, the study of neuron-specific 
proteins such as neuron-specific cnolase, a cytosoiic 
fomi of lllc glycolytic enzyme enolasc (phosphopyru- 
vale hydralase), may provide a means to discriminate 
between cortical dysfunction stemming from radiation- 
related ncuronal death or necrosis, on the one hand, 
and errors in migration, on the other [14]. Enolasc is 
a dinicric enzyme composed of various perniutations 
of three immunologically distinct subunits (alpha, beta 
and gamma). Immunohistocheniical studies, using anti- 
bodies to the gamma subunit, have localized alpha- 
gamma and gamma-gamma dimcrs specifically within 
neuronal and neuroendocrine tissues. It is this spcci- 
ficity of distribution that makes neuron-specific 
enolase a useful marker not only for ncuronal damage 
but also for neuroendocrine tumours. Coquerel ct al. 
[C8], for example, have shown that chc level of neu- 
ron-specific enolase in the cerebrospinal fluid in- 
creases as the necrosis volume increases and that at 
birth, the cerebrospinal fluid level of this enzyme is 
highly prognostic of infants who will subsequently 
exhibit confirmed brain darnage. It has also been 
reported that cerebrospinal fluid as well as serum 
levels of neuron-specific enolasc are elevated in non- 
febrile seizure disorders but not in cases of siniple 
febrile convulsions [KlO]. It is, however, not yet clear 
whether similar elevations occur in well-recognized 
migrational disorders, such as schizencephaly, a rare 
abnormality of the brain in which clefts extend across 
the cerebral hemispheres; if they do not, this enzyme 
might provide a siniple tool for separating cortical 
functional errors associated with neuronal ectopias 
from abnormalities stemming from neuronal death. 

32. Progress in the understanding of brain organiza- 
tion and function entails not only the use of newer 
tools but also the formulation of testable propositions 
[F5. U ] .  One such organizational notion is the radial 
unit hypothesis of Rakic [R12, R13], who argued that 
the cortex is a collection of ontogenetic columns, each 
arising from a spccific proliferative unit and clonal in 
nature. Substantial data support this contention. 
Mountcastle [M12], for example, showed that the ncu- 
rons within a single column in the somatosensory cor- 
tex are responsive to a specific modality and receptive 
field of stimulation. Other sensory and association 
areas in the cortex behave similarly. It is thought that 
those columns innervated by a single thalamic nucleus 
(subnucleus or cell cluster) serve as a basic processir~g 
module. If this perception of cortical organization (and 
indirectly function) is correct, the loss of a few cells, 
conceivably even a single cell, could result in thc loss, 
or compromise, of specific somatosensory or associa- 
tion abilities, if the loss occurs in the formative 
periods for these processing modules. 

33. This radial unit thesis can only explain how 
neurons acquire proper positions; it docs not define 
what initiates or governs their subsequent differentia- 
tion, including the course of sy~~aptogencsis, nor does 
it necessarily cstaldish when the specification of func- 
tional areas of the cortex occurs [W14]. Moreover, it 
docs not provide answers to questions such as what 
pmnipts the shift from symmetric division of the neu- 
ronal stcm cell, with one stcm ccll giving rise to two 
others, to asymmetric division, with one stcni ccll pro- 
ducing another stcm cell and also an undifferentiated 
neuron that divides no further? If a single progenitor 
in the proliferative zone can produce more than one 
ccll phenotype, how does this happen? What mecha- 
nism or mechanisms switch on the migratory process? 
How docs the migrating neuron dissociate itself from 
its guidance mechanism when it nears its functional 
site? What further clues does it need to position itself 
properly within its functional domain? 

34. The causal relationship between irradiation of the 
embryo and fetus at specific stages of development 
and the subsequent morphologic and functional 
damage to the brain, if not the molecular events 
involved, are well established in a number of cxperi- 
mental animals. There is abundant information on the 
biological effects caused by prenatal exposure of 
mammals to ionizing radiation. Much of this evidence 
has already been summarized in the UNSCEAR 1986 
Report [U2]. These data give, however, little quanti- 
tative insight into effects on the brain in humans, 
although they serve to identify possible effects. 

35. The liniitations of the human data make studies 
on other spccies inevitable, if h e  risks of exposure are 
to be understood. There are, of course, differences in 
the brain development of different species. These arc 
attributable partly to the differing complexity of the 
adult organ, but especially to the different rates of 
brain growth and the different time of birth in relation 
to developmental cvents in the brain [Dl]. In general, 
the histological structure of the brain is comparable 
from one species to another, both in composition and 
function, and the sequence of developmental cvents in 
all mammalian species studied is also similar. How- 
ever, the sizes of the various cytoarchitectonic areas of 
the cortex devoted to spccific functions can and do 
vary greatly. For example, Ihe primary visual cortex 
occupies 115 of the neocortical surface in monkeys but 
only 1/30 of it in humans, and Broca's language area 
exists only in the human species. This suggests Ihat 
the target zone associated with specific cortical func- 
tions differs in different species and that the exwapola- 
tion of experimental observations on subhunian forms 
must take account of these dissimilarities. Finally, 
although structures in a particular part of the brain arc 
broadly alike in animals of the same and even differ- 
ent species, as previously stated, at the finer level of 
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axonal and dendritic ramifications and connections 
there is a considerable degree of diversity among indi- 
viduals within a species. 

36. In order to cxarni~ie the radiation effects 
observed in laboratory animals and to relate them to 
hu~iian observations, the timing of an insult, in relation 
to the developmental events in the brain that dictate 
die consequences, must be considered [D6, D7]. Expe- 
rimental procedures must be applied at comparable 
stages in brain growth rather than at comparable gesta- 
tional periods. The duration of exposures must also 
match the different time-scales, but if these factors are 
taken into account, even the small laboratory species 
can provide at least some qualitative information of 
relevance to the human. The complexity of the non- 
human primate brain obviously makes it valuable for 
many experimental purposes, and its protracted span 
of development increases the resolution of temporal 
sequences in neurogenesis; but the use of rats and 
mice can much more conveniently and quickly lead to 
a better understanding of human teratogenesis than has 
sometimes been supposed. Although extrapolations 
must be made with care, the use of experimental ani- 
mals is vital to progess in understanding the effects of 
ionizing radiation. At the same time, direct evidence, 
especially that of a quantitative nature, must be con- 
tinually sought from human studies and will eventually 
be the most convincing. 

37. In this Chapter the primary epidemiological 
study of the prenatally exposed survivors of the atomic 
bombings in Japan is reviewed. These results are s u p  
plcmentcd by additional but much more limited epide- 
miological investigations of other exposed individuals. 
Experimental studies may be particularly important to 
clarify mechanisms of actions. Some comments on 
recent Endings from this field conclude this Chapter. 

A. PRENATAL EXPOSURE 
TO ATOMIC BOMBINGS 

38. Few population-based studies of the effects of 
prenatal exposure on the developing human embryo 
and fetus exist. Present knowledge rests mainly on the 
observation of those survivors exposed prenatally 
during the bombings of Hiroshima and Nagasaki and, 
to a lesser degree, on studies carried out on children 
who were prenatally exposed to radium or x rays in 
the course of radiotherapeutic treatment of their 
mothers and on comparative embryological studies. 
Among these, however, the size, length of study, 
variability in dose and post-ovulatory age at exposure 
make the experiences in Hiroshima and Nagasaki the 
most important source of data. 

39. Over the years, the Atomic Bomb Casualty 
Commission (ABCC) and its successor, the Radiation 

Effects Research Foundation (RERF), have established 
several overlapping samples of individuals prenatally 
exposed to the atoniic bombings of Hiroshima and 
Nagasaki. These samples, the studies and the findings 
are described in sornc detail in this Annex because of 
their inherent imporlance and to illustrate the breadth 
and corisistency of the effects that have emerged. 

40. Study samples. The earliest observations, those 
of Pluriimer [P I ]  and Yamazaki et al. [Y3], were 
based on opportunistic samples and made no systema- 
tic attempt to be complete. They were restricted in the 
niethod of ascertainment and in structure; often only 
one city or a limited prenatal age distribution was 
involved. In 1955, however, the construction of an 
exhaustive clinical sample of the prenatally exposed 
survivors was started. This gave rise to what has been 
termed the PE-86 Sample. Its menibers were ascer- 
tained through a variety of sources but primarily 
through birth registrations, interviews with women 
who were enrolled in the genetics programme in 1948- 
1954 and were possibly pregnant at the time of the 
bombing, thc National Census of 1950, and earlier ad 
hoc censuses conducted by the city authorities and the 
ABCC. No attempt was made to match, by sex or pre- 
natal age at the time of the bombing, the more distally 
exposed or the non-exposed with those sukivors ex- 
posed within 2,000 meters. 

41. In 1959, this sample was revised [B7] according 
to the following considerations: 

(a) the earlier (1955) sample contained a dispropor- 
tionate number of prenatally exposed survivors 
who were thought to have received doses of less 
than 0.01 Gy, and since clinical facilities and 
personnel were limited, examination of these 
individuals strained resources and seemed unpro- 
ductive in view of the probable exposures. In the 
interests of clinical efficiency, sample size was 
limited, at the loss, presumably, of little or no 
information: 

@) special censuses conducted in 1950 and 1951 by 
the ABCC appeared to offer a better basis for 
the selection of a comparison group of non-ex- 
posed individuals than had previously obtained. 

42. This new sample, known as the Revised PE-86 
Sample, or the Clinical Sample, 'differs in several 
important respects from the unrevised one: 

(a) it includes no survivors prenatally exposed at 
distances between 2,000 and 2,999 meters; 

@) exposed individuals are limited to those 
survivors prenatally exposed wilhin 2,000 meters 
(the proximally exposed) or between 3,000 and 
5,000 meters (the distally exposed): 

(c) non-exposed persons include only those indivi- 
duals who were beyond 10,000 meters at the 



time of the bombing and wcrc criu~nrrated in thc methods, an estimate of the averagc absorbed dose in 
special censuses; an organ can be calculated. 

(d) the survivors within the 3,000-5.000 lnetcr zone, 
as well as the non-exposed, wcrc matched for 45. The element of uncertainty introduced by this 
sex and age @y trimester of prcgnancy) with method of estimating doses is presuniably not scrious 
those cxposed withir~ 2,000 nictcrs. except, possibly, in the case of a pregnant woman. 

Thcsc steps reduced the clinical burdcn substantially 
but rcsulted in little changc in the number of persons 
within 2,000 metcrs. Both snmplcs include virtually all 
individuals who received substantial exposures (thosc 
with estimatcd tissue absorbed doses of 0.5 Gy or 
more) and differ primarily in the number and ascer- 
tainment of individuals in the dose range 0-0.01 Gy. 
It is this group that has been the basis of most sub- 
sequent analyses (see, e.g. [M3, W1, W21). 

43. The data on severe mental retardation are 
restricted to the Clinical Sample, since it involves the 
only individuals on whom extensive clinical observa- 
tions are available in both cities. In so far as 
intelligence tests and school performance data are 
concerned, attention is focused on the earlicr, 
u ~ e v i s e d  sample to bring the largest practicable 
number of observations to bear on the issue of 
possible brain damage more subtle than severe mental 
retardation. The intelligence tests were conducted and 
the school performance data obtained in 1955, that is, 
before the definition of the revised sample. 

44. Dose estimates. The analyses of the effects of 
prenatal exposure to ionizing radiation to be described 
in the paragraphs to follow all employ the estimatcd 
absorbed dose to the mother's uterus based on the 
DS86 dosimetry ([Rl]; see also [H5, K3]), unless 
otherwise specifically noted. Estimates of the absorbed 
doses to the fetus itself are not yet available and may 
not be for some time. Parenthetically, it should be 
noted that the organ absorbed doses computed under 
the DS86 system are actually age-specific population 
averages rather than individual-specific estimates, 
since the mean dose to an organ dcpcnds not only on 
the energy spectrum of the gamma rays and neutrons 
involved but also on the size of the organ. This will 
vary with the size of an individual survivor, which is 
not known. The organ doses estimated are, therefore, 
based on a "reference"man or woman, a hypothetical 
individual whose size approximates that of the average 
Japa~icse man or woman at the time of the bombings. 
The doses are derived from a mathematical phantom 
that simulates the human body by a series of simple 
geonietn'c shapes: ellipsoids, elliptical cylinders and 
cones, or parts of these. The size of tbc phantom can 
be adjusted to represent individuals of different ages 
or gcnders. Six different phantoms were used: an 
infant, a juvenile and an adult for each of the hvo 
sexes. When one of these phantoms is used in concert 
with a computer program that models the transport of 
neutrons or photons through the body by Monte Carlo 

Hcre the difficulty arises bccause the reference woman 
uscd in the DS86 calculations was assumed not to be 
prcgnant, as was certainly true of the vast majority of 
women survivors. However, in the pregnant woman 
the size of the utcrus changes dramatically as prcgnan- 
cy advances, and as the uterus enlarges, the other 
organs of the abdomen are shifted from their normal 
position and compressed. Thus the estimated dose to 
the uterus based on the reference woman describes the 
actual dose to the uterus more poorly in the later 
stages of prcgnancy than in the early ones, before the 
uterus has undergone much changc in size, and it may 
therefore be a poorer surrogate later in pregnancy. 
Although the error in the dose this may introduce is 
presumably small, given the energy spectrum involved, 
it should be noted, nonetheless, that to the extent that 
doses are overestimated, the risk to the embryo or 
fetus will be underestimated, or conversely if the 
doses are underestimated. 

46. Developmental age. One of the most important 
factors, aside from dose, in determining the nature of 
the insult to the embryo or fetus resulting from expo- 
sure to ionizing radiation is the developmental age. 
Accordingly, since, as previously stated, different 
functions in the human brain are localized in different 
structures and since the differentiation of these takes 
place at different stages of development and over 
different periods of time, the estimated post-ovulatory 
ages at exposure (here taken to be synonymous with 
developmental age) have been grouped so  as to reflect 
these known phases in normal development. Post-ovu- 
latory age has been estimated to be 280 days less the 
number of days between the bombing and the birth. 
The averagc duration of a pregnancy, measured from 
the onset of the last menstrual period is taken to be 
280 days. Fourteen days are subtracted from the days 
of pregnancy at time of bombing to account for the 
time between the onset of the last menstrual period 
and ovulation (and fertilization of the oocyte). Four 
age periods have been uscd: 0-7 wecks (0-55 days), 
8-15 weeks, 16-25 weeks and 26 or more wecks after 
ovulation. 

47. At the post-ovulatory age of 0-7 weeks (0-55 
days), the precursors of the neurons and ncuroglia. the 
two principal types of cells that give rise to the 
cerebrum, have emerged and are mitotically active. At 
8-15 weeks, a rapid increase in the number of neurons 
occurs; they lose their capacity to divide, becoming 
perennial cells, and migrate to their functional sites. At 
16-25 weeks, differentiation in siru accelerates, 
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synaptogenesis that began about week 8 increases, and 
the definitive cytoarchitecture of the brain unfolds. At 
26 or Inore wccks, architeclural and cellular diffcren- 
tiation and synaptogcncsis of the cerebrum continue, 
with, ;it the same time, accclcrated growth and deve- 
lopme111 of tllc cerebellum. 

48. Experir~lcntal studies [ H l l ]  have shown that 
irradiation at about day 16 in the rat (roughly week 28 
in the human) will produce gross distortions of the 
Icaf-like gyri, or folia, of the cerebellar cortex, as well 
as deficiencies in the granular and molecular layers of 
Ihc cerebellum. The defects in these layers are even 
more common when exposure occurs shortly after 
birth, although the folial changes are not. In the rat, 
when irradiated between day 19 and day 21 (about 
week 31 to week 35 in the human), disordered cere- 
bcllar migration is a common occurrence (C12, H201. 

49. Effects on brain growth and development. So 
far, only two conspicuous effects on brain growth and 
development have emerged in the study of prenatally 
exposed survivors of the atomic bombings of Hiro- 
shima and Nagasaki. These are some cases of severe 
mental retardation and some of small head size 
without apparent mental retardation. Additionally, 
groups within the survivors have shown an increased 
frequency of u~~provoked seizures and significantly 
reduced intelligcnce scores and performance in school. 
The severe mental retardation and the reduced intelli- 
gence scores and school performance may be mani- 
festations of the same process, in which all the indi- 
viduals significantly exposed in the relevant stages of 
pregnancy suffer some dose-related reduction in cor- 
tical function, thus increasing the number of those 
classified clinically as being severely retarded. 

1. Severe mental retardation 

50. Individuals classified here as severely mentally 
retarded are those who cannot form simple sentences, 
perform simple arithmetic calculations, care for them- 
selves, or have bcen or are institutionalized or un- 
manageable. Thirty cases of severe mental retardation 
were observed in the 1,544 individuals included in the 
Clinical Sample for whom DS86 doses can be com- 
puted (dases were not available for 55 survivors in 
this sample at the time of this analysis). Details of 
exposures and clinical findings for the 30 cases of 
severe mental retardation are given in Table 3. 

51. Three of the scvcrely nicntally retarded children, 
all in Hiroshima (cstiniated uterine absorbed doses 0, 
0.29 and 0.56 Gy; post-ovulatory ages 36, 13, and 12 
wecks, respectively), are known to have or to have 
had Down's syndrome (one child died in 1952). A 
fourth child, also in Hiroshima (estimated uterine 

absorbcd dose 0.03 Gy; posl-ovulalory age 20 wccks) 
had Japancsc B c~~ccpl~ali t is  in infancy, and a fifth, in 
Hiroshima, had a retarded sibling (dose 0 Gy; post- 
ovulatory age 20 weeks). I t  is co~~ceivablc that, in 
these iesl;lnccs, tllc mcnt;~l retardation was n~ercly a 
part of Uic forrner syr~dro~iie or secondary to the infec- 
tion, but ia either e v e ~ ~ t  not radiation-related. 

52. Whcn lhc prcnalally cxposed survivors, exclusive 
of tile tl~rec cascs of Down's syndronie, are distributed 
over the four post-ovulatory age groupings described 
in paragraph 47 and the frcqucncy of mentally retard- 
ed individuals is examined in the light of their esti- 
mated doses and the post-ovulatory age at which they 
were irradiated, the following emerges (see Table 4 
and Figure I) [Ol]: 

(a) the highest risk of severe mental retardation 
occurred with exposure 8-15 weeks after ovula- 
tion. This exceptionally vulnerable period 
coincides with the most active production of 
cortical neurons and when all or nearly all of the 
migration of the immature neurons to the cere- 
bra1 cortex from the proliferative layers takes 
place; 

@) within this critical pcriod, daniage expressed as 
the frequency of subsequent severe mental retar- 
dation increases as the dose estimated to have 
bccn rcccivcd by thc fctal tissues increases. 
Some 75% (9 of 12) of fctuses exposed to 1 Gy 
or more in this period are nienL?lly retarded; this 
is an incidence more than 50 times greater than 
that in the unexposed comparison group; 

(c) a period of lesser vulnerability appears to exist 
in the interval 16-25 weeks after ovulation. 
However, no increase in incidence is seen at 
doses estimated to be lcss than 0.5 Gy; 

(d) there is no apparent increased risk before week 
8 or after week 25. Whether the seeming absen- 
ce of an effcct in the first two months after 
ovulation is real, or merely reflects the fact that 
embryos exposed at that stage of development 
commonly fail to survive to an age at which 
mental retardation can be recognized, is unclear. 
However, experimental studies (see, e.g. [ H l l ,  
H13]), have also failed to find effects on the 
developing mouse or rat nervous system at doses 
as high as 3 Gy in the first 8 days after ferti- 
lization, a period of time corresponding to the 
first 8 wccks or so in the human. 

2. Snulll he ld  size 

53. The s l ~ ~ a l l  head sizes to which reference has been 
made were two or more star~dard deviations below the 
mean head size of all of the individuals in the revised 
study saniple. About 10% of these individuals with 
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sniall head sizes wcrc also 11ic111ally rctardcd. Arnong 
the nientally retarded in the 1,598 births in the entirc 
saniple [B2, M2, M3, M4, TI ] , I 8  persons (60%) have 
bccn prcviously reported to have or to have had 
disproportionately sniall llcads [ W l ,  W2]. This valuc 
!nay be spuriously low, sincc l~cad circu~nfcrcncc was 
not standardized against body size and sincc ~ncntal 
retardation is often seen in individuals whose head 
circumferences arc disproportionatcly sniall for their 
body sizes. It is commonly thought that the develop- 
nicnt of the bones forming the vault is closely asso- 
ciated with tlic dcvclopment of the brain and dura, and 
i t  is known that in fctal life thcsc bones move with the 
growing brain. It is not clear, therefore, how indepen- 
dent this sceniing abnormality may be of severe nien- 
tal rctardation nor what small head size may imply 
about the nature of thc radiation-related damage. It is 
tempting to believe that the s~iialler head arises as a 
result of fewer neurons (because of ccll death), but 
this may not be so. Reyners et al. [R14] have found 
that in the rat at low doses of x-radiation (0.09- 
0.45 Gy), the numerical densities of neurons and glial 
cells arc actually increased, although the sizc of the 
cells is significantly reduced. The authors suggest that 
the brain has undergone a "miniaturization" rather than 
necrosis. However, as previously noted, glial cells 
rctain their proliferative ability and could replace lost 
tissue mass, as D'Amato et al. ID21 observcd experi- 
mentally. If so, brain volume could remain the same 
and head sizc develop nonilally, but cortical function 
would be diniinished. 

54. Recently, Otake and Schull [013] re-exaniined 
the relationship to radiation cxposure of small hcad 
size among the prenatally exposed population in Hiro- 
shima and Nagasaki, using thc cstimated DS86 doses. 
The study population consistcd of the 1,598 indivi- 
duals (Hiroshima 1,250, Nagasaki 348) used by Otake 
et al. [Ol]  in the analysis of scvcre mental retardation. 
DS86 doses were available on 1,566 of these persons 
(1,242 in Hiroshima and 324 in Nagasaki; this rcpre- 
scr~ts an addition of 22 cases to h e  number described 
in 1011). Among these subjects, 1,473 had their head 
circumference measured at least once in the period 
from 9 to 19 years of age. 

55. As stated above, an individual with a sniall head 
size is defined as someone with a head circumference 
less than 2 standard deviations below the mean ob- 
served at his or her specific age at measurement. It 
should be noted that often, in the past, these indivi- 
duals have bccn described as ~~licroccphalic. This tcmi 
scenis inappropriate, however, for two reasons: first. 
microcephaly denotes a clinically recognizable small- 
ness of the head, which is often misshapen as well, 
and secondly, the clinical diagnosis generally is 
applied to individuals whose hcad is even smaller in 
circurnl'crc~~ce (oftcn 3 skindilrd deviations or riiore 

below tlic niean) Illan the criteria used here. Accor- 
dingly, citl~er of two temis, "atypically sniall head" or 
"small head size" would sccrn to be niore appropriate 
to dcscribc thc ir~dividuals siitisfying the criteria 
dcscribcd above. 

56. Of tlle 30 cases with scvcre rncntal retardation 
described elsewhere 101 ],26 wcre included among the 
1,473 study subjects. Three of the four lost cases died 
before 1954, that is, before they were 9 years of age. 
The one remaining case, a non-exposed individual, 
survives, but she did not have a physical cxarnination 
between 9 and 19 years of age. 

57. Among the sample of 1,473 individuals, 62 had 
small hcads according to the criterion previously 
described. It should be noted that the criteria are 
different for males and females of the same chronolo- 
gical age; the differences range from -0.98 to 1.34 cm. 

58. Small head size and trimester of exposure. The 
frequency of individuals with small head sizes, with 
and without severe mental retardation, is shown in 
Table 5 by trimester at exposure and estimated DS86 
uterine absorbed dose. Figure I1 gives the proporlion 
of small head sizes by trimester at exposure. As is 
evident from Figure 11, the incidence of individuals 
with small head sizes in thc first trimester unquestion- 
ably increases with increasing estimated dose; it also 
increases in the second trimester, but to a lesser 
extent. Hardly any increase is observed in the third 
trimester. Of the 26 mentally retarded individuals, 15 
(58%) had small hcads (Table 5). About 24% of the 
62 individuals with small head size (determined by 
agc-specific criteria) among the 1,473 clinical subjects 
from both cities were mentally retarded. This ratc 
increases to 29% (13145) when only those survivors 
exposed to 0.01 Gy or more are considered. These 
rates, i t  will be noted, are greater than that (10%) 
previously reported by Wood ct al. [Wl, W2]. 

59. Almost all of the individuals with small head 
sizes were exposed in the first or s e c o ~ ~ d  trimester, 
55% in the formcr and 31% in the latter. The risk of 
an atypically small head and severe mental retardation 
observed among individuals exposed in the second 
trimester to an estimated 0.01 Gy or rnorc is 57% 
(8/14), but only 19% (5127) in the first trimester. 
Alternatively stated, among individuals with an 
atypically small head and severe mental retardation, 
the bulk, 62% (8/13), were cxposcd in thc second 
trimester. 

60. S~na l l  head size and posl-ovulalory age (weeks) 
ul exposure. The proportion of individuals with small 
head size for the four post-ovulatory periods, namely, 
0-7 weeks, 8-15 weeks, 16-25 wccks and 226 weeks, 
is also shown in Table 5. The proportion of indivi- 
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duals \vitlr srnall hcad size increases with increasing 
cstiniated dose in only Ure first two periods, and an 
especially sharp rising trend is seen in h e  8-15 week 
period (Figure 11). 

61. I11 tile 17 individuals froni both cities with a 
sniall Iread in Ure 0-7 week period there was no appa- 
rent mental retardation. Twelve of these individuals 
were exposed to an cstimatcd dose of 0.01 Gy or 
more. One of two (50%) of the individuals exposed to 
r1.00 Gy had s~nall Iread size and two of four (50%) 
cxposcd to 0.50-0.99 Gy had srnall head size. There 
were 29 individuals with small head size in the 8-15 
week period. 26 of whom received an estimated dose 
of 20.01 Gy; 12 of them (46.2%) were severely men- 
tally retarded. Seven (87.5%) of the eight small head 
cascs who were exposed to r1 .OO Gy had severe men- 
ial retardation. Thus, 12 (80%) of the 15 individuals 
with an atypically small head and severe menial retar- 
dation occurred at the most radiosensitive period, 8-15 
weeks after ovulation. In the 16-25 week period, only 
one (33.3%) of the three individuals with small head 
in the >0.01 Gy group was mentally retarded, and he 
had been exposed to a dose of more than 1.00 Gy. 

6 2  The rubric "small head size" may, indeed 
probably does, cover a variety of different develop 
n~ental "abnormalities". Among the individuals with 
small head size and severe mental retardation, for 
example, some clearly invite the clinical diagnosis of 
microccphaly, since the head is not only unusually 
small but misshapen, often pointed or oxycephalic- 
like. Still others, and they are more common, have a 
hcad size that is proportionate in all dimensions, albeit 
small. Moreover, since head size varies in all popula- 
tions, it can be assumed that some of the individuals 
here designated as having sniall head size merely 
rcprcsent the lower extreme of normal variability. 
Indeed, based on the criterion for srnall head size used 
hcrc, if head sizes are approximately normally distri- 
buted, sonic 2.5% of "normal" individuals would be so 
classified. 

63. Silice the rneari intelligence quotient (IQ) and its 
standard deviation among the 47 individuals having 
small head size without severe mental retardation 
approximate the values seen in the entire clinical 
sample, it is conceivable that a significant fraction of 
Ulcsc individuals are the "normals" alluded to above. 
Accordingly, Otake and Schull I0131 attempted to 
estimate the excess number of individuals with small 
hcads ostensibly attributable to exposurc lo ionizing 
radiation (see Table 6). Among the 62 individuals wilh 
small head size, some 37 would be expected normally, 
and thc observed and expected numbers agree reason- 
ably well whc11 exposure occurred in the 16th week or 
later. I-Iowcvcr, there is a striking excess prior to this 
time, wliere 16 are expected but 46 were actually 

obscrvcd, an excess of 30 cases. If it is assumed that 
UIC s~riall head size among those 12 individuals with 
severe ~nental rctnrdation is secondary to brain 
darnagc, tliis lc;lves 18 CiiSes tlrat might represent 
radiation-related illstances of growth retardation 
wilhout accompanying mental impairment. But can 
these I;~tter individuals be distinguished from those 
expected by chance? To explore this possibility, the 
locations of the 47 cases of small hcad size without 
lnental retardation wcrc determined in a bivariate plot 
of standing vcrsus sitting height expressed as age- and 
sex-standardized deviates based upon the full sample 
of 1,473 individuals. The individuals with a small 
head size but no apparent mental retardation were 
fou~rd to be disproportionately represented among the 
lower values defined by either the 95% or 99% proba- 
bility ellipse (see Figure 4 in [013]). Three individuals 
were outside the 99% ellipse, but only one of these 
three received an estimated dose of known biological 
consequence. Specifically, the DS86 uterine absorbed 
doses in the mother were 0, 0.04 and 0.49 Gy. These 
observations suggest that small head size is not an 
independent teratogenic effect but is either secondary 
to mental retardation or to a more generalized growth 
impairment without clinically recognizable mental 
retardatio~r (see [016]). 

3. Intelligence test scores 

64. Intelligence has been variously described as the 
ability to manage oneself and one's affairs prudently; 
to combine the elements of experience; to reason, 
compare, comprehend, use nunlerical concepts and 
combine objects into meaningful wholes; to have the 
faculty to organize subject-matter experience into new 
patterns; or to have the aggregate capacity to act pur- 
posefully, think rationally and deal effectively with 
one's environment. Given such differences in defini- 
tion, it is natural that the bases of measurement should 
vary. 

65. Intelligence tests differ one from another in the 
i~nportance given lo verbal ability, psychomotor 
reactions, social comprehension and so on. Thus, the 
score attained by an individual will depend to some 
degree upon Ule specific test used: generally, however, 
individuals scoring high on orre test tend to score high 
on other tests. It is important to note, however, that 
even with tlie sanle test an individual's score is not an 
immutable value, as retesting has shown. Thus, a 
change of a few points in a particular child's score 
may not he clinically significant, but a change of only 
a few points in the mean score for a population of 
children can have important public health implications, 
resulting iri a higher proportion of socially dysfu~ic- 
tional individuals. Most intelligcrice tests are so struc- 
tured that the distribution of test rcsulls follows an 
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approximately normal curve, with a mean of 100 and 
a standard dcviation of 12-15 points. Thus, nornlally 
some 95% of the population will havc scorcs in the 
range 70-75 to 125-130, that is, will fall within two 
standard deviations of the mean. Individuals whose 
scorcs lie, consistently, two standard deviations or 
1110rc below the mean would commonly be described 
as rctarded. In the Japanese experience, the nican 
Koga score of some 1,673 tested children was 107.7 
(standard dcviation 16.08) [S4], and the highest IQ 
achicvcd by any of the clinically diagnosed severely 
mentally retarded children was 64 [Ol]. 

66. Schull ct al. [S4] havc dcscribcd an analysis of 
the results of intelligence tests of the prenatally 
exposed survivors of the atomic bombings of Hiro- 
shima and Nagasaki conducted in 1955 by trained psy- 
chometrists. This analysis of the Koga test scores [Kl ,  
T2], which also used estimates of the DS86 uterine 
absorbed dose, reveals the following (see Figure 111): 

(a) there is no evidence of a radiation-related effect 
on intelligence among those individuals exposed 
at 0-7 weeks or >26 wceks after ovulation; 

@) for individuals exposed at 8-15 wceks after 
ovulation, and to a lesser extent those exposed at 
16-25 weeks, the mean test scores, but not the 
variation in scores about the mean, are 
significantly hetcrogencous among the four 
exposure categories; 

(c) the fact that the mean test score declines signi- 
ficantly with increasing estimated dose without 
a statistically demonstrable change in the vari- 
ance of the test scores suggests a progressive 
shift downwards in all individual scores with 
increasing exposure. 

67. While intuitively it is reasonable to assume that 
achievement on intelligence tests is related to the 
quality of brain function, and that the diminished 
performancc described above reflects some functional 
impairment, the biological basis (or bases) of that 
impairnient is far from clear. Performance on intelli- 
gence tests can be affected by factors other than 
ionizing radiation, such as motivation, socialization at 
home and in school, and physical impairment (defect- 
ivc vision or hearing, for example). Of necessity, since 
information on these extraneous sources of variability 
does not exist, they must be assumed to be part of the 
random error in the analyses of such tests, but the 
possibility that they change systematically with dose 
cannot be ignored, although there is no evidence that 
this is so. 

68. Qualitatively, these findings are consistent with 
the interpretation that there is a dose-related shift in 
1Q and that this could explain the increase in clinically 
classified cases of severe mental retardation. 

4. School performnnce 

69. As a part of the continuing assessment of the 
effects on the developing embryonic and fetal brain of 
cxposurc to ionizing radiation, thc school perfonnan- 
ces of prcnatally exposed survivors of the atomic 
bombing of Hiroshima and a suitable comparison 
group have been studied [02]. 

70. The Japanese place strong emphasis on school 
pcrforniaiice and school attcndance [B9]. As a conse- 
quence, the Japanese child rarely misses school with- 
out good cause and places high value upon achicve- 
mcnt in school. If a child's attcndance record is corre- 
lated with illness and performancc with innate ability, 
attendancc might be conelated with exposure as a con- 
sequence of more (or less) frequent illness, and 
performance might reflect the nature of the develop- 
mental events that took place when exposure occurred. 
Accordingly, with the approval and assistance of the 
Municipal Board of Education in Hiroshima and the 
written consent of the parents of those prenatally 
exposed, their school records were microfilmed in 
1956. At that time these children were 10-11 years 
old, and niost had recently completed their fourth year 
in elementary school. The records themselves include 
infomiation on school attendance, performance in 
various subjects, behaviour and physical status. 

71. The attendance records of the public schools of 
Japan indicate the actual number of days of school and 
the total number of days of school missed by a speci- 
fic child, the number of days tardy and the number of 
days the child left school prematurely. The days 
missed arc further subdivided into absences because of 
illness and absences for other reasons, such as death 
or illness of another member of the child's family. 
The ratio of the days missed through illness to the 
total days of school affords a crude measure of the 
health of a given child. 

72 With some 250 school days per academic year, 
the typical child in these years failed to attend school 
fewer than 5 days a year. On average, school absenccs 
for illness tend to increase generally with dose among 
the four post-ovulatory age groupings, when the clinic- 
ally recognized mentally retarded cases are i~~cluded in 
the sample analysed. Absences also tend to diminish 
in number as the child advances in school. This con- 
tinues to be true when the nicntally rctarded, who are 
more prone to illness, are excluded, but the ovcrall 
effcct of radiation on attendancc beconies more equi- 
vocal. Whcn one turns to age-specific categories, i t  is 
observed that (a) the number of absences continues to 
diminish in all age groupings as the child advances in 
school; and (b) the largest arid most consistent effect 
of radiation, with and without respect to sex, involves 
the age group exposed 8-15 wccks after ovulatio~~. 



73. In the first four ycars of clcmcntary schooling 
t l~c  Japancsc child studics scvcn subjccts: thc Japancsc 
I;t~~guagc, civics, arithmctic, science, music, drawing 
and handicrafts, and gyr~inastics. Every student's pcr- 
f o r ~ n n ~ ~ c c  with rcspcct to tl~csc subjccts is cvi~luatcd 
routi~~cly, and at thc C I I ~  of cvcry scmcstcr (thcrc arc 
thrcc in thc acadcnlic ycar) a scorc is assigricd for 
cach. At thc cnd of tlic acadcn~ic ycar, thcsc scorcs arc 
summarized into a sit~glc valuc for cach subjcct. The 
lattcr varies, non~ially, in unit stcps fronl +2 to -2 Thc 
highcst and lowcst livc pcrccntilcs of the class are 
assigncd scorcs of +2 (vcry good) and -2 (poor), rc- 
sl)cctivcly. The ncxt highcst nnd lowest 20 pcrccntilcs 
arc givcri +1 (somewhat above avcragc) and -1 (sonic- 
what below average), and finally, thc niiddlc 50% arc 
givcri zcro (average). Otakc ct al. [02] have convcrtcd 
thcsc assigned valucs to a fivc-point scalc (5, 4, ..., I ) ,  
giving the highest and lowcst scores the values 5 and 
1, rcspcctivcly, and so on. Sonie scorcs for somc indi- 
viduals wcre cithcr missing or illegible in the copies 
of thc original rccords; all of the information that was 
available was uscd in UICSC instanccs. 

74. Before determining what measure of school pcr- 
fonnancc should bc fitted to the dosc data, given the 
i~~tcrdcpendcncc of the various school performance 
scorcs, the investigators cxamined the structure of the 
matrix of conelation cocfficicnts among thc scvcn 
subjccts previously cnunicratcd. The corrclatior~s wcre 
high, ranging from 0.62 to 0.82, suggesting a strong 
intcrdepcndence of the scorcs. Accordingly, to dcter- 
miuc whether some combination of the scores would 
provide a more suitable mcasure of radiation-rclated 
damage than the scores individually, summary charac- 
tcristics of the corrclation maeix wcrc computed. 
Tl~csc computations rcvcalcd that assigning approxi- 
nialcly equal wcighls to the scores and summing thc 
product of the scorc and its weight would account for 
75% of the collcctivc variability. More mathematically 
statcd, the vast n~ajority of the variability was cx- 
plaincd by the first cigcnvcctor, which since it weights 
subjccts equally, is tantamount to the mcan o l  the 
indibidual subjcct scorcs. No othcr combination of thc 
scorcs cxplaincd morc than 6% of h e  variability, and 
all wcrc associated primarily with a singlc subject, the 
second with music, Uic third with gymnastics, ctc. 

75. Achicvcmcnts in school of h e  prenatally 
cxposcd survivors, as judgcd by the relationship of the 
avcragc school pcrforniar~rc score in thcsc subjects, 
caa be sunimarizcd ;IS follows (see Figure Ill): 

(a)  for 8-15 wccks aftcr ovulation, scholastic 
achicvcnicr~t i ~ r  school diniinishcs as the 
cstimatcd absorbcd dosc inncascs; 

(b) a similar diminution is seen for 16-25 wccks 
after ovulation. This trcnd is stronger, however, 
in  the earlicst ycars of schooling: 

(c) ill thc groups cxposcd 0-7 wccks after ovulation 
or 26 or morc wccks aftcr ovulation, thcrc is no 
cvidc~~cc of a radiation-rclatcd cffcct on acadc- 
~ilic pcrl'ormancc. 

Not u~~cxl~cctcdly,  givcn 1l1c corrclation bctwccli 
avcragc scliool pcrformancc and IQ scorc (r = 0.54), 
thcsc rcsulls parallcl thosc ~)rcviously found in prc- 
nalally cxposcd survivors with rcspcct to achievcnicnt 
in standard i~~tcll igcr~ce tcsts in childhood. 

5. Seizures 

76. Scizurcs arc a frcqucnt scqucla of impaircd brain 
dcvclopmcnt and could thcrcrorc bc cxpcctcd to affect 
morc cl~ildrcn with radiation-rclatcd brain damagc than 
childrcn without. Dunn ct al. [D3] have dcscribcd ttic 
incidcncc and typc of seizurcs among the prenatally 
cxposcd survivors of the atomic bombings and thcir 
associ;ltion wit11 specific stagcs of prcnatal dcvclop- 
mcnt at the time of irradiation. Histories of scizurcs 
were obtaincd at biennial routinc clinical cxaniinatio~~s 
starting at the age of 2 ycars. 

77. Scizurcs, as here dcfi'incd, include all refcrcnces 
in thc clinical rccords to "scizurc", "cpilcpsy" or "con- 
vulsion". All of the medical rccords of participants in 
this I)rogr;lnime of examinations who wcrc coded lor 
scizurcs wcrc revicwcd to characterize the naturc of 
the scizurc (i.e. ils scverity, clil~ical symptomatology, 
prcscncc o l  fcvcr, cause of the scizurc, duration), the 
prcsencc of other neurological disease, developnicntal 
landmarks, school pcrformancc, and any olhcr medical 
problc~u. Thc rccords wcrc 1101 sufficiently explicit nor 
were clcctroc~~ccphalograpliic filldings available to 
pern~it detailcd clinical classilication. Howevcr, thcrc 
was c ~ ~ o u g l ~  description to allow a limited catcgoriza- 
tion of scizurcs by actiology for epidemiologic pur- 
poses. Starting with all scizurcs, cascs wcre classificd 
as lcbrilc, acutc symptomatic (scizures due to acutc 
ccr~tral ncrvous system insult, such as hcad trauma) 
and utlprovokcd. 

78. Cascs of ur~provokcd scizurcs arc those scizurcs 
without a rccord of a conconlitant acutc insult, that is, 
a known precipitating causc o r  a scizurc, c.g. fcvcr, 
traunla. post-vaccination reaction, or anoxia during an 
acutc postnatiil cvcnt. A scizllrc was so classificd if 
the rnctlicnl rccords rcvcalcd no clear statcmcnt of 
cxposurc to ;III  accompallyillg infectious, traunialic or 
fevcr-produring agcnl. Strictly nconahl sc i~urcs  
(witl~in the first month post-par tun^) wcre difficult to 
asccrtitin in  this study, which did not begin until thc 
children wcrc 2 years old. Sincc nconatal scburcs 
appcar to have a diffcrcnt actiology and were most 
likely undcrasccrtaincd, thcy wcrc routinely cxcludrd. 
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79. Fcvcr is thc lilost comlnon prccipitating causc of 
scizurc in  infancy or childhood. In thc cvcl~t of 
mulliplc scizurcs, howcvcr. fcvcr niigllt accornpasy 
only o ~ i c  scizurc, arid thcn not licccssarily thc first, 
and scoring thcsc cascs was undoubtedly arbitrary. The 
invcstig;~lors adoplcd the followiag colivcntio~i: if 
fcvcr accompanied o~ily one of scvcral scizurcs, 
niakilig il doubtful that fcvcr was a gcncraliy prccipi- 
tating causc in an individual, thc casc was scorcd as 
unprovokcd. 

80. No scizures wcrc rccordcd among individuals 
cxposcd 0-7 weeks aftcr ovulation at cstimatcd doscs 
higher than 0.10 Gy. In the group cxposcd 8-15 wccks 
aftcr ovulation, thc incidcncc of scizurcs was highcst 
among thosc who rcccivcd doscs cxcccding 0.10 Gy 
and incrcascd with lhc lcvcl of fctal cxposurc. This 
was the casc for all scizurcs without regard to thc 
presence of fcvcr or prccipitating causes, arid for 
unprovokcd scizurcs. When Lhc 22 cases of scvcrc 
mcntal rctardation were cxcludcd, thc incrcase in 
scizurcs was only slighlly significant, and thcn only 
for unprovokcd scizurcs. After cxposurc at later stages 
of dcvclopmcnt, tlicrc was 110 inncasc in rccordcd 
scizurcs. 

81. Othcr data on the occurrence of scizurcs 
following in urero cxposurc arc sparse, and thcrc is 
little to which thesc observations can be compared. 
Howcvcr, two case rcports suggcst that the pcriod 
bctwccn 8 and 15 wccks may bc a vulnerable timc for 
cxposurc of the human fetus to radiation, with subsc- 
qucnt devclopmcnt of scizurcs IG101. Thc first indivi- 
dual was a male cxposcd in thc secorld to fourth 
month of gestation in lhc course of his mother's radio- 
therapy (dose unknown) for utcrinc myomatosis. HC 
thcn dcvclopcd epilepsy at  he agc of 3.5 years. Thc 
sccond was a female cxposcd during months 2 and 3, 
again in lhc course of maternal trcatmcrlt for utcrinc 
myoniatosis (dose unknown): she developed cpilepsy 
at 2 ycars of age. 

82. Sunrttiaty. To summarize paragraphs 50-81, 
studics of the prcnatally cxposcd survivors of the 
atomic bombings of Hiroshima and Nagasaki have 
revcalcd a statistically dcmonstrablc dose-rclatcd 
incrcasc in thc frcqucncy of mcntal rctardation, 
sci~urcs,  individuals with atypically small hcads, 
diminution in intclligcnce test scores and acadcmic 
achicvcn~cnt Thcsc cffccts arc rriost conspicuous in 
u.ccks 8-15 following ovulation; howcvcr, Ihcrc is a 
significant increasc in thc nunibcr of individuals with 
small hcads in the first two months post-ovulation (12 
o f 8 l )  and somc cvidcncc that mcntal retardation niay 
be more common than expccted in post-ovulatory 
wccks 16-25, particularly at doscs estiniatcd to be 
0.5 Gy or more, whcrc 3 (12.5%) of 24 children wcrc 
rc~ardcd. 

6. I'c~tholagic and other findings 
of brain abnolnlnlities 

83. Thc biology of nicntal rctardatiol~ rcmains 
cnigniatic, arid without a clcar understanding of thc 
~~iolccular and ccllular cvc~ib  tliat culmin:~tc in this 
functional dcfcct, tlic rolc ionizing radiation may play 
in its origin is clusive. Dcspitc important recent 
advances in diagnostic rncthods, causation is unknown 
in Ihc great majority of cascs of mcntal rctardation. 
Oftcn (100~20% of cases) thc brain appears normal 
by all standard rncthods of ncuropathologic cxamina- 
tion. Evcn more frcqucnlly the structural changes that 
arc sccn are mild and non-specific: the brain may bc 
small, the grcy niattcr may bc aggregated abnormally 
in the subcortical arcas, the columnar arrangement of 
cclls niay be unusual or the ncurons may be more 
tighlly packed than customary. However, two observa- 
tions arc common: a dysgcncsis of dendritic spines on 
thc cortical pyramidal neurons and impaircd growth of 
dcndritic trees of pyramidal neurons, affecting both 
basal and apical dcndritic branches [H18]. These find- 
ings suggest dcfccts in the geometry of the cerebral 
cortcx, which form a plausible, but obviously not 
established, basis for the mcntal rctardation. They 
further suggest that the difference betwccn the normal 
brain and the retarded onc may be as much quantita- 
tive as qualitative. But the brain is a structure that 
uridcrgocs major postnatal dcvclopmerital changes, 
including the pruning and rcarrangcmcnt of synapses, 
and these continue into adolcsccnce. Since this post- 
natal growth may modify errors that arosc prcnatally 
or pcrinatally, ncuropathologic abnormalitics seen in 
the cortex may depend on the age at which the indivi- 
dual was studied. Catch-up growth has bccn obscrved 
in some instances in cxpcrimcntal animals, but the 
prcvalcnce of this in the human is unknown. Postnatal 
growth changes niay mcrcly lead to mismatched con- 
ncctions and a brain with the normal numbcrs of syn- 
apses, which havc not. howcvcr, been incorporated 
into functional units. 

84. Whcther tlic cases of nicntal rctardation seen 
among thc prenatally exposcd survivors of the atomic 
bombings of Hiroshima and Nagasaki rcprcsent mal- 
formations or instances of maldevclopmcnt is not 
clcar. The issuc is more than semantic; it strikes at the 
rncchariism of damage. This mcchanisni can bc pcr- 
ceived as involving a dose-rclatcd large effect on a 
small numbcr of individuals, i.c. as a malformation, or 
as a srriall cffcct on a large nu~nbcr of individuals. i.c. 
as ~iialdcvclopmc~~t, or, conceivably, as a mixture of 
~ h c  two. In nialdevelopnicnt, mcntal rctardation 
r c f l c c ~  a dosc-proportional cffcct on a variablc that is 
continuously distributed. Otherwise statcd, cxposurc 
rcsulls in a shifting downwards of the distribution of 
capacities for intclligcricc and rcsulLs in somc 
individuals whose capacity falls bclow that associated 
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with clinical judgnicnt5 of rctardation. An analogy 
involvcs small-staturcd individuals, some of whom are 
small bccausc of a singlc gcrle cffcct, such as the 
acl~ondroplastic dwarfs, and othcrs mcrcly reprcscnt 

lowcr cnd of the nomially occurring variation in 
staturc. Othcr analogies could bc drawn, such as spcr- 
matogenesis or hacmatopoiesis. 

85. Patl~ological findings are still too liniitcd to 
providc an unequivocal answcr to the origin of mental 
rctardation following exposure to ionizing radiation. 
Thc information available from studies performed is 
presented here. 

86. Four individuals of thc Clinical Sample who died 
have been submitted for autopsy; two were mentally 
rctarded and two werc not. Of the two with normal in- 
telligence, a 9-year-old male exposed in wcck 20 after 
ovulation to a dosc estimated to be less than 0.01 Gy, 
died from granulocytic Icukaemia; autopsy disclosed 
extensive brain haemonhages, which werc thought to 
be the final cause of death. His brain had a normal 
wcighl of 1,440 g and a normal structure. The death of 
the other, a 29-year-old female, was ascribed to car- 
diac insufficiency. She had been exposed in fetal 
week 24 to an cstimatcd dose of less than 0.01 Gy. 
The autopsy revealed multiple bilateral pulmonary 
infarcts and cvidencc suggestive of autoimmune dis- 
ease (the clinical data were too scanty, however, to 
pursue this possibility). Cut sections of the cerebrum, 
ccrcbellum, brain stem and spinal cord showed no 
abnormality on gross or on microscopic examination. 
The brain had a normal weight of 1,450 g; there was 
no evidcnce of cdcma, which would have increased 
brain weight. 

87. Both of the mentally rctarded individuals had 
brain weights substantially below normal. One of these 
individuals, a 20-year-old overweight female (MF 
400133) exposed in week 31 after ovulation to an esti- 
mated dosc of less than 0.01 Gy, died of congestive 
heart failure. Hcr body mass index (defined as weight 
in kilograms divided by the square of the height in 
meters) was 28.6; a body niass index of 27 or greater 
is commonly used to define obesity. Autopsy disclosed 
scvcre cdenia and congcstion of both lungs as well as 
markcd, diffuse fatty infiltration of the liver. Multiple 
transcctions of the brain, which weighed 1,000 g,  
rcvcaled the usual pattern of grey and white matter 
and no evidcrice of cdcma. Her mental retardation was 
prcsuniably not related to hcr cxposure, given the very 
low dose involved. The othcr mentally retarded indivi- 
d~ i i l ,  a nialc (MI; 142623), dicd of acute mcaingitis at 
the agc of 16 ycars IN3, Yl] .  If he had been carried 
to the normal krmination of a pregnancy, he would 
have been cxposcd 12 wccks after ovulation, but given 
his birth weight (1,950 g), he was undoubtedly pre- 
mature. His weight suggests that he was actually 

exposed at wcck 8 or 9, sincc a full-term Japancse 
infant would wcigh about 3,200 g. Thc cstimatcd 
absorbcd dose to tllc utcrus of his mothcr was 1.2 Gy, 
and his brain wcighcd 840 g. He was bilaterally 
microphd~almic and had ~~iicrocorncac and bila~eral 
hypoplasia of thc rctina, particularly in the niacular 
area. Posterior subcapsular opacities wcrc prescrit in 
both cycs. Coronal sections of the cercbr~rni revcaled 
massive hcterotopic grey niattcr around the lateral 
vcntriclcs. Histologically tt~crc was an abortive laminar 
arrangemcrlt of ncrvc cclls within thc hcterotopic grey 
areas, imitating thc normal laminar arrangement of the 
cortical ncurons. The ccrcbellum and hippocampi were 
histologically norn~al, but both mamillary bodies were 
missing. Thcsc bodies, which can be seen in recon- 
structions at 6 weeks after conccption but are not 
externally recognizable in their double form until 
somewhat latcr, are thought to function as a part of 
the limbic systcni, which controls emotions and moti- 
vations, and interestingly this boy was not only 
retarded but scvercly emotionally disturbed. Hetero- 
topic grey mattcr was not observed in any of the other 
three cases, including the sccond mentally retarded 
individual. 

88. Heterotopic masses arc collections of nerve cells 
in abnormal locations within the brain. They are due 
to an arrest in thc migration of the immature neurons. 
They may bc single, multiple, unilateral, bilateral, 
perivcntricular or located decp within the white matter. 
The most common locations arc subcpcndymal and 
just below thc ncocortex. They may be isolated or 
associated with other anomalies in brain development, 
such as schizenccphaly, a rare abnormality of the brain 
in which clefts extend across h e  cerebral hemispheres. 
Individuals with isolated hetcrotopias can be clinically 
asyniptomatic; when symptomatic, they often present 
with seizures in infancy or carly childhood, but 
seizures have also been reported associated with other 
neurological defects, such as homonomous hcmi- 
anopsia, the loss of vision in one half of the visual 
field in one or both eyes [012]. Seizures have also 
been scen accompanied by the partial or complete 
absence of the corpus callosum [B13]. Most hetero- 
topias are probably n~icroscopic, but if sufiicicntly 
large (0.5 cm or so), thcy can be rcadily visualized 
with either computed tomography or magnetic reson- 
ance imaging [B13, 0121. The incidcncc of isolated 
hcterotopias, either asymptomatic or symptoniatic, is 
not known. 

89. Ectopic grcy Inattcr is corn~no~lly sccn in rodents 
following exposure to ior~izirlg radiation. Hicks ct al. 
[H9] rcported sucl~  occurrcriccs niore than three 
decades ago and argued Illat they arose from surviving 
cells that retained the capacity to divide but did so in 
an abnornial environmc~~t. More recently, Donoso el  
al. ID81 found that all rats cxposcd to 1.25 Gy of 



x-radiation on gcstiitional day 15 dcvclopcd ectopic 
areas bcneath thc corpus callosum and adjaccnt to tllc 
caudatc nuclcus. It is prcsurncd that these isolatcd 
islands, or roscttcs, of neuronal cclls arise through 
faulty rcpair of radiation-rclatcd damage lo tlic 
cpcndymal wall of ttic latcral vcntricles, Icading to an 
cncirclcnlcnt of milotic cclls. Subsequcr~t divisions of 
thesc cells result in neuroblasts migrating in all 
directions. Structurally, the rosettes arc not laminated 
but contain neurons with the shapcs and sizes 
characteristic of cortical pyramidal cclls. At 4 wccks 
of agc, these cells are immaturc and scldom scen in 
the laycrcd cortex above the corpus callosum. At 
4 months of age, howcvcr, the immature cclls are no 
longer prcsent in thc ectopias, and the cctopic 
pyramidal cclls rescmblc those in thc cortical laycr. 
Donoso ct al. [D8] found the nunibcr and distribution 
of spincs on the cctopic pyramidal cclls to bc lower 
than for the layered cortical ncurons. They further 
found that, whereas the nunibcr of apical spincs 
dccrcascd with age in thc control animals, this did not 
occur in the ectopic zones. Synapses in the laycrcd 
and cctopic cortex wcrc morphologically indistinguish- 
able. Since synaptogcnesis in thc rat is largcly a 
postnatal phenomenon, and synapses wcre seen in thc 
ectopic areas. these areas may havc rctaincd some 
functional activity. 

90. The brains of five of thc ~ncntally retarded 
individuals cxposed to thc atomic bombings, all during 
week 8-15 after ovulation, have bccn cxamined using 
magnetic resonance imaging techniques [S8]. Although 
the number of individuals that havc bccn studied is 
small, scvcral diffcrcnt ano~nalics ofdcvclopmcnt l~avc 
becn scen, and thcse correlate wcll with the embryo- 
logical events transpiring at the time the individuals 
wcre exposed. 

91. Two individuals, both nlalcs (MF 404259 and 
471693), exposed during wecks 8 and 9 aftcr 
ovulation, showed ventricles somewhat larger than 
normal and areas of hcterotopic grcy matter adjaccnt 
to thc latcral ventriclcs. One of these individuals (MF 
404259) exhibited an underdcvelopcd arca in the left 
temporal region, an antcrior comniissure somewhat 
wider than normal and a thickened nucleus accumbcns 
scpt. Fonnation of thc caudatc lenticular bridge also 
appeared to be poor. I t  is noteworthy that this is the 
period when the Grst wave of neuronal migration 
develops, the onc that procecds without the support of 
the radial glial fibrcs. The findings in thcsc two cases 
are strikingly similar but not idcntical to those on the 
autopsied casc dcscribcd carlicr. However in these two 
instances, unlike the autopsied casc, both mamillary 
bodies are clearly visible in  he images. While this fact 
could be attributable to variation in devclopnicntal age, 
it could also suggest that the estimated ages at 
exposure are not exact. 

92. Ectopic grcy niattcr occurs in olhcr instances of 
rnc~~tal  retardation not relatcd to exposure to ionizing 
radiation, but its prevalence aniong nicntally rctardcd 
i~idividuals is not rcliably known, and it may vary with 
thc type and scvcrity of Ihc rctardation. Thus, for 
cxalnplc, Rosman and Knk~lils [R20] havc co~~trastcd 
thc brains of six nicntally rctardcd individuals with 
muscular dystrophy with those of six dystrophic 
patients without ~ncntal dcfcct. The avcragc brain 
wcight of the deficient group was significantly less 
alan that of the controls. Grossly visible nialfonnations 
of ccrcbral devclopmcnt werc present in thrcc of the 
deficient patients, four showed pachygyria and all six 
had significant microscopic hctcrotopias. Thcre wcrc 
no gross lesions in thc control subjects, and significant 
microscopic hetcrotopias wcrc prcscnt in only onc of 
the patients whosc intelligence was considcrcd to be  
normal. A similar comparison of individuals with 
niultiple neurofibromatosis (von Recklinghauscn's dis- 
casc) with and without mental rctardation found the 
cortical architecture to be grossly or microscopically 
abnormal among the mentally retarded but not among 
those who were not retarded [R19]. Thesc architectural 
abr~ormalities included random orientation of ncurons, 
a disarray of normal cortical lamination and hctero- 
topic neurons within the cortical molecular layer. 
Among the retardcd individuals they also commonly 
saw (three out of fivc cases) small heterotopias in the 
dccp cerebral whitc mattcr (dcfincd as more than 
10 nim from the cortico-white mattcr junction). These 
were not seen in the individuals of normal intelligence. 
However, subcortical hcterotopias wcre prcsent in all 
instances of the discase. 

93. Ectopic grey maner is not invariably associated 
with mcntal rctardation. The ncuro-imaging of indivi- 
duals with the inherited fragile X syndromc, where 
varying dcgrccs of mcntal retardation commonly 
occur, has not revealed this dcfcct. Of 27 il~dividuals 
who have bccn studied, eight were found to be 
abnornial [W13]. Seven of thcse individuals exhibited 
only a mild enlargement of the ventricles, but in one 
a modcratc, gcncralized dilation was sccn. Autopsy 
studies have, howcvcr, disclosed abnormalities in 
dcndritic spinc niorphology; very thin, long, tortuous 
spines with promincnt heads and irregular dilatations 
wcrc notcd [W13]. This suggests a dcvclopmcntal 
error occurring after migration was complctcd. 

94. Two individuals, both femalcs (MF 401081 and 
one unrcgistcrcd case not included in thc clinical 
samplc), exposed at 12-13 wccks after ovuli~tion, that 
is aftcr completion of the initial wave of migration and 
late in the second. exhibit no cvidence of cortspicuous 
tnigrational errors but do show a faulty braill structure. 
Thcre is an enlargement of the prominc~~lly rounded 
clcvations of thc brain, the gyri. Thesc clc\~ations arc 
separated by furrows or trenches, the sulci, and the 
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laltcr arc shallower tlian norriii~l. Both i~idividuals havc 
a mega cislcnia riiagria, that is, an cnlargcmcnt of the 
subarachnoid cistcni that lirs hctwccn the uridcr sur- 
face of h c  ccrchcllu~ii and llic posterior surfacc of the 
mcdulli~ oblo~~gata. Onc of t l~c  cascs (tlic unrcgistcrcd 
onc) studictl :it tl~is tinic cxliibitcd a corpus callosun~ 
(tlic ~~c twork  of i~crvcs that providcs comriiurlication 
bctwccn tlic two lialvcs of tlic t)rain) markedly smallcr 
thaa aonnal and a poorly dcvclopcd furrow imnicdia- 
tcly abovc thc corpus, suggesting an aberration in the 
dcvclo~)rncnt of the band of association fibres, the 
cingulum, that passes ovcr thc corpus callosum. Jntcr- 
cstingly, aninial cxpcrimcnLs suggest the cingulum to 
bc particularly radioscnsitivc IR14. R171. Indirectly, 
thcsc findings suggcst cnors in migration. 

95. Still latcr in dcvclopmcnt, a male cxposcd to an 
estimated dosc of 1.5 Gy at wcck 15 exhibitcd neither 
migrational errors nor corispicuous changes in brain 
structure (h4F 143818). It is thereforc presumed that 
thc functional impairment that exists must bc related 
to the dcgrcc of conncctedncss bctwecn neurons. There 
is cxperinicntal cvidcnce to show that exposure at this 
tinic in thc devclopmcnt of thc brain in primates leads 
to a diminished numbcr of conncctions betwcen ncuro- 
nal cclls [B6]. If all of ttic conncctior~s can bc prc- 
sunicd to havc fur~ctiorial significance, thcn the dimi- 
nution niust coniprornisc pcrfonnancc in some manner. 

96. Arc thc dcvclopnic~~tal cnors dcsaibcd in the 
prcccding paragraphs causal1 y rclatcd to prenatal cxpo- 
surc 10 ionizing radiation, or arc thcy merely fortui- 
tous, characteristics of mcntal retardation generally? 
Two lincs of cvidcncc suggcst causation. First, al- 
though the data arc lin~itcd, similar findings havc bccn 
rcportcd in othcr individuals who wcrc exposed to ion- 
izing radiation prenatally. For example, Driscoll ct al. 
[D5] have dcscribcd thc acute damage to two fetuscs, 
one a malc cxposcd at 16 or 17 wceks of pregnancy 
arid thc other a fcmalc cxposcd at 22 wecks lo radium 
therapy in the course of trcatrncnt of matcrnal squam- 
ous cell carcinoma of the ccrvix utcri. Both wcre alive 
al the time of hystcrcctomy, a day following thc cessa- 
tion of lrcatnlcnt in the first instance and six days later 
in thc sccond. The doscs wcrc largc, estimated to be 
about 4.3 Gy at thc ccnlrc of thc fctal head and 7.7 
Gy at the ncarcst point irisidc the cranium in the 16-17 
wcck fctus, and about 16 Gy in the sccond fctus. In 
both cascs, the brain incurrcd thc grcatest damage, but 
thcn i t  was also closcst to the source of ionizing radia- 
tion. Ncuronal ccll loss was shown to be sclcctivc. 
Thc pri~iiilivc post-niitotic riiigratory cells were 
promptly killcd by thc radii~tion, and in this rcspcct the 
liadings parallcl those sccn in cxpcrimcntal animals. 
Dami~gc to thc ccrcbcllum was lcss cxtcnsivc but still 
noticeable, particularly in thc oldcr fctus exposed to 
16 Gy. Extcnsivc cl~anges wcrc seen in other organs, 
notably the bonc niarrow arid lymph nodes. 

97. Thus thc f i r~t l i~~gs  of Driscoll ct al. as wcll as 
tl~osc of otlicr i~ivcstigators (scc, c.g. [M191), clearly 
ii~dicatr t l i i i t  if thc dosc is sufficic~~tly Iiigli, scvcre 
damagc lo tlic brain call occur ill StiIgCS in grstation 
consislcrit with ll~osc SCCII  i l l  t l~c  survivors of the 
:ito~nic bo~iibings in Jiip:~n. U~ifortu~ialcly, thc agcs at 
cxposurc arc dcscril~cd il l  tcrms of wccks of prcg- 
nancy, but if i t  is assumcd lllat this irnplics t in~c from 
the o~isct of thc last n~c r~s t r t~ i~ l  pcriod, as is commonly 
the ciisc, thcn, mc:~surcd fro111 tlic nlonicnt of ovula- 
tion, tbcsc fctuscs wcrc 14-15 and 20 wccks of dcvc- 
lopmcnt at the timc of cxposurc. Howcvcr, dosc- 
response extrapolations to thc situation among the 
prenatally cxposcd survivors of the atomic bombings 
must bc guarded. The doscs were three to eight timcs 
higher than the highest rcccivcd by any one of the 
survivors of the atomic bombings, and well above the 
prcsumcd wholc body fctal LD.jO. Moreover, the 
Japanese studics arc based upon live-born children 
surviving at least to an agc whcrc a clinical diagnosis 
of mental retardation could be made. Givcn the 
cxtcnsivcness of the damagc in the cases described by 
Driscoll ct al., it is qucstionablc whether these fetuses 
would havc survived gestation and parturition. 

98. Second, although migrational cnors arc often 
seen associated with wcll-rccognizcd, oftcn inherited, 
syndroiiics in which nicntal rctardation occurs (for 
specific instances, scc [D9, H19, M201, and for a 
review [B16]), Uicy appcar rclativcly uncommon in 
idiopathic (unclassificd) ri~cntal rctardation. Crome 
(ClO], for example, dcscribcs thc findings at autopsy 
on 282 institutionalized nicntally dcfcctivc individuals. 
He points out rather carcfillly the liniitations of the 
samplc of individuals he studicd and docs not argue 
that his findings arc rcprcscntativc of "the large 
number of mentally rctardcd individuals in the com- 
munity or special hospitalsn. Among 191 individuals 
with unclassificd nicntal rctardation, he identified 
about 500 main abnormalilics (cach individual was 
counted as many times as main diagnoscs occurred). 
About half of thcsc abnormalilies involvcd either 
dilalion of the vcntriclcs or a small brain (based on 
wcight). Howcvcr, smallricss was dcfined as anything 
undcr 90% of thc avcragc, which inlplics that some 
40% or so of a random samplc of individuals would 
be diagnosed as having an abnormally small brain. Of 
morc inlnlcdiatc intcrcst iind rclcvar~cc 10 thc prc- 
uatally cxposcd is thc frcqucncy of manogyria (or 
pachygyria) and ectopic grcy niattcr, since thcsc arc 
the prir~lary findings rcportcd in the Japanese studics. 
Cromc idcntificd only two cascs (among 500-odd dia- 
gnoses) of pacliygyria and two of "ectopic nodules of 
grcy matter". AnoU~cr, smaller scrics of autopsies of 
mentally rcu~rdcd i~idividuals in Finland rcvci~lcd three 
cases of pachygyriil or agyria among 80 individuals 
[P3]. Finally, a study of rclardcd individuals in 
Denn~ark rcportcd 34 cases of microgyria or pachy- 



gyria among 175 ar~topsics IC1 I]. Tl~us ,  thc abnorrn;~l- 
ilics sccn anlong t l~c  prcnatally cxposcd survivors of 
thc atomic bombings of Hirosl~irna and Nagasaki 
would not appear to bc common tindings anlong thc 
mentally rctardcd. 

99. Strmrnary. A variety of anato~nical ahnor- 
malitics of thc brain havc bccn sccn among thc prc- 
natally cxposcd, mcntally retardcd survivors of t l~c  
atomic bombings of Hiroshima and Nagasaki and in  
othcr c~nbryos or fctuscs also cxposcd to ionizing 
radiation. Although the data arc li~nitcd, thcsc gross 
anatomical cffects have thus far bccn sccn only at 
doscs in cxccss of 0.5 Gy. Sonic of thcsc abnormal- 
itics havc bccn obscrvcd among ~ncntally rctardcd 
individuals who wcrc not cxposcd to radiation, but 
thcy appcar to bc lcss common. Thc abnornialitics 
commonly corrclatc well with ~ h c  embryological 
evcnts occurring at thc timc of cxposurc, suggesting a 
causal rclationship. However, the observations arc 
csscntially descriptive and subjcct to diffcrcnt 
intcrprctations; thcy suggest but cannot establish the 
nature of the ccllular or molccular events that arc 
inipaircd. Further similar studies arc obviously nccdcd. 

I$. OTHER HUMAN STUDIES 

100. Numerous studies and a varicty of casc rcports 
(sce, e.g. [B l ,  D5], and [MI91 for a rcvicw) havc bccn 
published that further the understanding of the possiblc 
role of ionizing radiation in thc origin of brain ab- 
normalities [GI, Ml]. Howcvcr, fcw of these studies 
or reports provide a rcliable basis for risk estimation. 
Generally, thcre is little information on the exposures 
or on thc dcvclopmcntal ages aftcr fcrtilization at the 
tinic of exposure, and the sample sizcs are often small. 
An exccption to this is the study of some 998 childrcn 
born at the Chicago Lying-In Hospital to women who 
had pclvi~nctry during the course of thcir prcgnancy 
[03,08,09]. Thc pclvimctric proccdurc was standard 
and resultcd in an estimated dose of 0.005 Gy lo thc 
fetus. Since the date at which pclvimctry occurrcd was 
rccordcd, the age of thc fctus at cxposurc could bc 
cstimatcd. While thc bulk (87%) wlcrc cxposcd in t l~c  
second half of prcgnancy, 120 or so wcrc cxposcd 
prior to the day 140 aftcr the onsct of thc last 
menstrual cycle. A variety of cnd-points wcre exam- 
ined in this group of childrcn, rclativc to two control 
groups (born beforc or aficr the pclvimctry scrics was 
coniplctcd), including tile occurrcr~ce of ma lignar~t 
neoplasms and congenital malforniatio~a, and the pre- 
sencc of mental dcficicncy. Only one statistically 
significant diffcrcncc bctwecn thc exposed and thc 
corn1)arison goups  was observed: the S ~ C ~ U C I I C Y  of 
hacmangiomas was inncased in the pelvimctry group, 

p;~rticuiarly whcn cxposurc occurrcd in lhc sccond or 
third trirncstcr [GR]. Subscqucr~l studies l~avc indicatcd 
that this incrcasc was duc prinlarily to flamc ncvi, and 
thc investigators arc inclincd to attribute no biological 
significance to thcir finding [OR]. Although thc samplc 
asccrt;~incd by Oppcnhcinl ct al. [03, 0 8 ,  091 is 
rclativcly largc (about 1,000 first-born childrcn) and 
t l~c  irradiation occurred routinely rather than for 
~ncdically indicatcd diagnostic purposcs, thc doscs are 
gc~~crally small, 0.01-0.03 Gy, and as previously 
indicatcd, rhc bulk of the childrcn wcrc exposed in the 
third trimcstcr. Unlikc thosc studies of individuals 
wl~crc irradiation had occurrcd on a selective basis 
(c.g. [D4]), thcsc authors find no cvidcncc of a 
radiation-rclatcd cSfcct on morbidity or mortality, savc 
thc one dcscribcd above, but the analyscs usually 
poolcd all ages at exposure, and the power of the tests, 
in thc statistical scnse, is small in light of the expectcd 
cffcct at these doscs, based on the Japancsc studits. 

101. Granroth [G2] has exaniined the association of 
diag~~ostic x-ray cxaminations in Finland with the 
occurrence of dcfccts of the ccntral nervous system. 
Thc data, drawn from thc Finnish Rcgistry of 
Congenital Malformations, rcvcal a significant increase 
in abnormalities of the brain, primarily anencephaly, 
hydrocephaly and microcephaly, among ncwborn 
infaats prenatally exposed, when contrasted with 
co~~t ro l  subjccts matched by time and arca. No 
estimate is given of the fctal absorbed dose. Moreovcr, 
as the author notes, the majority of these infants wcre 
cxposcd bccausc of the clinical suspicion of eithcr 
maternal pelvic anomaly or fctal anomaly, so the 
exposures wcrc u~llikely to have occurrcd at a time 
when abnormalities such as anencephaly arc induced 
[Mll]. Accordingly, it seems unlikely that the results 
rcflcct a tcratogcnic effect of radiation. 

102. Neumcistcr (Nl] has dcscribcd the findings on 
19 childrcn prcnatally exposed to doses estimated to 
bc betwecn 0.015 and 0.1 Gy. No instances of severe 
n ic~~ta i  retardation arc rccordcd, but post-ovulatory age 
at thc timc of cxposure was not taken into considera- 
tion and no suitablc comparison group was found. A 
subsequent report, on 73 childrcn, mcrely statcs that 
nicntal dcvclopmc~it followed a normal coursc [N7]. 
Mcycr ct al. [MS] failed to find cvidcncc of an in- 
creased frequency of scvcre nicntal retardation among 
1,455 women who were prenatally exposed to small 
doses of radiation as a result of diagnostic pelvic 
cxaminations of thcir mothers. 11 seems uncertain, 
I~owcvcr, whcthcr thcir case-finding mcchanisni would 
have idcntificd women who were scvcrcly m c n ~ ~ l l y  re- 
lardcd. An increased probability of premature death 
among such individuals leads to underrcprcscntation of 
thc nlcntally rctardcd later in lifc. In addition, cxpo- 
surc ~ r ~ u s t  commo~~ly havc occurrcd late i n  pregnancy, 
afcr  the most vulnerable period. 



103. Othcr studics, such as tl~osc of Nokkcntvcd [N2], 
arc similarly inappropriate for the estimation of 
radiation cffccts. Nokkcntvcd examined 152 children 
cxposcd in the first Sour rrionths after fertilization to 
doscs ranging from 0.002 to 0.07 Gy. The findings 
anlong Uicsc childrcr~ wcrc cclrnparcd with tllc findings 
aluong tl~cir unirradiatcd siblings. Only one child, in 
UIC cxposed group, was found to be niicrocephalic. 
Tlicrc werc no cascs of microccphaly among the 
siblings. Two childrcn in each group wcrc rcportcd to 
bc rctardcd. Given the purported doscs and sample 
sizcs, thcse findings arc not inconsistent with the 
cxpcricnce in Hiroshima and Nagasaki. 

104. Recently, Chincsc irivcstigators [Ha, H17] 
published the rcsulL~ of a study of the long-term 
cffccts of prenatal exposure to diagnostic x-radiation 
on childhood physical and mental development ha t  
addrcsscs some of the limitations, previously cited, of 
otl~cr studies. The cxposcd group consisted of 1,026 
cl~ildren who had bccn born in hospitals in Beijing, 
Shanghai and Changchun arid werc bctwecn the ages 
of 4 and 7 years whcn rccmilcd. The absorbed dosc to 
the fctus ranged from about 0.012-0.043 Gy; thcse 
doscs were estimated using a thermoluminescent 
dosimeter in a human fetus phantom exposed to x rays 
from the posterior-anterior, lateral and axial vicws 
with typical exposurc factors. Only one child, how- 
cvcr, was cxposed bcfore wcck 8 followirig ovulation; 
13 wcre cxposcd in wccks 8-15, 41 in wccks 16-25 
and the remainder in wcck 26 or subsequently (most 
of them in week 37 or thcrcafter). The comparison 
group was comprised of 1,191 children matched to the 
cxposcd group by sex, agc and hospital of birth. 
Hcight, weight and head circumference measurements 
wcrc obtained, and intclligcnce was assessed using a 
50-itcm intclligcnce arid ability scale dcvelopcd by the 
Capital Institutc of Pcdiatrics of the Chincsc Academy 
of Medical Sciences and standardizcd nationally. No 
significant difference between cxposed and controls 
cnicrgcd in the nicasurcrncnts of physical develop 
mcnt. The meari intelligence test score was reduced to 
a modest but statistically significant extent among the 
cxposcd group as compared to the non-exposcd group 
(mcan IQ: 100.35 arid 101.71, respectively), and the 
distribution of individual scores was slightly shifted 
towards lower valucs. However, whcn possible con- 
founding factors wcrc taken into account, this differ- 
ence was no longcr statistically significant, nor was a 
significant difircncc found when attenti011 was focus- 
cd on those cascs cxposed between 8 and 15 weeks 
aftcr conccption. Giver1 the small doscs and the small 
sample size in tlie critical pcriod, i t  is not surprising 
that these authors Sound no significant effects. 

105. Ragozzirio ct al. [R21] have described the 
outcome of 9,970 pregnancies recorded for 2,980 
W ~ I I I C I I  in the Rochester, Miasesola, metropolitar~ area 

in tlic U~iitcd Statcs in the ycars 1935-1960. The 
hcalth stalus of the children was Collowcd for more 
than 20 ycars in 70% of the entire cohort. This was 
possiblc 1)rcausc of thc l i ~ ~ k i ~ g c  systc~ti for nledical 
rccords, which fiicilitatcd tlic rctrospcctivc dctcr- 
rnil~i~tioa of radii~tion absorbcd dose and the coniprc- 
hcnsivc, long-term tollow-up ofnioU~ers and offspring. 
Absorbcd dosc to thc fetus for cxarninations in which 
thc utcrus was in the primary radiation beam was esti- 
niatcd for five intervals of gestation by multiplying 
calcul;~tcd fetal dose at conccption by a scale factor 
bascd on average maternal anterior-posterior dimen- 
sion at different gestational agcs. Fetal absorbed dosc 
was cxprcsscd as the total absorbcd dosc in the first 
trimester, as the total dosc absorbed by mid-gestation 
and as Uie absorbcd dose accumulated throughout 
gestation. For purposes of analysis, the doses were 
classified into thrce categories, namely, 0 Gy, 0-3 
niGy, and >3 mGy. Among the 8,014 childrcn where 
the data wcre complete, 63 cascs of mental retardation 
were rccordcd. The relative risk in the highest dosc 
group, based on the mid-gestation total absorbcd dose, 
was not statistically significant; the value was 1.1 
(95% C1: 0.06-5.39). Data werc not reported on the 
occuncricc of seizures. 

106. Results are also now available from a 5-year 
clinical-physiological study of children who wcre born 
after t l~c Ct~crnobyl accidcnt whose mothers livcd in 
contaminated areas at the timc of pregnancy [T6,T7]. 
The critical periods for cercbro- and corticogenesis 
(8-15 arid 16-25 weeks) for 370 of these children 
occurred in May, June and July of 1986, but the doscs 
accuniulatcd in these periods are not clear. However, 
the findings of Ilyin et al. [I51 suggest that they wcrc 
probably a few tcns of milligray at most. 

107, Somc delay in myelination, accompanied by 
slight psychomotor disorders, was seen in 14.5% of 
children cxposed in the critical pcriod of cerebre 
genesis, but i n  only 7.5% of children born in the first 
half of 1988. EEG studics of thcse children showed a 
delay in normal alpha rhyth~ii formation, with signifi- 
cant input of slow waves and later formation of zone 
diffcrentiiition. This was fourid in 16%18% of child- 
rcri cxatr~i~icd at 2 and 5 ycars of age. For the critical 
group of children, symptoms associated with an in- 
crease it1 intracranial pressure were seen, as rcvcalcd 
by special function studies. This was found in 18%- 
35% of cascs, more frcqucnlly among children 2-3 
ycars old. 

108. Thc occurrence of scizures, confirmed by 
repeated EEG examinations, was observed in 14 of 
342 children [T6, T7]. Howcvcr, scvcn of thcse child- 
rcn wcrc excluded since they had other proved causes 
of symptomatic seizures. Far the other seven here  
werc 110 other apparent causcs than radiation exposure. 
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Seizures were observed more frequently in  the group 
exposed at 8-15 weeks (13.4%) than in the group 
cxposed at 16-25 weeks (8.2%); in the co~nparisoe 
group, thc freque~~cy of seizures was only 3.0%-3.2%. 
Insofar as the developmerltal period ofvul~~erability is 
concen~ed, these findings are consistent wit11 Uiose th;~t 
have been reported for the prenatally exposed sur- 
vivors in Hiroshima and Nagasaki. No cases of micro- 
cnccphaly, Down's syndrome or any gross CNS defect 
were observed in the study group. 

109. Sunrmary. Aside from the observations on the 
prenatally exposed survivors of the atomic bombings 
of Hiroshima and Nagasaki, there are few other popu- 
lation-bascd studies of the effects of prenatal exposure 
on the developing human enlbryo and fetus. Those that 
have been published often provide no information on 
UIC doses received by the embryo or fetus or on the 
developmental ages after fertilization at which expo- 
sure occurred. Moreover, the sample sizes are often 
small and the power of the statistical tests inadequate 
in the light of the expected effect based on the 
Japanese experience. These caveats notwithstanding, 
the infornlation provided by those studies that are 
available is broadly consistent with the Japanese data 
and not clearly contradictory. 

2. Exposure of the infantile and juvenile brnir~ 

110. Because maturation of the human brain continues 
beyond birth, possible late-stage effects of prenatal 
exposure of the brain to ionizir~g radiation (especially 
in the later weeks of gestation) may be similar to 
effects Gom exposures of the infantile and juvenile 
brain. It is clear that ionizing radiation used 
therapeutically in the treatment of brain tumours or 
acute leukaemia at these ages can have deleterious 
effects, as measured by conventional intclligerlce 
testing (e.g. [El ,  H3, M10, R7, S3J). Meadows el al. 
[MlO] stated that "significant reductions were found in 
overall intelligence score for the majority of children, 
younger patients being most affected". The exposures 
involved in these instances were high, tens of gray, 
and most of the individuals involved were also rcceiv- 
ing chemotherapy. It is also important to bear in mind 
that protracted hospitalization of the young often 
denies them the opportunity to socialize with their 
contemporaries and the intellectual interactions this 
affords. Ncuropsychologic and other effecLr of thera- 
peutic irradiations of children are discussed in Annex 
I ,  "Late deterministic radiation cffccts in children". 

111. X-ray induced epilation was extensively used 
between 1910 and 1959 for the treatment of tinea 
capitis. It has been estimated that more than 200,000 
children worldwide received this form of treatment. 
Albert el al. [Al], in their study of one group of 
children treated for tinea capitis, reported a highcr 

i~~cidcncc of ~ncntal illness, including psychosis, 
personality disorders and psychoneurosis, anlong 1,905 
c l ~ i l d r e ~ ~  trcated for this discase by x rays than among 
1,501 children with tinca capitis trcated by other 
means. I t  has been estimated that, in the Adamson- 
Kicnbock treatment regimen used in these instances, 
tlie brain rcceived 1.5-1.75 Gy at its surface, decreas- 
ing to 0.7 Gy at the base. 

112. Subsequently, Omran et al. [07]  described the 
results of psychiatric and psychometric evaluations of 
109 children with tinea capitis treated by x-ray therapy 
and 65 treated with chemotherapy. They found more 
patients with deviant Minnesota Multiphasic Person- 
ality Inventory scores anlong those who had been irra- 
diated than in those chemotherapcutically treated, and 
the former were judged more maladjusted by their 
MMPI profiles. Hence, there is evidence that exposure 
to ionizing radiation can modify personality traits, but 
interpretation of these data is difficult, because x-ray 
treatment and chemotherapy treatment differ in aspects 
other than radiation exposure and bccause a variety of 
emotional disturbances are associated with protracted 
liospitalization of the young. However, Ron ct al. [R8] 
(see also [Al, 0 7 ,  S51) have reported a similar finding 
anlong individuals treated for tinea capitis who were 
not on adjuvant therapy nor hospitalized and who re- 
ceived similar radiation doses, possibly 1.3 Gy, on the 
average. Ron et al. [R8] have stated that "the irradiat- 
ed children had lower examination scores on scholastic 
aptitude, intelligencc quotient (IQ) and psychologic 
tcsts, completed fewer school grades, and had an in- 
creased risk for mental hospital admissions for certain 
disease categories". Apparently no estimate was made 
of the diminution in intelligence test score per unit 
exposure. The increased frequency of cases of cortical 
dysfunction reported by these authors and in the 
studies described in the preceding paragraph are not 
known to be associated with demonstrable anatomic 
changes in the brain. 

113. Studies of children exposed during the first few 
months of life to absorbed doses in the brain of 1.0- 
5.2 Gy as a result of therapy for haemangionlas of tlie 
head, face and neck also reveal impaired subsequent 
brain development (see, e.g. [T3, T4, TS]). These 
investigators assessed brain function using not only 
conventional clinical and neurological exanlinations 
but also electroencephalography, electroniyography, 
rbeoencepl~alography and a variety of psychological 
tests. More than half of the children cxposed to doscs 
ranging from 0.46 to 1.3 Gy exhibited functional 
ccntral nervous system changes. These were common- 
ly manifested as memory and emotional defects. At 
so~tiewhat higher doses (2.3-3.4 Gy), darnage was 
more pronounced and included structural-functional 
asymmetries that could be demonstrated electro- 
c~~cephalographically. Long-term follow-up has re- 
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vcalcd sonlc a~nclioration of tllcsc cffccLs in SOIIIC in- 
stances. At doscs of 4.2-5.2 Gy, ancsted physical and 
cndoninological growth was sccn, accompanicd by a 
rcduction in hcad size with deformity. Mental rctarda- 
tion combincd with cpilcptoid phcnomcna was also 
SCCII. No aniclioralion orcurrcd with timc in thcsc 
mscs. Gcncrally, i t  was fouad that Ihc oldcr thc child 
at thc timc of cxposurc, the I~ighcr thc dosc rcquircd 
to producc a spccific cffcct. 

114. Studics havc bccn rliadc in thc fon~icr Sovict 
Union of the latc conscquc~~ccs of radiation thcrapy 
for brain tumours, using conccntratcd bcams in frac- 
tionatcd exposures [M25]. Observations aftcr 5-10 
ycars discloscd a number of asthcnoncurotic ccrcbra- 
sthcnic syndromes, combined with hypertension, 
vestibular and atactic insufficicncy, and residual 
l~cmiparcsis in some childrcn. Psychological studies 
havc rcvealed passive attcntion instability, activc 
attcntion cxhausti-bility, rapid loss of intcrcst duc to 
fatigue and mcmory and intellect reduction; somc 
childrcn cxhibitcd overt emotional disorders. In nearly 
half of thc cases studicd, howcvcr, some amclioration 
of thcse cffecls occurred, and aftcr 5-7 years thcre was 
an apparently satisfactory social and school adaptation. 
Scvcn individuals dcvelopcd an cpilcptoid syndrome 
aftcr 10 years, and nine had a lowered convulsion 
preparcdncss threshold, bascd on clcctrocr~ccphalogram 
(EEG) tcsts. 

115. Long-tcrm obscrvations have also bccn made on 
89 Soviet childrcn treated with "CO gamma rays for 
hacmangiornas of thc skin in thc first 6 months and the 
lirst 2 years after bit?h [T4, T51. Local doscs wcrc 
cstin~atcd to he 15-28 Gy, but cxposurc of the brain was 
non-uniforni, varying from 1 to 3 Gy. A retardation in 
the devclopn~cnt of nlotor and motorstatic functions, as 
cvidcnced by psychomotor performance or partial- 
speech. was sccn in 11 childrcn. By 5-6 years of agc. 
almost a quarter of thc childrcn (22 per cent) cxhihited 
an enccphalopathy syndromc, oftcn with evidcncc of 
minor organic damagc to the ccnlral nervous systcm. 
Among thc symptoms they cxhibitcd were headache, 
difficulty in falling aslecp, incrcascd fatiguability of the 
ncuromuscular systcm, vcgctativc-vestibular disorders 
(vcgctativc as used here and subsequently in~plics the 
autonomic ncrvous system) and a rcduction in mcmory 
and associative abilities. Eight childrcn had 
psychovcgctativc disorders and lowercd 10. After 
puberty, during adolcsccncc and youth, satisfactory or 
good social adaptation occuncd in some instances, but 
ncuropsychir: dysadaptatio~~;il pcriods were sccn. EEG 
tests discloscd an cpilcptoid syndrome, as wcll as a 
lowcring of thc convulsion prcparcdness threshold in 
scvcn individuals, including two with epilcptiforn~ 
seizures (radiation dosc 22-26 Gy). These ncuropsychic 
organic and functional changes were most pronounced 
in children cxposcd at 1-6 rno~~tlls and 1-3 years of age. 

116. As noted in paragraph 2, prcvious UNSCEAR 
rcporls (scc, in particular, [U2, UJ]) havc considered 
UIC gc~lcral dcvclopmcatal cffccLs of prcnatal irradia- 
tion ;is rcvcalcd by cxpcrinlcntal studics. I t  is not t l~c  
intcnt of this AIIIICX to rc-cxan~inc thc volun~ir~ous 
litcraturc, but to cornnlcnt on cer ta i~~ rcccnt findings 
that dcal specifically with the devclopn~cnt of the 
brain. Molc [MI91 rcvicwed this litcraturc and the 
basis i t  elfords for prcdicting malforn~ations after 
irradi;~tion of thc dcvclopi~~g human. 

117. Expcrimcntal studics have demonstrated that h e  
rclativc sensitivity ofdiffcrcnt componenLs ofthe brain 
to ionizing radiation differs, and possibly substantially 
so. Rcyncrs ct al. [R17, R181, for cxanlplc, havc 
shown that thc cingulurn bundlc, a myclinatcd sub- 
structure of the corpus callosum, is an especially 
sensitive indicator of cxposure to x-radiation. Changes 
in Ulis structure occur at doses as low as 0.1 Gy, that 
is, at doscs too low for the effects to be readily 
cxplicablc in tcrms of mitotic cell dcath, and suggest 
a disordcrcd scqucncc of n~orphogcnctic cvcnts. More 
recently, using 600 kcV nculrons from a Van dc 
Graaff accelerator, Rcyncrs ct al. [R22] havc shown a 
significant effcct on brain weight at doscs as low as 
10 n1Gy. This diniiriishcd brain weight is accompanied 
by a significant rcduction in the sizc of the cingulum 
bundlc. Rcyncrs ct al. concluded from their studies 
that " t l~c  threshold dosc for detectable effects to a 
dcvcloping brain may be lower than 35 mSv, in 
particular for acutc cxposurc to high energy transfer 
particlcs during the pcriod of corticogcncsis." Lent et . 
al. [Ll 1 Ilavc sllown Illat mice exposed lo 2 or 3 Gy of 
ganlma radiation on gcslational day 16 arc invariably 
acallosal. It is not clear, however, whether lhese 
changcs in the cinguluni and the corpus callosum are 
conspicuously dctrin~cntal to the animal nor is it 
k~~owrl  why the c i~\gulun~ appears to be so radioscnsi- 
tivc, more so than thc cntirc corpus callosurn. 

118. Until rclativcl y rcccntly, most cxpcrimental 
studics have focuscd on changes in brain morphology 
or wcight (c.g. [A3, H7, S131) following cxposure to 
ionizi~~g radiation ratllcr than changcs in  brain func- 
tion. l'hcrc arc cxccptions to this statcmcnt. Studics 
conductcd almost thrcc dccadcs ago havc rcvcalcd that 
scizurcs occur in rodcnts following prcnatal exposure. 
Sikov ct al. [S12, W l  I ] ,  for cxamplc, rcportcd an 
incrcascd frcqucncy ofscizurcs among tho offspring of 
a l b i ~ ~ o  rats cxposcd at 15 days of gestation to a dosc 
of 0.5 or 1.9 Gy. Thcse scizurcs were dcscribcd as 
focal in onsct. with rapid progression from face to 
forclinib and hind limbs, and then quickly becoming 
gcncralizcd. They wcrr said to be equivalent to the 
typical Jacksonian scizurc in man, in which the attack 
usu;illy proceeds fro111 the distal to lllc proximal linib 



niusculaturc. No incrcasc in scizures was sccn whcri 
csl)osilrc occurred on day 10 of gcst;itiori, arid 110 

rfforl was made to define a tlosc-responsc rclationslril) 
at 15 days of agc. Odicr ncurological deficits wcrc 
notcd, sucli as giiit dcfccts, forccd circling a~id  
hy~crscnsitivity to somc sclrsory sti~nuli, w l~ ic l~  
nianifcstcd itsclf as cxaggcratcd niyoclonic jcrks. 
Although sonic of thcsc cffccls wcrc sccn in raLs 
csposcd on day 10, thcy wcrc morc comnlorl anlong 
the rats cxposcd or1 day 15 illid a1 tlrc liiglier dosc. 

119. Howcvcr, bchavioural studics of rodcnb 
followir~g prcnatal irradiation have now rcvcalcd ba t  
a varicty of bchaviours arc corrclatcd with cortical 
niorphology. Norton IN.5, N6], for example, has 
rcportcd that cortical thinning is associatcd with 
changcs in an animal's ariglc of stridc, ncgativc 
gcotaxis and coritir~uous corridor activity, as well as 
with other bchavioural mcasures. Shc has further 
showri that some behavioural tcsts cxhibit a clcar 
dosc-rcsponsc relationship to doses as low as 0.25 Gy 
(thc lowcst dose used in hcr cxperirncnt), allhough 
scvcral bchavioural parameters wcre not altered by 
radiation. Jensh ct al. [J4, J5] have described similar 
findings in the Wistar rat at doses of 0.2 Gy and 
highcr, but they concluded that all of thc paramelcrs 
they had studicd had thresholds at or above 0.2 Gy. 
Kimlcr ct al. [K6] have shown that the organ most 
scnsitivc to radiation-induccd altcrations changcs: i t  is 
thc pituitary gland at gestational day 11 and thc 
primitive cortcx of thc brain at days 13-17, with a 
pcak of sensitivity at day 15. They furllrcr notcd that 
a spcctruni of rcl;ltcd functional and riiorphological 
dcficib can be produced cvcn by low-dose in liter0 

irradiation (0.25 Gy), with the specific end-poilit 
showing the grcatcst change bcing dctcnnined by thc 
day on which cxposurc occurs. Finally, Minaniisawa 
ct al. dcmonstratcd an effcct of aggressive bchaviour 
in adult male mice following fetal cxposurc to 
ganiniarays [M24]. Thcsc anatoniical arid bchavioural 
cspcri-mental rcsults accord surprisingly well \vilh 
what has bccn sccn in the human (for a comparison 
see [S24]). 

120. Still other ncurophysioiogic cffccts, with 
diffcrcrit critical periods, havc been idcntificd. Rcccnt- 
iy, for cxamplc, it  has bcen shown that micc irradiated 
prenatally on day 18 (corrcsponding, roughly, to wcck 
33 in thc human) suffer a significant loss in spatial 
mclnory [S16]. The integrity of spatial nicmory ap- 
pears to dcperid on the propcr dcvclopmc~it o r  thc hip- 
pocariipus, a pri~nitive, anato~nically distinct part of 
the cortcx lying bcncath thc ccrcbrai hcririsphcrcs. Tliis 
structure arises rclativcly late in thc dcvclopnicnt of 
tlie human brain, hut daniagc to it ~ C S U ~ L F  in a rccog- 

nizcd cognitivc dcfcct cliaractcri7cd by scvcrc ariincsia 
arrd includes dcficils in  learning m;i;.cs. Morcovcr, 
tlicrc is cvidcrice Uiat associates a rcductiori in thc 
~)yramidaI cclls within thc Iiippocarnpus with nicmory 
i~irpairnicnt. 

121. Analogous bchavioural changcs have bccri seen 
in priniatcs following prcriatal csposurc [OIO]. B r~zzee ' 

ct al. [B12], for cxan~plc, havc rcportcd that thc 
cxposurc of squirrcl nionkcys on days 89  and 90 of 
gestation to 6 0 ~ o  gamma-radiation at doses of 0.5 or 
1.0 Gy rcsults in lcss accuratc and poorly coordinated 
rcncxcs and ncurornuscular coordination. The 
pcrccntagc of corrcct rcsponscs in tcsts 011 visual 
orientation, discrimination and rcvcrsal learning wcre 
significantly lower in the exposed animals than in the 
controls. At doses of 0.1 Gy, no structural or 
bchavioural altcrations wcrc secn: howcvcr, the 
authors conjccturc that more sensitive behavioural 
testing arid thc use of con~putcrizcd microscopic 
tcch~iiqucs (and, possibly, tlrc compulcr-aided mapping 
oS specific ricuronal populations [K9]) will reveal 
changes. 

122. I t  is difficult to put thesc observations into a 
pcrspcctive suitable to thc purposes of this Anncx: the 
tcsts used to measurc cortical dysfunction havc no 
obvious human counterparts, the nature of the dose- 
response relationship is often clouded by tlie large 
inhcrcnt variability in the cnd-points measured, and so 
forth. Morcover, abscopal effects cither in thc 
cspcrimental animal, the human or both cannot be 
excluded. Slovitcr el al. [Sl l ] ,  for cxample, have 
shown that adrcnalectomy of adult malc rats results in 
a ncarly complctc loss of hippocampal granule cells 
3-4 months after surgcry. The hippocampus, as 
previously stated, is involved in Icaniing, nicmory arid 
a varicty of other bchaviours and is known to be the 
targct of adrenal steroids. How widespread this 
plrcnonicnon may be is not known, nor is it clcar that 
radiation-rclatcd damagc to thc adrcnals would effect 
siniilar ch;~ngcs. Howcvcr, damage to the adrenals 
fro111 prenatal exposure has bccn sccri in thc human 
IDS, Yl]. 

123. Sutntt~ary. Thrcc general coriclusions sccm 
warranted from the expcrirnenlal evidence. First, it 
apl)cars clcar that low doses (that is, doscs in the 
range of 0.2 Gy or so) producc measurable bcha- 
\rioural and anatomic effects. Secondly, behavioural 
rlla~lgcs have their structural counlcrparls in the 
arcliitccturc. of the brain. Thirdly, there is ;I high 
dcgrcc of functional specificity in  tlrc information 
transmitted over ncural systcms. 
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Ill. RISK ESTIMATES 

124. Quantitative risk estimates for radiation damage 
to the brain after prenatal exposure of human beings 
arc of importance because they have practical implica- 
tions for radiation protection. tlowcvcr, the 11~1niin 
data on which to base such estimates arc limited and 
imperfect. The data on the survivors of the atomic 
bonibings of Hiroshima and Nagasaki provide the 
primary basis for Ulc risk cv;~luation. As described in 
Chapter 11, four types of observation are available 
from these data: 

the frequency of severe mental retardation 
recognized clinically; 
the diminution of intelligence, as measured by 
co~lventional tcsts; 
scholastic achievemc~~t in school; 
the occurrence of unprovoked seizures. 

Each has its limitations, and there must be an aware- 
ness, when interpreting the available information, of 
these limitations and other difficulties. However, until 
more direct measures of brain damage, such as cell 
dcath or impaired cell migration, are available, these 
observations are the only ones on which risk estimates 
can be based. Unquantified clinical descriptions arc of 
little assistance, and experimental data, though 
important qualitatively, provide an uncertain basis for 
quantitative estimates of prenatal risks in humans. 

125. One of the most important problems in 
estimating the risk to the developing brain from expo- 
sure to ionizing radiation is the shape of the dose- 
response relationship. As stated, much of the data that 
have helped to identify the tcratogenic effects of 
radiation have limited applicability, for either the 
doses are too poorly known or too invariant to permit 
discrimination between different plausible models. The 
information on the atomic bomb survivors represents 
one of a very few sets of data that may be relevant. 
But even here, the ~nultiplicity ofways in which radia- 
tion could affect the normal development of the brain 
and culminate in cortical dysfunction makes it hard to 
assess the reasonableness of an observed dose- 
response relationship. This limitation will remain until 
the different causes of a neurological deficit of an 
organic nature can be distinguished one from another. 

126. As stated in paragraph 84, it is presently unclear 
whether the cases of mental retardation seen among 
the prenatally exposed survivors of the atomic bomb- 
ings of Hiroshima and Nagasaki represent malfornia- 
lions or instances of maldevclopment. Their origin can 
be perceived eilher as involving a dose-related largc 
effect on a small number of individuals or as a small 
effecl on a largc number or, conceivably, a mixture of 
UIC two. Since Ihe suggested shift of the IQ curve 
towards lower values must increase Ihe frequency of 

rncritally retarded individuals with increasing dose, the 
fall in IQ and the increase in severely mentally 
rctarded individuals with dose may be interrelated. 
Iodccd, the observed increase in nicnti~l rctardation in 
the nilical 8-15 week period and the shift in mean IQ 
in this same interval of time can be shown to be 
niathcn~atically compatible. This fact has led the 
lr~tcn~ational Conimission on Radiological Protection 
(ICRP) to conclude that tlie shift in IQ "appears to be 
a deterministic effect, probably with a threshold 
dctcmiined only by the minimum shift in TQ that can 
be clinically recognized" and to assert further that "the 
observed shift of 30 IQ units per SV is best suited to 
describe the risk" of radiation-related mental impair- 
ment 1121. The Commission also concluded that "if 
both observations (alluded to above) are correct, the 
most likely interpretation is that the dose required to 
cause an IQ change large enough to make an other- 
wise normal individual mentally rctarded would be 
high, while the dose that would bring an individual 
with potentially low IQ over the borderline may be a 
few tenths of a Svn. 

127. It should be noted that ICRP interpretation of the 
data stemming from the studies in Japan has not gone 
unchallenged, most notably by Mole [Mu] .  He argues 
that the ncuroembryology a ~ ~ d  plasticity of the brain 
do not support this interpretation, that the correlation 
between the shift in IQ and the occurrence of severe 
nlental retardation reflects the way in which IQ tests 
arc coristructcd and is not indicative of a common 
underlying biologic process, and that the data are 
actually better described by a threshold model, with 
lhe threshold being in the neighborhood of 0.5 Gy. 

128. Mole contends that the interpretation of the 
damage to the developing brain depends upon the 
choice between two competing proposals about the 
mechanisni of construclio~~ of the primitive ccrcbral 
cortex. One of these hypotheses, the radial column 
hypothesis, argues that the development of the cere- 
bral cortex arises through the radial migration of 
neurons from their sites of birth to predetcnnined 
destinations in the cortex, forming, as they move, 
radial colur~ins with specific functions (see, in 
particular, [R12, R131). The ohcr hypothesis (see 
[W8, W141) asserts that tlie migration of neurons is 
not limited lo outward radial movement but can occur 
in other directions and over longer distances than 
ellvisaged by the radial colun~n hypthesis. He argues 
that ICRP in favoring Ule ri~dial column hypothesis has 
erred in denying the plasticity of the human brain. 
This argument is specious for at least two reasons. 
First, the hypolheses slated briefly above arc not 
competitive but supplemcnlal; it is not a matter of the 
choice of one and the rejection of the other. Evidence 
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clearly exists for both n~cchanisms of migration. This 
should not be unexpected, since collectively they 
afford ;In explanation for both the kr iow~~ plasticity of 
tlrc hunian brain and the necessity that some cortical 
fu~rctions be rigidly encoded. This does not deny 
~~lastici ty,  but asserts that cortical functio~r is ;r 
complex process some portion of which is conscrva- 
live. Secondly, ICRP, while favoring the radial co lun i~~  
Irypothcsis, docs not assert that all migration of 
ncurorial cells must conform to this hypothesis. They 
do note, however, that the radial column hypothesis 
provides a basis for presuming that some srrlall 10citl 
lesions could have lasting effects on mental function. 

A. KISK FROM ACUTE EXTOSURE 

129. Re-evaluation of the data on the survivors of the 
atomic bombings of Hiroshima and Nagasaki has pro- 
vided a new perspective on the pcriods of sensitivity 
of the developing brain to radiation-related damage 
and the possible nature of the dose-response relation- 
ship. These findings have been described in some 
detail previously. The main points that specifically 
concern risk estimation are the following: 

(a) the period of maximum vul~~crability to radiation 
appears to be the time between 8-15 weeks after 
owlation, that is, the interval when neurons are 
produccd in greatest number and when they 
migrate to the cerebral cortex; 

@) a period of lesser vulnerability occurs in the 
succeeding period, 16-25 weeks aftcr ovulation. 

know, a priori, what the appropriate dose-respo~lse 
niodel should be, since mental rctardation could arise 
through a variety of different biological or genetic 
events, ranging from cell killing to niismanagcd 
neuronal rnigratio~i lo errors in synaptogcncsis or to 
solrle combination of lhcsc cvenb. Each of these 
processes could have its own unique, but currcritly 
ulrknown dose-response rclationship. Accordingly the 
Co~nmittcc has elected not to fit a specific model or 
nrodcls but to cite the risks as they have been 
observed empirically. 

131. Although the Committee docs not believe that a 
linear dose-rcspo~ise model has much, if any, biologi- 
cal credence, prudence suggests thc need to examine 
such a model, since presumably it would maximize the 
cstimatcd risk at low doses. Within the most vulner- 
able age group (irradiation at 8-15 weeks after 
ovulation), the incidence of severe mental rctardation 
at 1 Gy is 0.39, with a standard error of about 
0.09 G~.'. 

132. In fetuses exposed to radiation in the period 16- 
25 weeks after ovulation, the prevalence of severe 
mental retardation at estimated mean doses to the 
nlother's uterus of 0,0.05,0.23,0.64 and 1.38 Gy was 
0.6%, 1.8%, 0%, 0% and 37.5% (Table 4). Thus, the 
orlly demonstrably increased risk occurs at doses 
estimated to be 1 Gy or more. 

2. Small head size 
- - 

This period accounts for about a quarter of the 133. A variety of dose-response relationships, with 
apparently radiation-related cases of severe and without a threshold, have been fitted to the data 
mcntal retardation; on hcad size grouped by trimester and post-ovulatory 

(c) the least vulnerable period is 0-7 weeks aftcr age (weeks) at exposure. A significant radiation-related 
ovulation, during which no radiation-related effect on the incidence of individuals with a small 
cases of severe mental retardation occur. head was rioted only in the f i s t  and second trimesters 

However, as previously stated, wilhin the 0-7 week 
pcriod, a higher proportion of exposcd embryos fail to 
survive gestation, and it may be that brain-damaged 
embryos are less likely to survive to an age where 
their handicap can be recognized clinically. Moreover, 
a significant increase in the incidence of individuals 
with an atypically small head, presumably due to 
generalized growth retardation, docs occur in bcse  
weeks. 

130. In fctuscs exposed to radiation in the period 8-15 
weeks aftcr ovulation, the prevalence of severe menlal 
retardation at cstiniated mean doses to the mother's 
utcrus of 0, 0.05, 0.23. 0.64 and 1.38 Gy, was 0.8%, 
4.5%, 1.8%, 20% arid 75% (Table 4). Within this 
period of niaximum vulnerability, it is difficult to 

and for the 0-7 week and 8-15 week pcriods after 
ovulation. It is worth noting that these findings are 
similar to those of Miller and Blot [M3], when allow- 
ance is rrrade for the difference in dosinictry (they 
used the T65 maternal kernla) and some subsequent 
small changes in the data. They observed "a progres- 
sive increase with dosc in the frequency of the 
abnormality (small head circun~ference) among per- 
sons whose mothers were exposed before the 18th 
week of pregnancy". When exposure occurred in the 
first trimester, the risk of an atypically small hcad 
suggests a possible linear-quadratic dose-response 
relationship. Both linear and quadratic terms are 
significant, but the quadratic tern] is negative. The 
results of fitting a linear-quadratic model to the 0-15 
wcek pcriod after ovulation suggest a linear dosc- 
response rclationslrip (Figure 11). No excess risk for 
small head size is seen in the third trimester or among 
i~rdividuals exposed at 16 weeks or tnore iiflcr ovula- 



t i o ~ ~ .  Tlic cstiniatcd threshold, bascd on cithcr a lincar 
or a linrar-quadratic dose-rcsponsc rclationship, is zcro 
or ncarly so. This apparent abscncc of a thrcstiold and 
tlic somcwhat differc~~t periods of dcvclopmcntal 
vul~icrability suggcst an crl~bryological diffcrcncc in  
tlic cvcnts culminating in small hcad sizc, on tllc onc 
Ii;ilid, and scvcrc riicl~tal rctardation, on the otl~cr. 

134. The rclationship of small hcad sizc to cxposurc 
lo ionizing radiation and gcstatio~~al wecks was cva- 
luatcd using four physical rncasurcnients of growth 
and dcvclopmcnt: standing hcight, wcight, sitting 
hcight and chcst circumfcrcncc. These variables arc 
highly correlated. Accordillgl y ,  the four nicasurcmcnts 
wcrc cvaluatcd as a set, using a multivariate analysis 
with cstirnatcd DS86 dose and gestational week as co- 
variatcs and sex and small hcad size as categorical 
factors. A retardation in growth is observcd among 
i~~dividuals with a small head, with or without severe 
nicrital retardation, when their physical mcasurcnicrlts 
arc comparcd with thosc of individuals with a "nor- 
~na l "  llcad sizc. 

135. In order to irivcstigatc the possibility of growth 
rctardation using the four physical mcasurcments 
simultaneously, a niultivariatc analysis of covariancc 
was attempted, using data for individuals 10-12 and 
16-18 ycars old, for whom comparatively largc num- 
bcrs of obscrvations wcrc available. The rctardation of 
growth with increasing radiation dosc is observed at 
aln~ost all ages, as judged by the negative cstimatcs of 
UIC dosc parameters associated with thc four mcasurc- 
mcnts. Howevcr, a statistically significant rctardation 
of growth and dcvclopmcnt, after adjusting for con- 
founding factors bascd on scx, small hcad and gesta- 
tional age, is notcd only at 17 years of age with or 
without inclusion of scvcre nicntal rctardation and at 
18 ycars of age with the severe mental retardation 
cascs included. At 16 ycars of age there is a sug- 
gcstivc retardation of growth among individuals with 
sriiall hcad size and scvcre mental rctardation (p < 
0.10). At all othcr agcs, no statistically significant 
rctardation of growth is observed; howcvcr, as pre- 
viously notcd, at thcsc agcs too, growth sccnis to 
dilliinish as thc radiation dosc increases. I t  rliust be 
borric in mind that whcrc a statistically significant 
cffcct of radiation on growth is not scen, the pubertal 
growth spurt and its variability in age of onsct could 
incrcasc the gcncralizcd variancc of the measurcnicnts, 
diriiinishing the sensitivity of the statistical tests. This 
co~ijccturc is not suppor~cd, howcvcr, by a tcst of the 
homogeneity of the gcncralizcd varianrcs, si~icc tllesc 
can~lot be shown to bc sigl~ificantly heterogeneous. 

136. Post-ovulatory agc is statistically significant and 
ncgalive lor all cocfficicnts associated with the four 
physical measurcmcats, cxccpt for chest circumfcrcncc 
at 1 0  ycars of age, with or without the inclusion of 

individuals with scvcrc ~ n c ~ ~ t a l  retardation in the 
analysis. Individuals with small Iicads, with or without 
thc inclusioa of the cascs with scvcrc mcntal rctarda- 
tion, rxl~ihit a liiglily significant rctardation of growth 
and dcvclopmcr~t with gcs1;rtional agc at cxposurc, as 
judgcd by ~ h c  four physical mcasurcmcnts. Why this 
should bc tnic is not obvious. But sincc the mcasure- 
nicnts tlcclinc as gestational agc incrcases, it suggcsts 
that thcrc may havc bccn sonic selcction for body sizc 
in tlic carlicr gestational agcs. Expressed in another 
way, ilidividuals who survived cxposure in thc early 
stages of gestation may havc rcprcscntcd healthier 
prcgaancics, on avcragc, Ihat wcrc thercforc destined 
to give risc to largcr childrcn and young adults. If this 
wcrc truc, i t  would be rcasonablc to assume that no 
gestational age cffcct would bc observed if the com- 
parisons wcrc restricted to thosc sample members who 
were either not exposed or cxposcd to estimated doses 
of lcss than 0.01 Gy. Whcn thc data are so restrictcd, 
howcvcr, tlic cffcct of gestational age remains, and its 
origin is unclcar. 

3. Diniinution in intelligence 
and academic performance 

137. Thc obscrvations on intelligence tests and school 
pcrfornial~cc suggcst the sanlc two post-ovulatory agc 
pcriods of vulncrability to radiation. The period 8-15 
weeks again shows the grcatest sensitivity, although 
with the data available so far, it has not been possible 
to establish the form of the dose-response relationship 
unequivocally. However, within the post-ovulatory age 
group most sensitive to the occurrence of clinically 
recognizable scvcrc mental rctardation (exposurc 8-15 
wceks aftcr ovulation) the di~~iinution in IQ undcr the 
lincqr rnodcl is 21-33 points at 1 Gy, based on thc 
new dosinic~ry and the specific sct of observations 
uscd. 

138. A linear-quadratic modcl does not gencrally 
provide a better fit to the ir~tclligcnce tcst data (see 
Tablc 7), nor docs it reveal pcrsuasivc cvidence of 
curvili~lcarity in thc dose rcsponsc in the most critical 
post-ovuliltory age group. Howevcr, the significance of 
the cffcct at 16-25 weeks aftcr ovulation is more cqui- 
vocal with a linear-quadratic model than with a lincar 
one. Rcgrcssion cocfficicnts obtained in fitting lincar 
and lincar-quadratic models to school performance 
rcsulb arc shown in Tablc 8. 

139. Tlic cffccts of diminislicd nicntal capacity 
considcrcd hcrc result fro111 darnagc to thc ccrcbrum in 
prcnatillly cxposcd individuals. Although cxpcrimcntal 
studics IA2, C12, H20] arid case reports [BI ,  D5] 
havc cstablishcd that the ccrchcllunl is sensitive to 
radiation darnagc, no evidence has emerged from the 
studics of thc prenatally cxposcd survivors in Hiro- 
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shinia and Nagasaki of such damage, and for several 
reasons i t  may be difficult to identify. First, Purki~~jc  
cells, the only efferent neurons in the ccrebelluni, arc 
proliferating and migrating in the same dcvclopnicntal 
period as the ncuronal cells that populate the cerebral 
cortex, so damage to precursors or differentiated Pur- 
kinje cclls would occur at the same tinic and might be 
inseparable from damage to those cclls that give rise 
to the cerebral cortex [Zl]. Secondly, the granular 
ncurons, the most numerous nerve cclls in the cere- 
bellum, retain their proliferative abilities after birth 
and could, in theory, repopulate areas of the develop 
ing cerebellum that were damaged by radiation. To the 
extent that this occurs, granular cell damage might be 
mitigated. Estimates of the risk of damage to the 
cerebellum following prenatal cxposure, based on 
f i e d  or progressive neurologic deficit, are presently 
not possible. No evidence of damage to the mid-brain 
or the brain stem following prenatal cxposure has bccn 
reported; accordingly, radiation risks to these parts of 
the central nervous system cannot be estimated. 

4. Seizures 

140. The risk ratios for unprovoked seizurcs, follow- 
ing cxposure at weeks 8-15 after ovulation are as 
follows: after doses of 0.1-0.49 Gy, 4.4 (90% CI: 0.5- 
40.9); after doses of 20.5 Gy, 24.9 (90% CI: 4.1-192, 
mentally retarded included); 14.5 (90% CI: 0.4-200, 
mentally retarded excluded). Table 9 gives the results 
of fitting a linear response model to the grouped dosc 
data including and excluding the severely mentally 
retarded. 

141. It is not clear which of these sets of risk ratios, 
that based on the inclusion or that based on the ex- 
clusion of the mentally retarded, should be given the 
greater weight. The answer hinges ultimately on the 
mechanisms underlying the occurrence of seizures and 
mental retardation following prenatal exposure to ion- 
izing radiation, and these are presently unknown. If 
seizures can arise by two independent mechanisms, 
both possibly dose-related, one of which causes seiz- 
ures and the other of which causes mental retardation 
in somc individuals who are then prcdisposed to deve- 
lop seizures, the mentally retarded must necessarily be 
excluded if one is to explore the dose-response rcla- 
tionship associated with the first mechanism. If, how- 
ever, mental retardation and seizurcs arise from a 
common brain defect, which manifests itself in some 
instances as mental rctardation and in other instances 
as seizures, then the mentally retarded should not be 
excluded. 

142. At present the only evidence suggesting a com- 
mon radiation-related developn~cntal defect is the oc- 
currence of ectopic grey matter in some instances of 

both disorders. However, even lllis cvidencc is diffi- 
cult to put into perspective, because while it is known 
Uiat ectopic grcy matter occurs among some of the 
radiation-related instances of nicntal rctardation, the 
observation of cctopia in individuals with scizures is 
based on other studies. As yet, there has bccn no in- 
vestigation of the incidence of ectopic grcy matter 
anlong the prenatally exposed survivors of the atomic 
bo~t~bings of Hiroshima and Nagasaki who have 
seizurcs but no mct~tal retardation. 

143. A search for a threshold in the occurrence of 
seizurcs (see Table 10) discloses the following: the 
central values of h e  threshold for all seizurcs range 
between 0.11 and 0.15 Gy in the most critical period, 
that is, 8-15 weeks after ovulation, and the estimates 
arc even lower for unprovoked seizures (0.04-0.08 
Gy). In all of these instances, however, the lower 95% 
bound on the threshold includes zero, so Ihe data 
provide no compelling evidence for a threshold. 

B. RISK FROM FRACTIONATED O R  
CHRONIC EXPOSURE TO NEUROTOXINS 

1. Ionizing radiation 

144. Little is known about the effects on the 
developing human embryo and fetus of fractionated or 
chronic exposures to ionizing radiation. Given the 
complexity of brain development and the differing 
durations of specific developmental phenomena, it is 
reasonable, however, to assume that reducing the dose 
rate or dosc fractionation will have somc effect. The 
hippocampus, for example, and the cerebellum 
continue to have limited neuronal multiplication, and 
migration does occur in both organs. Changes continue 
in the hippocampus and cerebellum into the first and 
second years of life. Continuing events such as these 
may show dose-rate effects differing from those 
associated with the multiplication of the cclls of the 
ventricular and subventricular areas of the cerebrum, 
or thc migration of neurons to the cerebral cortex. 

145. Most of the information available on the effecls 
of dose rate involves the experimental exposure of 
rodents. Since thcsc findings have been summarized in 
previous reviews (see, e.g. [Kl l ,  M19, U2. U4]), 
attention here is restricted to only one or two 
representative observations. Brizzee et al. IBIO] (see 
also [Jl]) have examined cell recovery in the fetal 
brain of rats. Pregnant rats were exposed to 6 0 ~ o  
radiation on gestatior~ day 13 in single doses, ranging 
from 0.25 to 2 Gy in incrcnicnts of 0.25 Gy, and in 
split doses of 1 Gy, followed 9 hours later by a 
second dose of 0.25 to 1.5 Gy, again in increments of 
0.25 Gy. The animals were disected and exanii~~ed on 
the day 19 of gestation. The incidence and severity of 
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tissue alterations generally varied directly with dose 
and wcre clearly greater in single dose than in split 
dose groups with the same total exposure. The authors 
observed chat "the presence of a threshold (shoulder) 
zot~e  on the dosc-response curve in the split-dose ani- 
mals suggests that cell recovery occurred in some 
dcgrce in the interval between the two exposuresn. 
This reduction in damage wit11 the protraction of dose 
seems greater for continuous gamma-ray exposure than 
for scrial, brief x-ray exposures, and it has been 
argued that this may indicate a further sparing when 
the protracted dose is evenly distributed over time 
[M19]. If true, this obviously has important regulatory 
implications. 

146. Recently, Vidal-Pergola et al. [Vl ] reportcd 
resulls of fractionated prenatal doses on poslnatal 
development in Sprague-Dawlcy derived rals. Their 
experiment consisted of exposing pregnant females to 
single doses of 0.5 or 1.0 Gy, or to two doses of 
0.5 Gy 6 hours apart. Ofkpring were subjected to four 
behavioural tests (negative geotaxis, reflex suspension, 
continuous corridor activity and gait) on postnatal days 
7-28. The rats were then sacrificed, and the brains 
wcre removed and processed for histology. For all 
four bebavioural end-points, the fractionated dose 
produced an effect that was intermediate between the 
0.5 and 1.0 Gy doses and that, by linear interpolation, 
could be expressed as equivalent to a single dose of 
about 0.7 Gy. Mcasurcments of the upper four layers, 
the lower two layers and the total thickness of the 
sensorimotor cortex in the dose-fractionated group 
revealed significantly lcss damage than was seen at a 
single dose of 1.0 Gy but more than that seen at a 
single dose of 0.5 Gy. Reyners el al. [RU] have 
examined the effects of protracted exposures to low 
doses ofgamnia rays on Wistar rats from day 12 10 16 
post conception and found a significant reduction in 
brain weight at an accumulated dose as low as 
160 mGy. 

147. Newly developed techniques for the culturing of 
ncuronal cells in virro make such cell studies more 
practical now than in the past. For example, the nlcans 
cxist to culture cells from a snippet of the embryonic 
forcbrain of the mouse (see, e.g. [F2, H15, H161). 
These cells, when dissociated and plated in a 
monolayer, will form structures with a well-defined 
lumen and dispose themselves radially around the 
latter much like the proliferative zones seen in the 
fetal brain. The cells will divide, become post-mitotic, 
as cvidenced by UIC presence of neural filament 
protein, and actually migrate to the periphery of the 
globular aggrcgalc. At about 5-7 days after the 
formation of the aggregates, they collapse, presumably 
for want of a supporting structure, and although the 
cclls will continue to divide and migrate, they no 
longer have a well-defined architecture. No studies 

have been published describing U I ~  cl'fcct of exposure 
to ionizing radiation on this sequence of evcnts in 
these cultures. However, even a week could be long 
enougl~ to determine whether radiation docs alter, even 
transitorily, UIC surface properties of these neuronal 
cells, muc11 as Feinendcgcn ct a]. reported for 
haematopoictic stem cclls [F3, F4]. The measurements 
oil tlic l~acmatopoietic stem cells are essentially 
indirect, but given the existence of specific 
monoclonal antibodies to a variety of the neuronal cell 
adhesion molecules and cytoskeletal proteins, a more 
direct test of alterations in the neuronal or glial cell 
membrane or the cytoskcleton of the neuronal cell is 
possible. If such studies arc to be informative, 
however, it will be necessary to demonstrate that the 
changes seen in vilro parallel changes in vivo and are 
not merely the consequence of the experimental 
manipulatiot~s. 

2. Neurotoxic cheniicals 

148. Sotnc insight into the nature of the develop- 
mental effects to be anticipated from chronic radiation 
exposure may come from toxicological effects in 
embryos and fetuses exposed to toxic chemicals [W3, 
W4, W5]. In Minamata, Japan, where the bay and its 
marine life were contaminated by methylmercury, 23 
of 359 children born between 1955 and 1959 showed 
symptoms of cerebral palsy, a proportion 10 to 60 
times higher than normally expected. Fetal exposure 
reduced brain weight in severely poisoned children to 
one half or less of normal, and abnormal cells could 
be seen distributed throughout the brain. Severe, 
permanent central nervous system damage leading to 
behavioural and other neurological disorders was also 
seen in Iraq, where seed grain contaminated with 
~nethyln~ercury was used as food. These incapacitating 
consequences were often observed in children of 
mothers whose most comrnon symptom of methyl- 
mercury poisoning during pregnancy was a mild, 
transient paraesthesia. Such observations suggest that 
the cnlbryo and fetus are much more sensitive to 
methylrt~ercury than the mother, but it should also be 
noted that methylmercury accumulates to higher 
concentrations in the blood and tissues of the enibryo 
and fetus than in those of the mother [I3, W6). 

149. The fetal alcohol syndron~e offers another 
possible paradigm. Abnormalities of the central 
nervous system, particularly mental retardation and 
sniall head size, are also the nlost pronounced eflects 
of heavy inlra-uterine exposure to alcoliol [S6]. The 
averagc IQ of individuals with fctal alcohol syndronie 
is about 65, although scores niay vary from 16  to 105 
IS7]; also, the severity of the mental retardation 
correlates with the severity of the dysmorphic features 
in the iedividual. Clarren et al. [C3, C4] (see also 



[H4]) have noted that areas of ectopic grey mattcr in 
thc frontal and temporal white regions of Ihc ccrrhral 
hcmisphercs and leptomcningeal ncuroglial hctcro- 
lopias, both evidences of abnormal ccll migration, arc 
common among infants with fetal alcohol syndrome. 
This appears truc not only aniong thosc infants born to 
chronically alcoholic mothers, but also those born to 
wonlcn who dcscribe thcmsclves as infrequent drinkcrs 
who have occasional cpisodcs of intensive drinking. 

150. It is generally assumed that the tcratogenic effect 
of alcohol, insofar as abnormalities of the central 
nervous system arc conccn~ed, is initiated during tbc 
first trimester, but this has not been well cstablishcd. 
Given the commonly chronic naturc of the exposure, 
it is not surprising that the sensitive period is 
impcrfcctly known. Rcnwick et al. [R9], using an 
argument based upon seasoriality in the prevalence of 
fetal alcohol syndrome, on the one hand, and ethanol 
use, on the othcr, suggested that thc damage may 
occur as late as weeks 18-20 of gestation. Since they 
apparently measured gestation from thc last menstrual 
period [Rg], this corresponds to 16-18 weeks after 
ovulation and suggests that the vulnerable periods for 
alcohol use and cxposurc to ionizing radiation niay bc 
similar. It should be noted, however, that lepto- 
meningeal hctcrotopias of the kind observed in fetal 
alcohol syndrome have not been reported in either 
humans or other primates exposed to ionizing radia- 
tion, although heterotopic grcy matter has been seen, 
as previously described. Thcse leptomcningeal neuro- 
glial heterotopias are seen as a shcet of neural and 
glial tissue that covers a part of thc brain surfacc arid 
may partially incorporate the pia matcr. They are 
apparenuy continuous with the molecular layer of the 
cortex and may represent a persistence of its subpial 
granular layer [B8]. If so, thcy arise somewhat latcr, 
probably after wcck 24 [B8, 221. Thc aberration in 
migration that occurs appears less a failure of the 
neurons to move from the pcriventricular proliferative 
areas than an inability to rccognize whcn to stop; the 
cells commonly migrate beyond their normal sites of 
final differentiation. 

151. Furthcr insight into the effects of ionizing 
radiation on thc developing human brain is to be 
found in the neurotoxic effects of prenatal expwurc to 
lead (see, c.g. [M22, S19, S201). Although the toxic 
effects of this metal are many and varied, four find- 
ings appear especially pertinent to this Annex. First, 
the effects of prenatal exposurc to lead on the dcve- 
lopnient of the ccntral nervous system nppear to be 
lincar over a widc rangc of doses. For example, the 
dccline in performance on the Bayley Mental Dcvelop 
mcnt Index, which has a mean of 100 and a standard 
deviation of 16, is 2-8 points per 10 pg of lead pcr 
decilitcr of blood IM22]. But the epidemiological data 
do not allow a threshold to be established with con- 

lidcncc. Lincarity docs not seem to be truc for all 
r~curotoxic effects, howcvcr. The lead-rclated impair- 
lrlcnt of peripheral ncrvc conductance, for cxaniple, 
appcars to follow a quadratic dose-response cunre, 
suggesting that a threshold may exist for this effect 
[S21]. In this instance ncurotoxicity apparently 
requires the recruitment of scvcral nerve fibcrs if a 
dysfunctional state is to obtain. This suggests that the 
shape of thc dose-rcsponsc rclationship is intimately 
rclated to thc dcvelopmental biology of the end effect 
measured. Sccondly, since there are no absolutely 
lead-free societies, it is not possible to compare lead- 
free situations with those involving vcry low levcls of 
lcad cxposurc in ordcr to dcterniine whether there arc 
non-monotonic regions in the empirical dose-response 
relationship. This situation is similar to that involving 
exposure to ionizing radiation. Thirdly, there is 
substantial evidence supporting the notion that lead 
toxicity involves molecular interactions of this metal 
with calcium and sodium [S19]. Given the ubiquity of 
cxposurc to lead, its effect on the transmembranal 
influx of calcium and the possible role of N-type 
calcium channels in neuronal migration, this suggests 
the need, in the case of ionizing radiation, to explore 
carefully thc molecular and cellular mechanisms that 
may subtcnd radiation damage. Finally, in so  far as 
lcad provides a paradigm for the potentiation of radia- 
tion-related effects on the central nervous system 
Lhrough other toxic exposures, it is important to 
recognize that evaluation of the mother at the time of 
pregnancy may not predict the actual exposurc of the 
embryo or fetus to a neurotoxin. In the case of lead, 
thcrc is cviderice that bone stores of h i s  metal can be 
mobilized during pregnancy and cause rapid changes 
in internal exposure. 

152. Brock ct al. [B l l ] ,  as well as others, havc shown 
that chemically induced injury to the postnatal mam- 
malian brain is often manifested by alterations in .the 
cytoarchitecture of specific neuroanatomical regions. 
More importantly, they havc shown that these anato- 
mic changes are accompanied by quantitative changes 
in the protcins associated with specific ccll typcs. 
Thus, for example, thc organometallic compound tri- 
methyltin, which preferentially destroys the ncurons of 
the limbic system, depresses the concentration of the 
synaptic vesicle protcins synapsin I and p38 but 
increases that of glial fibrillary acid protcin (GFAP) in 
a dose-related manner. This suggcsts a widespread 
astrocytic response to the chemical, since GFAP is the 
major protein of intcrmcdiate filaments in astrocytes. 
Presumably trimethyltin stimulates aslrocyte division 
and, possibly, othcr glial elcmcnts as well. Whether 
this also occurs in the prenatal brain is not clear; 
however, it is known that the radial glial cclls that 
provide guidance during migration of the immature 
neurons to h e  cortex will ultimatcly devclop into 
astrocytes and, possibly, oligodendroglial cclls [CS] 



once their guidance functiol~ ceases. Astrocytes have 
many neuronal characteristics, such as neurotransmitter 
receptors, ion channels and neurotransniittcr uptake 
systems. Moreover, i t  has been shown that cultured 
astrocytes express certain ricilropcptide gel~es prefer- 
entially and specifically for the brain region from 
which the cultured cells were derived, suggesting that 
the pcptides synthcsizcd in astrocytes niay play a role 
in the development of the central nervous system 
[SIO]. 

153. Summary. The information available on exposure 
of the developing human brain to protracted doses of 
ionizing radiation is still too limited to perrnit esti- 
mates of risk at low dose rates; however, the animal 
data that are available suggest that the risk is lower 
but the degree of attenuation is uncertain. Moreover, 
it is difficult to extrapolate this infomiation to the 
human case because of the differences in duration of 
the relevant neuroembryologic events. Data on expo- 
sure to neurotoxic chemicals have provided some 
insight into the molecular and cellular events asso- 
ciated with such exposures, which may be pertinent to 
radiation-related brain damage. 

C. UNCERTAINTIES 

154. Estimates of risks from prenatal radiation 
exposure of h e  developing human brain have been 
derived only from the high-dose-rate, acute exposures 
of survivors of the atomic bombings of Hiroshima and 
Nagasaki. Many uncertainties are associated with these 
risk estimates. They include the limited nature of the 
data, especially on mental retardation and seizures, the 
appropriateness of the comparison group, errors in the 
estimates of the tissue absorbed doses arid in the 
cstimates of prenatal ages at exposure. Moreover, there 
are other confounding factors that would play a role. 
Socio-economic circumstances in the final year of the 
war and immediately thereafter were stringent, affect- 
ing both the availability of food and the resources to 
treat diseasc. Thus, maternal nutrition and hcallh status 
and the possibility of i~rtercurrent disease could 
contribute to higher risks than might be seen other- 
wise. 

155. Sample size and comparison group. Only 21 of 
the 30 severely mentally retarded individuals in the 
Clinical Sample received fctal absorbed doses esti- 
niated to be 0.01 Gy or more, and three of these had 
health problems that could account for their retarda- 
tion, making it unrelated to radiation (two cases of 
Down's syndrome and one case of Japanese encephal- 
itis in infancy). With their removal, there are only 18 
cases in the critical period without known cause and 
might be attributable to exposure to ionizing radiation 
or other factors. 

156. As to t l ~ r  comparisor~ group, the atomic homb- 
ings rcsulted in cxceptiol~al circun~stances that could 
lave  altered the normal frequency of severe mental 
retardation or have iritcracted non-additively with 
exposure. However, compi~rison of the frequency of 
~iiental rctilrdation among cl~ildren whose mothcrs 
were present in the city at the time of the bombing but 
received an estiniated dose of lcss than 0.01 Gy with 
h e  frequency of severe mental retardation aniong 
children whose mothers migrated into these cities after 
the bombing reveals no difference. 

157. Estirnafion oJprenala1 age. The apparent timing 
of vul~~erable events in dcvcloprnent can be affected 
by errors il l  the dctcrmination of prenatal age, possibly 
seriously so in specific cases. Gestational age is 
usually estimated from the onset of the last m e n s t ~ a l  
period, assuming that 280 days, on average, intervene 
between the beginning of menstruation and parturition. 
Post-ovulatory age is then calculated by subtracting 
two weeks. This method is sensitive to at least two 
types of errors, namely, miscstilnation of the onset of 
menstruation and that associated with the tacit assump- 
tion that all pregnancies proceed to term. If any 
terminated prematurely, as must surely have been true 
for sonic of the sample of prenatally exposed survivors 
in Hiroshima and Nagasaki, the estimated age of the 
child at exposure would be incorrect Prematurity is 
generally dctcrmined by an infant's size and weight at 
birth, but U~ese measureme~its were not routinely made 
and recorded in the months irnniediately following the 
bombings. At the initial physical examination of these 
survivors the mother was asked about the child's 
weight at birth. The trustworthiness of her recollec- 
tions is uncertain, however, since a subsequent mail 
survey often revealed large discrepancies between the 
weight obtained at interview and that given in the 
survey. Wol~len with irregular nicnslrual cycles or wllo 
niiss a menstrual period for any of several reasons, 
notably laclational amenorrhea, illness or malnutrition, 
could erroneously identify the onset of their last cycle. 
Japanese women formerly nursed their infants loager, 
so lactational amenorrhea may have been more com- 
mon. Sorne were undernourished due to the econoniic 
strir~ge~rcies that obtained during and following the 
war, and infectious diseases were more frequent in the 
surviving populations. Another possible source of error 
may arise from variations between individuals in the 
prenatal age at which specific developmental events 
occur [M7, N4, S171. This does not seem likely to be 
a major lilnitation of the data, but little or no 
inforn~ation is available on the probable magnitude of 
this source of variability. 

158. Doshefry. All estimates of doses in the study 
of survivors of the atomic bombings in Japan are sub- 
ject to at least three sourccs of error: (a) determina- 
tions of dose in air with distance from the epicentre, 
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@) the attenuation factors for building materials and 
tissues and (c) the locations and positions of the 
survivors. Some of these, noli~hly (c), ran never be 
evaluated rigorously for all of the individuals 
concerned. Errors of this nature can affect inferences 
on the overall shape of the dose-rcsponse relationship 
as well as parameter values defining that shape [G3, 
G4, J3, P2]. Pierce ct al. p 2 ]  have shown that random 
dosimctric errors can lead to a 10%-15% undercstima- 
lion of the cancer risk among the survivors, and 
presumably a similar error could obtain in the csti- 
males described here. Nevertheless, there reniain 
troublesome inconsistencies in the DS86 system, 
notably with regard to neutrons in Hiroshima. Straume 
ct al. [S22], for example, using all of the available 
lncasuremerll data on thermal neutron activatio~~ 
including new measurements for %I, suggest that 
thermal neutron activation at about 1 km in Hiroshima 
was 2 to 10 or more times higher than that calculated 
based on DS86. The implications of this discrepancy 
with regard to risk estimates is not wholly clear, since 
it must be noted that low-energy neutron activation 
contributed little to the dose in Hiroshima. It is not 
presently known whether the fast neutrons, those with 
energies in the range 4.1 to 1 MeV, which comprised 
the bulk of the neutron dosc in Hiroshima, have been 
similarly underestimated. However, Preston et al. [PSI 
and Sasaki et al. [S23] have attempted to determine 
the possible impact of this discrepancy on risk esti- 
mates. Preston et al., based on several different 
assumptions regarding the neutron RBE, found that the 
cancer risk estimates might be in error by 2% to 20%; 
whereas Sasaki and his colleagues, using a series of in 
vitro experiments, found that the difference in chromo- 
some aberration frequencies between the two cities is 
explicable if the neutron dose in Hiroshima was as 
large as 5% of the total dose in Gy rather than the 
estimate of 2% or less provided by the DS86 
dosin~etry. 

159. Dose-response Junction. Within the period of 
maximum vulnerability, all the data on t11c prenatally 
exposed survivors of the atomic bombings of Hiro- 
shima and Nagasaki can be satisfactorily approximated 
by more than one dose-response function. Given that 
ncuronal death, mismanaged migration arid faulty syn- 
aptogenesis could all play a role in the occurrence of 
mental retardation or other cortical dysfunction and 
that each could have its own different dose-response 
relationship, there is little or no prior basis for 
presuming that one or the other of these rnodcls better 
describes the fundamental biological evcnLs involved. 
The most appropriate model, therefore, remains a 
matter of conjecture, and i t  seems unlikely that 
epidemiological studies will ever be able lo determine 
this. This means necessarily that the estimation of risk 
must rest on a series of considerations not all of which 
are biological. 

160. First, the experimental data arc often contra- 
dictory. S ~ I I I ~  of the disparity in results may reflect 
t l~c  choice of experimental animal: sornc investigators 
have used inbred strains of niice or rats and others 
outbrcd lines. Sonic may reflect the choice of the end- 
point mc;lsurcd. Howcver, Hoshino ct al. [H6] have 
rcportcd the frequency of pycnotic cells to bc linear 
with dosc, even at doses below 0.24 Gy, and Wanner 
ct ;]I. [W9] reported a measurable, but not statistically 
significant, diminution in brain weight in guinea pigs 
at exposures as low as 0.04 Gy. More recently, 
Wagner ct al. [W12] demonstrated a statistically 
significant diminution in the brain wcight of guinea 
pigs exposed to 0.075 Gy on day 21 following 
conception (this corresponds to approximately week 5 
or 6 following ovulation in the human). The loss in 
brain weight was approximately 1 mg m ~ ~ - l .  Studies 
of beagles exposed on the day 26 post-ovulation have 
shown a similar linear decrease in brain weight over 
a range of doses extending from 0.16 Gy to 3.6 Gy 
[H7]. Koncrmann [K7] has argued that the lowest dosc 
in animals causing overt brain damage is generally 
0.1 Gy or higher. This is consonant with other experi- 
mental studies. However, he noted that more subtle 
changes, such as the alignment of the small and 
medium-sized pyramidal neurons in the inner pyrami- 
dal ccll layer of the mouse cortex, can be seen at 
doses as low as 0.025 Gy and that errors in alignment 
arc marginally significant at 0.05 Gy (p < 0.10). It is 
not obvious what the occurrence of pycnotic cells or 
malaligned neurons is measuring in so  far as func- 
tional brain damage is concerned. Nor is it clear what 
a loss in brain wcight implies if the numerical 
densities of brain cells are increased, as has been 
reported [R14]. An increased cell density can, of 
course, mean less neuropil (fewer axons, dendrites and 
glial processes between the nerve cclls), and it is 
reasonable to assume that fewer interccllular conncc- 
tions could reduce the quality of brain function. 

161. Secondly, Muller et al. [M14], in a study of 
x-ray irradiation of prein~plantation stages in the 
mouse, have shown that exposure at the single-cell 
stage can produce malformed fetuses, although the risk 
of death of the fetus is greater. They not only noted 
that the single-cell stage is characterized by a high 
radiation sensitivity but also asserted that their 
observations are best desaibcd by a linear-quadratic 
dose-response function without a threshold in this 
(their) special case. This conclusion, they contended, 
is consistent with theoretical considerations, since tlle 
exposure of a single cell differs from tlic exposure of 
polycytic stages in development, where the high capa- 
city of enibryonic cells to replace damaged cells and 
the need for a number of cells to be affected if a 
~nalformation is to ensue argues for a threshold. How- 
ever, the fact that they found teratogenic effects 
following the exposure of a single cell, wt~creas nlost 



otlrer expcrimerrlal studies lravc focused on later 
critical stages in development and have commonly 
found no evidence of a radiation-related effect, 
suggests that the niechanis~lrs involved in their 
findings niay be quite different from those of others. 
Indeed, Pa~npfcr and Strcfl'cr [P4], in a study of 
female mice irradiated wit11 neutrons (7 MeV) or 
x rays when the embryos were at an early zygote 
stage, interpreted their results as suggesting that the 
reactions of preimplantation embryos to irradiation 
could be more complex thae the simple all-or-none 
response generally considered. In these experiments, 
the most commonly encountered malformation was 
gastroschisis, but omphaloceles and anencephalies 
were also observed [M21]. The proportion of 
rnalformcd fetuses increased with dose in a linear- 
quadratic nlanner for  both radiation qualities. These 
investigators estimated the relative biological 
effectiveness of neutrons in tlle induction of external 
malformations to lie between 2 and 3 ,  increasing 
somewhat as the reference x-ray dose increased. 

162. Exfraneous variations. Alternative, non-radia- 
tion-related explanations can be found to cause or con- 
found the effects to the developing human brain 
observed in the study of survivors of the atomic 
bombings in Japan. These include (a) genetic varia- 
tion, @) nutritional deprivation, (c) bacterial and viral 
infections in the course of pregnancy, and (d) embryo- 
nic or fetal hypoxemia, since there is substantial 
evidence to suggest that the cerebrum and its adnexa 
are especially sensitive to oxygen deprivation. There 
were also exposures to other potentially noxious 
physical or chemical agents, including the blast wave, 
tlie fumes associated with the extensive conflagration 
that followed the bombing, and the volatilization of 
chemicals, such as lead, the fires produced. The 
possible roles some of these may play in the present 
context have been explored elsewhere m 6 ,  M16,01] ,  
but the roles of others can only be a source of 
speculation, since no relevant data are available. 

163. Mole [M 181, in particular, has contended that the 
radiation-related depression of fetal haematopoiesis 
may have played an important role in the occurrence 
of severe mentill retardation among the prenatally 
exposed survivors in Hiroshima and Nagasaki by 
reducing oxygen transport to the fetal brain. M i l e  the 
abscopal effect to which he alludes cannot be estab- 
lished unequivocally, it remains a contention to bear 
in mind in interpreting the human data. However, the 
issue of thc oxygenation of the developing embryonic 
and fetal brain is a complex one, involving not only 
blood volume and concentration of haemoglobin, as 
Mole suggests, but also the specific haemoglobin 
present, since this afrects the binding and unloading of 

oxygen. The earliest l~acmoglobins present in the 
developing individual, the embryonic ones, are 
produced in the yolk sac, but from about week 8 
tlrrough week 28 after fertilization, the major site of 
ery~hropoicsis in the fclus is the liver and not the bone 
Inarrow (8141. If a depression in erythropoiesis 
occurred at this time, it would have to entail damage 
to l l~e  haematopoietic cells in the liver or, to a lesser 
extent, perhaps, the spleen. The single case of fetal 
marrow irradiation at 21 weeks to which Mole alluded 
has litdc relevance, therefore, despite the fact that the 
marrow was apparently normal. The site of erythro- 
poicsis does gradually shift from the liver and spleen 
to the bone marrow in the last half of gestation, 
making bone marrow depression a more important 
threat to the fetus at this later stage of development. 
This is not the time when the brain appears especially 
vulnerable. I t  is, of course, not known whether signi- 
ficant damage to the liver does or does not occur at 
the doses and times of relevance in the human case; 
however, studies of prenatal exposure of rats at 
comparable stages of development, 10 and 15 days of 
gestation, failed to show an alteration in liver weight 
as a percentage of body weight, although spleen 
weight did decrease [S13]. It would be reasonable to 
presume, nonetheless, that haematopoietic cells in the 
liver have the same sensitivity to radiation as those in 
the marrow itself and that a diminution in their 
number might not be reflected in liver weight. At 
about 9 weeks of gestation, the bulk (90%) of the 
haemoglobin to be found in fetal red cells is fetal 
haemoglobin, and even at birth this haemoglobin still 
accounts for 80% of the haemoglobin present. Fetal 
haemoglobin has a substantially enhanced alkaline 
Bohr effect, which in concert with the fall in pH of 
maternal blood as it passes through the placenta 
facilitating maternal oxygen unloading, maximizes 
oxygen transport to the fetus. Finally, the incidence of 
hypoxia-producing complications of late pregnancy 
docs not appear to be significantly different among 
pregnancies terminating in a menially handicapped 
child from that seen in general [DlO]. 

164. No fully satisfactory assessment of the contri- 
bution ofthe sources of variation alluded to above can 
be made so many years after the event. It is only pos- 
sible to speculate on their importance. Given the 
present uncertainties (since most of these extraneous 
sources of variation would have a greater impact at 
high than at low doses, and thus produce a concave 
upwards dose-response function), the careful course 
would be to assume that the dose-response relationship 
is not mi~terially altered other than addilively by these 
potential confounders. This would have the effect of 
overestiniatirrg the risk at low doses, which are of 
greatest concern in radiation protection. 
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IV. FUTURE PERSPECTIVES 

165. Numcrous events are involved in the proccsscs 
that bring forth a functional brain, any one of which 
is potentially susceptible to radiation damagc. Thcre is 
clearly a nccd to confirm and extend thc findings on 
cercbral cortical impairnient following prenatal expo- 
sure to ionizing radiation described in the carlicr 
paragraphs. To do so, howevcr, will ent;~il not only 
more neurologically focused clinical examinations, 
including the various non-invasive techniques now 
available to image the living brain, but a concerted 
effort, national and intcmational, to identify groups of 
individuals prenatally exposed to ionizing radiation 
that might be able to contribute information. Such 
studies will have value well beyond the immediate 
assessment of the risk of prenatal exposure to radia- 
tion; they can contribure to a deeper understanding of 
human embryonic and fetal development, to a clearer 
appreciation of the diversity among individuals in the 
age at which specific embryonic or fetal landmarks are 
achieved, and to a sharper definition of the develop- 
mental ages most vulnerable to exposure to chemical 
or physical teratogens. Some methods of investigation 
which might be profitably exploited in future research 
studies are considered in this Chapter. 

166. Epidemiological studies. The prenatally exposed 
survivors of the atomic bombing of Hiroshima and 
Nagasaki are unusual in many respects, not the least 
of which is the fact that they are the only group of 
survivors whose life experience subsequent to expo- 
sure can be followed literally from birth to death and 
who can thus providc unique insights into the effect of 
the exposure on central nervous system aging. As yet, 
howevcr, there have bcen no studies directcd at detcr- 
mining the effect of radiation on specific cortical 
functions. Nevertheless, many of these functions can 
be investigated with a surprising degree of precision, 
and the time at which cortical neurogenesis is initiated 
and its duration, are often reasonably well known. 
Particularly appealing as subjects of study are the 
various aspects of visual function. Some 30% or so of 
the human cortex appears to be involved in the pro- 
cessing of visual stimuli, and the mechanisms lhrough 
which this processing occurs are better understood 
than for any other cortical arca. Similarly, it has long 
bcen known that the brain exhibits weak electrical 
activity, which can be measured. Its recording is not 
painful or invasive, and other studies have revealed 
measurable radiation-related alterations in the normal 
record of these electrical potentials. 

167. Future investigations of central nervous system 
impairment should look for damage not only to the 
cerebrum but also to the cerebellum and brain stem, to 
the extent that effects on the latter can be dissociated 
from effects on the former. Methods of visualizing the 

living brain such as magnetic resonance imaging 
(MRI) or positron eniission tomography (PET) might 
give subclinical evidence of radiation-related central 
r~crvous system damage. If thcrc are nietabolic diffcr- 
enccs bctwcen neuronal and non-ncuronal cells, PET 
scans, since they can measure. some metabolic func- 
lions, could give evidence of impaired migration or of  
sitcs in the brain that are non-functional but seem to 
be histologically nomial. Individuals with intractable 
seizures, for example, often have regions of the brain 
that show no functional activity yet appear grossly 
normal. Similarly, recent advances in MRI, which 
does not involve exposure to ionizing radiation, have 
made possible some functional measurcnients of brain 
activity, and further developnicnts can be anticipated. 
Singly and collectively, these techniques hold great 
pronlise for furthering the understanding of the 
function and physiology of the brain in the healthy as 
well as the diseased state. 

168. Of particular import have bcen the recent 
developments in MRI that allow functional parameters 
to be added to the information content of the images 
themselves (see, e.g. [M17]). Although these newer 
uses of MRI have not been applied to the study of 
functional damage to the brain following prenatal 
exposure to ionizing radiation, their promise seems 
great. High-resolution MRI, togcther with neurological 
findings has demonstrated, for example, that selective 
bilateral darnage to the hippocampal formation is suffi- 
cient to cause significant, permanent memory impair- 
ment [S14]. Also, neuropsyctiological studies of 
patients with confirmed hippocampal damage suggest 
that the hippocampus is essential in thc establishment 
of long-term memory. This role of the hippocampus 
appears to be a time-limited one, however, and ulti- 
mately the role is transferred to the neocortex [Z3]. 
Where practical, the use of these non-invasive but 
highly infomiative techniques should be encouraged in 
clinical as well as experimental studies. They could be 
the means not only of determining the functional 
impairment associated with grossly visible changes in 
~ i c  brain but also of identifying damagc that cannot be 
related to gross morphological changes. 

169. Radiation-related damage to the brain could also 
be evaluated by simpler means. Cognitive tests, such 
as those measuring word association, learning ability, 
Inemory and intelligence, could be informative. More- 
over, in die light of experinienlal findings on other 
primates, careful studies of auditory and visual acuity 
and olfaction and taste should be useful. These might 
include the audiometric assessment of thc left and 
right ears and the conventional appraisal of visual 
acuity. Smell and taste could be evaluated througb 
exposure to a battery of tastes or aromas at diffcrcnt 
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concentrations. Evidence of premature loss of hearing 
or vision should be sought, since a l a se r  initial num- 
ber of neuronal cells could lead to earlier manifesta- 
tion of an aging central nervous system. 

170. Still other neurophysiologic effects, with differ- 
ent critical periods, can be envisaged. Recently, for 
examplc, it has been shown that niicc irradiated pre- 
natally on day 18 (corresponding to about week 35 in 
the human) suffer a significant loss in spatial memory. 
The integrity of spatial memory appears to depend on 
the proper development of the hippocampus. This 
structure arises relatively late in the development of 
the human brain, but damage to it results in a rccog- 
nized cognitive defect characterized by severe amnesia 
and evidenced by deficits in learning mazes. There is 
evidence that associates a reduction in the pyramidal 
cells within the hippocampus with memory impair- 
ment. Here even simple pencil-and-paper mazes might 
be informative. 

171. Prenatal exposure to a nuclear accident might 
give rise to a dysfunctional child, either because of 
organic damage to the developing brain or because of 
the disturbed psychosocial milieu into which the child 
is born. The frequency, severity and pathogenesis of 
these psychosocial disorders have been poorly studied. 
If thcir origins are to bc understood, the children 
found to be abnormal need to be studied to ascertain 
ways in wliich the children, families, and community 
and culture interact to cause psychosocial dysfunction 
and to form perceptions of risk. A child's perception 
of risk is not independenlly formed, but is inculcated, 
at least in part, by the attitudes of his or her age peers 

R I I ~  fa~iiily, and thcir attitudes are shaped, in turn, by 
commul~ity and culture. Thus, to understand the origin 
of psychosocial disorders arising out of a nuclear 
accident, it is essential to understand the workings of 
the larger milieu. Without this understanding, purely 
p r i ~ g ~ ~ ~ i ~ t i c  ameliorative or prevc~itive efforts are likely 
to be ulrproductive and ultiniately self-defeating be- 
cause they arouse expectations than cannot bc fulfilled. 

172. Experimental studies. Although no animal 
species is an ideal model for human brain develop 
meat, experimental studies will and must continue to 
play an important role in understanding the effects of 
prenatal exposure on the developing human brain. 
Such studies can serve to confirm epidemiological 
findings in humans, to provide data on possible dose- 
response relationships and to afford insight into mole- 
cular and cellular mechanisms that is not easily avail- 
able from hutnan investigations. It warrants noting, as 
well, that extrapolations to the human being of 
molecular and cellular mechanisms revealed by animal 
experimentation are likely to be better than extra- 
polations based upon gross, phenotypic end-points, 
although the latter arc often a necessary first step in 
the detection of radiation-related effects. Numerous 
questions of a mechanistic nature exist for which 
answers are not now available. For example, what 
initiates migration? How does the migrating neuron 
know that it has reached its destination, which is the 
poillt at which it disengages from its radial glial 
pathway? Recent advances in neuromolecular biology 
and the ability to culture specific neuronal cells in 
virro hold promise for providing answers to these 
fundamental questions. 

CONCLUSIONS 

173. The human brain is relatively sensitive to 
ionizing radiation at certain stages in its prenatal 
development. Data from Hiroshima and Nagasaki, as 
well as from a few other studies, indicate that there 
can be consequences to the central nervous system 
from exposure to radiation at these stages. The 
abnormalities that have been observed correlate well 
with animal experiments and with current knowledge 
of the developmental embryology of the brain. It 
should be noted, however, that these findings do not 
represent a major public health problem. There were 
about 100,000 deaths at Hiroshima and Nagasaki, and 
somewhat more than 285,000 survivors. Among these 
survivors there were possibly as many as 10.000 
pregnant women whose greatest immediate risk was 
the loss of their pregnancy. Although the observations 
on loss of pregnancy arc limited, this risk appears to 

have been markedly elevated among those women in 
the first eight weeks of pregnancy, but it was also 
greater than normal among women in the 8-15 week 
interval [CIS]. Nonetheless, the epidemiological data 
do indicate substantial risk of abnormalities in the 
central l~ervous system following high doses at certain 
periods ofpregnancy. The risk is highest for exposures 
occurring during post-ovulatory weeks 8-15, that is, 
when the greatest number of neurons are produced and 
when they migrate to their functional sites in the 
cercbral cortex. During weeks 16-25 after ovulation, a 
lesser vulnerability is observed, with little apparent 
risk for exposures before week 8 or after week 25. 

174. Among the prenatally exposed survivors of the 
atomic bombings of Hiroshima and Nagi~saki who 
have been under clinical scrutiny, there are 30 cases of 
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scverc mcntal rctardation, some of which are probably 
not radiation-related, 30 with small head size without 
apparcnt nicrital retardation, 52  with seizures, of w l ~ i c l ~  
24 appear to be unprovoked (those wid1 no clinically 
identifiable precipitating cause) and sonic with reduced 
intelligence quoticrit scores or with lower scholastic 
achicvcment in school. 

175. Both severe mcntal retardation and lower intelli- 
gcnce test scores arc obscrvcd to occur following prc- 
natal exposures during the two sensitive periods of 
dcvclopment previously describcd. Thcsc effects are 
mutually consistent if radiation is seen as operating on 
a continuum of qualities of brain function. The 
damage caused by exposure to 1 Gy within thc most 
vulnerable pcriod, namely 8-15 weeks aficr ovulation, 
increases the frequency of mental retardation to about 
40% (background frequency: 0.8%), and lowers IQ by 
25-30 points, which is consistent with the obscrvcd 
increase in mental rctardation. The specific value of 
the IQ decrement depends on the sample used to esti- 
mate the risk and on whethcr the mentally retarded 
individuals are included in that sample. Prenatal 
exposure to 1 Gy in the most critical period appears to 
cause a decrement in average school performance 
score equivalent to the shifting of an average indi- 
vidual from the 50th percentile to the lower 10th 
percentile and increases the risk of unprovoked seiz- 

ures by a factor of approximately 25. For the pcriod 
16-25 weeks, no cases of scverc mental rctardation 
were obscrved at cxposurcs of less U~an 0.5 Gy. Thus, 
albeit with some uncertainty, a threshold could be 
assumcd for that pcriod. As to unprovoked seizures, at 
estimated doses in die range of 0.1 to 0.49 Gy the 
rclativc risk is 4.4; whercas at doses of 0 5  Gy or 
grcatcr the relative risk is 14.5 when the cases of 
mental retardation are excluded from the data. 

176. Thc risks cited in the preceding paragraphs as- 
sume the dose to have been an acute onc. It is reason- 
able to assume, however, dial these risks would be 
smaller for chronic exposure over the same critical 
periods, and this assumption is supported by the 
cxperimcntal animal information that is available. 
However, there are numerous potential confounding 
factors, and the human data are still far too limited to 
provide quantitative estimates ofthe possible reduction 
in risk at low doses. 

177. The limitations in the data prcsently available 
arid the uncertainties in the risk estimates have been 
pointed o u t  Definite risk estimates cannot be obtained 
at doses lower than 0.5 Gy or at low dose rates. The 
above estimates are therefore obviously provisional 
until additional evidence from further investigations 
can be obtained. 
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Tahle 1 
Temporal pollern or hreln dcvclopment 

P"01 

I 1a t r -owlnro~  agc 

3 wcckl 

4 wcckr 

S wc+h 

6 werlu 

7 weeks 

8-11 wccka 

12-15 wcckl 

16-20 wccks 

20-24 w e b  

25 wccla 
to end of tcrm 

lmprtanr dc~rlopmormd elurus 

Ncural folds clorc to l a m  neural tube 
O r v i a l  i c l j m  begins lo l a m  
Cranial and ccr%ial flcxura appur 
Ganial and spinal molor nudci dcvclop 

Paired optic vcr ida cvcn; oanial m d  spinal ncwu cmcrgc 
Spin.1 ganglia dcvdcp and 1x0~7s mlcr marl navuus syrtcrn 
aorurc of ncural tube 

Dicaccphalic nudci devdcp 
F i n d  and hypophyrir cvat 
ivcruon of ccrcbal vaida 
OTGI md lcnr indued by the optic primotdia 
Olaoid p luur  devclcp and cutborpinal fluid fills neural lube 
B a d  ganglia and amygdala develop 
Maja ccrchal a r ~ n i a  l a m  
Onl l iu t ion and dcvclcpnmt ofaudal spinal ox& paler ia  mrnissurc devdqrs 
Dcgjnninp of the cncbcllurn and m c b d l u  nudd aFpar 
lhinning of the roof ofthe 4h vcnvidc d lw  cnebrospiaal fluid to flow oul 

Neural rctiru develops 
Olfaaay ncrva grow to base d train; tccTaay vcsicla appear in chaoid plexus 
Beginnings of hippoampw and dfactory apparatus appur 

Ncocortial primadia appears 
Olfactay bulb c m l r  
Formalion of pipenled rctiml cpithcliurn and aliary body 

Coniul plnlc appears in neocortu 
Rrst rynapsca in  the molecular and subplate rcljms o f  lhc ncocalcx 
Ncurons rnigate fran thc prolifcrativc zmu; op~ic ncrvc pathways form 
Prdifnativc zone of 3rd venlridc is cxhaustd 
Cortical plalc of mcbellurn a p p r r  
Antcrior comrnirrure dcvclops 
Conical plnlc of the hippoampus appan 
Sylnn and hippaampal firrura form 
Skdctal rnusdc innernled ud pint ca~ilies appear 
Ilasd foramina and rubarnchnoid r p m  opcn 

Corpus callmum lams 
G~vn septum pelliddurn formed 
Migration of ncu rw to ncomtcx io full rwng 
Cortical wall l r ipla in h d m o s  
Chlccrpinal fiberr darualc 
Purhnjc ccll migndoa m p l a c .  invard m ip t loa  aC enanal granulc cclls bcgm 

Gamlnal zones d lalad vcntridcs arc dcplacd 
h s t  wavc of ncccorlicll mlpallm 
Pranincnce d rubvcn~ricular germnal m c  and 8rs1 uavc d dial rnigatim 
Thalamocortical affnenlr invade thc dcphs of Ihe catical plalc. syrwpscs appear and largc pyramidal ncuronr k g j n  to drffercn~iate 
CacbaI rutarachnoid spa- arc open lo Ihc sapttal srna 
Activc pharc of nalural n m c  dl dcah 

Ncwonal m~gration to neomtcx wmplctc 
Chmulc ccllr d ccrcbcllum and dmtale gnu of hippocampus cmtinuc lo prdilera~c and migale 
RadtaI dial ccllr rclesx ventricular at~achmcnts and migatc into maex nr protoplasmic nrtrocylcs 
l'rinury gyri and rulci f a m  
Myclination begins 
Rctinogcniculstc, brain rlcm auditory and Grual mola, and sensory lernnircal palhways are lwnong thc firrt lo dcvclop 

Gtanulc ccll migratim continues 
Glial proliferation wntinua 
Appcarnncc d dial fibrilr and acidrc glial fibillsry protein signal inncasing capacily for glinl rcsponsc lo injury 
Sccmdary gyri and rulci lam 
Maluration of supragranular nmortical layers k p s  
Myclinatior~ of intnnal a p u l r  bcginr 
R t h d  g o w h  d dcndrila and axms and syn~ptopnesir 
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Table 2 
Sltn nnd levels of neumn~il varintion 
[E2] 

Gencric wniu and 
d d o p n m r o l  pimrrry procwes 

GI1 rnaphology 

Conncclion panems 

Cy tca rch i t~mia  

Tnnsmittcrr 

Dynamic raponse 

N w d  transpon 

Inlcradion.. uilh $in 

\'wiarions in ccll dit.tiuq migrorioq 
dhrrinn, diflncnriarim, dcmh 

Varintim in dl shape and rim; variation in  dcndritic and axonal artutilatims (spatial distrilxticm. bandung 

adcr, lcndh oibranchu, r~umbcr d spines) 

Variatims in n u m b  o i  inpub and aulpr~s; connection adcr uib mhcr ncurons; lccal varur long-range 
connccrimr; dcgcs of ovcrlap d arbors 

Varia~im in number or dewily of cells; thicknus d individual m t i u l  layers; relative hidrnur o i  
suprapnular. infngranular and grandu layas; position of sanata; vrrialiw in  cdurnns; variatim in strips 
a patches of tminations; mriation in anismropy d fibers 

Variatimr between 41s in a population; bawcen cells at diNcrcat t imu 

Variations in  synaptic chcrnistry and u'zr or synapse; i n  electrical properties; in cxcitatoryfinhihtory rstior and 
locatims d synapses: in ahat- and lmg-term symptic altcrnlion: in rnclabolic state 

a 



Tnhle 3 
Severely mcntnlly retarded lndlvldunls exposed in ulero to the atomlc bon~blngs In Japan 
loll 

File n u m b  Dnrc cf btrh 

IIiroshima 

Kogn IQ score 
1955-1956 

Smnll head 
S ~ Z C  

Absorhcd dmc in uterus (Gy) 

245971 
404239 
246116 
400590 
471693 
401 141 
4002 10 
R.S72m 
40lOLl 
444522 
401081 
404032 
245763 
241728 
312021 
400716 
2x683 
433800 
460463 
450056 
400 133 
40303 

Dore of dcah Significant 
clinical finding Totrl Neutroa 

5.3.1946 
1.3.1946 

28.21946 
25.2 1946 
24.21946 
I 2 2  1946 
15.21046 
11.21946 
6.2.1946 
4.2.1946 
27.1.1946 
23.1.1946 
15.1.1946 
11.1.1946 
5.1.1946 

1 2  12.1945 
1 2  12.1945 
8.121945 

2211.1945 
29.10.1945 
229.1945 
18.8.1945 

Crmsc of dcdh 

Sagesski 

14.1.1953 

21.1.1952 

28.6.1952 

30.8.19S8 

18.21970 
19.9.1956 

26.3.1966 

OS096R 
078487 
14262.. 
152306 
1438 18 
151845 
078481 
257021 

Sex 
Post-awlatory 

age at exposure 

( w m w  

Malieant ocoplasm of lim 

Ill d c f i n d  unkovm 

Acddcntal drowning 

Tutcrdosis 

Renal failure 
Heart failure. epilepsy 

Hcart failure, epilepsy 

224.1946 
27.2 1946 
6.2.1946 
26.1.1946 
15.1.1946 
15.1.1946 
2.1 1.1945 
25.9.1945 

F 
M 
.U 
M 
M 
M 
F 
M 
F 
I: 
F 
F 
M 
F 
F 
M 
M 
F 
M 
M 
F 
M 

14.3.1962 

8 
8 
8 
9 
9 
10 
11 
11 
I2 
I2 
13 
13 
I5 
I5 
16 
19 
20 
20 
22 
26 
3 1 
36 

(jencral symptans, mcningitir 

1.4 
0.14 
0.87 
1.36 
0.69 
1.02 
2.22 
0.05 
0.56 
1.39 
1.64 
0.29 
0.6 I 
0.06 

0 
1.23 
0 

0.03 
1 .O 
0 
0 
0 

F 
M 
M 
M 
.U 
F 
F 
F 

0.01 
0 
0 

0.0 1 
0 
0 

0.01 
0 
0 

0.01 
0.0 1 

0 
0 
0 
0 

0.0 1 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

1 
9 
12 
13 
IS 
1 5 
25 
31  

64 

56 

64 

59 
60 

0 
1.16 
1.18 
0 

1.46 
0 

1.79 
0 

62 

56 
60 

Ya 
Ya 
Ya 
Ya 
Ya 
Ya 
Ya 
No 
Ya 
Ya 
Yea 
Ya 
Yn 
Ya 
Yes 
No 
No 
No 
Y a  
Yo 
No 
Ya 

S o  
No 
Ycs 
No 
Yn 
No 
No 
No 

Nm-natal jauadicc 

D m ' s  syndrome 

Down's r y n d r c n ~  

Rdardtd sibling 
Encephalitis at age 4 

b n ' s  spbomc 
- - 

PosiMe birth trauma 
N~r~brorna lcs i s  

Cmgrnilol lua  
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Tahlc 4 
Severe mental rehrdatlon In indivldunls cxposcd in rrlem Lo the tlton~lc bonlhlng in ,111pnn " 
1011 

" Three caser d D m ' s  syndranc have becn cxdudcd. 
DS86 ulcrinc ahsabcd dose; mean dceea within d m  catcgaics fa total ranplc arc 0, 0.05, 0.23. 0.64 and 1.38 Gy, respectively. 

P m - o ~ u l a o r y  

age 

Evaluarion 
cnregoriec 

Ilirnahin~n 

Dmc c o r c g a i e  (Gy) 

0-7 weeks 

8-15 weeks 

16-25 weeks 

r 26 wccks 

All agcs 

< 0.01 

35 

0 (w@) 

4 I 
2 (4.9%) 

47 
l(212) 

57 

0 (w) 

180 
3 (1.7%) 

a 1.0 

Number of subjccts 
Number rclarded 

Number of subjects 
Number retarded 

Number of subjects 
Number rctardcd 

Number of subjects 
Number retarded 

Number of s u b j m  
Number retarded 

N~aanki  

0.01 -0.09 Told 

24 
0 (05%) 

50 
1 (2.0%) 

46 

0 (0%) 

47 

0 (0%) 

167 
1 (0.6%) 

145 
0 

209 
0 (m) 
24 3 

2 (0.8%) 

227 
2 (0.9%) 

824 
4 (0.5%) 

0.10-0.49 

5 

0 (0%) 

13 
3 (23.15) 

14 

0 ('=I 

4 

0 (0%) 

36 
3 (8.3%) 

0-7 w& 

6-15 weeks 

16-25 wccks 

2 26 w& 

All a g a  

1 
0 

3 
3 (100%) 

1 
1 (100%) 

2 
0 

7 
4 (57.1%) 

0.50-0.90 

74 
1 (1.4%) 

61 
5 (8.2%) 

87 
1 (1.1%) 

93 
1 (1.14) 

315 
8 (25%) 

Hoih cities 

1 

0 (0%) 

9 
6 (66.7%) 

7 
2 (3.6%) 

2 

0 (c"w 

19 
8 (421%) 

0 

0 (0%) 

2 
0 (m) 

2 

0 (m) 

1 

0 (0%) 

5 
0 

Number oC subjects 
Number retarded 

Number of subjeas 
Number retarded 

h'umber of subjects 
Number rctnrdcd 

Number of subjects 
Number retarded 

Number of subjects 
Number rctardcd 

6 
0 

3 

0 (%) 

8 

0 (0%) 

4 

0 

21 

0 (0%) 

0-7 w& 

8-15 wccks 

16-25 weeks 

r 26 weeks 

All a g u  

210 
0 

322 
12 (3.7%) 

357 
5 (14.0%) 

337 
2 (0.6%) 

1226 
19 (1.5%) 

60 
l(1.74) 

46 
2 (4.3%) 

65 

0 ( W w )  

72 
1 (1.42) 

243 
4 (1.6%) 

7 

0 (m) 

7 

0 (0%) 

11 

0 ('3") 

14 

0 (OR) 

39 

0 (0%) 

Number of subjecu 
Number retarded 

Number of subjects 
Number relarded 

Number of s u b j d s  
Number retarded 

Number of subjcns 
Number retarded 

Number of subjccu 
Number retarded 

205 
1 (0.5%) 

255 
2 (0.8%) 

308 
2 (0.6%) 

299 
3 ( 1.090) 

1067 
8 (0.79;) 

4 1 

0 (m) 

44 
2 (4.5%) 

55 
1 (1.8%) 

61 

0 (0%) 

2D 1 
3 (IS%,) 

3 1 

0 (0%) 

57 
1 (1.8%) 

9 
0 (0%) 

61 
0 (OT.) 

206 
1 (0.5%) 

5 

0 (0%) 

15 
3 0 

16 

0 (&) 

5 

0 (0%) 

41 
3 (7.3%) 

2 

0 (070) 

12 
9 (75.0%) 

8 
3 (37.5%) 

4 

0 (c"w 

2b 
12 (46.2%) 

284 
1 (0.4%) 

383 
17 (4.4%) 

444 

6 (1.4%) 

430 
3 (0.72) 

1541 
27 (1.8%) 
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1'1iblc 5 
Srnlill haid s l m  in cliildrc~i cxpos~d in ltlero lo the atomic bombings In Jiipnn 

I0131 

Part-o~ylolory 

OXc 
K~~~tJuo l im 

c n r e ~ o r i u  

nimrhims 

L)me c o r c p r i u  (Cy) I' 

Rrsl trimcsicr 

Scmtd  trimalcr 

Third Irimmcr 

c 0.01 

Numbcr d subjccts 
Numhcr wilh small head size 
Number mentally retarded 

Numbcr d rubjeas 
Numbcr with small head ri te 
Number mentally retarded 

Number d subjects 
Numbcr with small head size 
N u m b  mentally retarded 

0.01-0.09 

Npg.uki 

222 
7 (3.2%) 
4 0 

317 
3 (0.955) 
9 1 

229 
5 (22%) 

2 1 

First v i m m a  

Scmnd Lrimcstcr 

Third trimutcr 

O.lO.O.JP 

57 
3 (5.3%) 
4 1 

62 
3 (4.8%) 

1, 1 

61 
2 (3.3%) 
9 0 

Numbcr d subjeds 
Numbcr with snull head size 
Number mentally retarded 

Numbcr d suhjcas 
Numbu with small head size 
Number mentally retarded 

Numbcr d subjects 
Numbu with small head size 
Numbcr mentally retarded 

0.50-0.00 

Rolh cities 

r 1.0 Toral 

52 
12 (23.1%) 

0, 1 

57 
4 (7.0%) 

1. 0 

46 
1 (22%) 
0. 0 

88 
0 (0.0%) 
9 1 

80 
2 (25%) 
9 2 

74 
O(0.W) 

4 1 

9 
5 (55.7%) 

2 0 

17 
2 (11.8%) 

1, 0 

7 
0 (0.096) 
4 0 

1 
I (100%) 
0, 0 

3 
0 (0.0%) 
0, 0 

1 
O(0.m) 

0, 0 

10 
6 (60.0%) 

2 0 

20 
2 (10.0%) 

4 0 

6 
0 (0.0%) 
0, 0 

Erst aimester 

Second trimcater 

Third trim&er 

9 
0 (0.0%) 
0. 0 

9 
0 (0.0%) 
0. 0 

7 
O(O.osb) 

0, 0 

310 
7 (23%) 
4 1 

397 
5 (1.3%) 
4 3 

303 
5 (1.72) 

f 2  

Number d subjects 
Numbcr with small h a d  size 
N u m b  menially retarded 

N u m b  d subjects 
Number with small head size 
Number rncntally relarded 

N u m k  d subjects 
N u m b  with small head sire 
Numba mentally retarded 

Uimshima 

3 
2 (66.7%) 

2 0 

10 
3 (30.0%) 

3, 1 

2 
0 (0.0%) 
4 0 

15 
1 (6.7%) 
0, 0 

12 
0 (O.%) 
0, 0 

15 
1(6.7%) 

0, 0 

3 

3 (100%) 
1. 0 

2 
2 (100%) 

2 0 

3 
O(0.W) 
9 1 

6 
5 (83.3%) 

3, 0 

12 
5 (41.7%) 

5, 1 

5 
0 (0.0%) 
0. 1 

343 
29 (8.5%) 
4, 2 

463 
I5 (3.2%) 
6. 3 

345 
8 (23%) 

2 1 

116 
5 (4.3%) 

4 1 

106 
4 (3.6%) 

2 2 

100 
l(l.m) 
0, 2 

66 
3 (4.6%) 
4 1 

71 
3 (4.2%) 

1. 1 

68 

2 (29%) 
0. 0 

459 
34 (7.4%) 
5, 3 

569 
19 (3.3%) 

b 5 

445 
9 (20%) 

2 3 

0 7  w c c h  

6-15 wech 

16-25 w v h  

a 26 w v k s  

67 
13 (19.4%) 

0, 1 

69 
4 (5.8%) 

1, 0 

61 
2 (3.32) 
0. 0 

4 
2 (50.0%) 
0. 0 

12 
5 (41.7%) 

3. 0 

13 
O O ~ )  
0, 0 

4 
0 0 

0, 0 

Number d subjects 
Numba with small head size 
Numbcr mentally retarded 

Numbcr d rubjects 
Numbcr wilh small head size 
Numbcr mentally retarded 

N u m b  d rubjeas 
Number with small head size 
Numbcr ment~lly retarded 

N u m b  d suhjectr 
N u m b  uilh small head sire 
N u m b  mentally rclnrded 

N q s ~ u k i  

1 
0 (0.0%) 

0, 0 

7 
4 ((n.l%) 

4, 0 

5 
1(20.0%) 

1. 1 

2 
0 (O.m) 

0. 0 

U S  
5 (3.7%) 
4 0  

167 
3 (1.6%) 
0. 0 

232 
2(0.9%) 
4 1 

214 
5 (23%) 

2 1 

201 
15 (75%) 
4 0 

295 
24 (8.1%) 

9, 2 

333 
~(1.5%) 
1. 3 

322 
8 (25%) 

2 1 

0 
0 0 
0, 0 

2 
1 (50.0%) 
0, 0 

0-7 w c c h  

8-15 wccks 

36 
3 (8.3%) 
9 0 

4 1 
1 (24%) 
1, 1 

45 
2(4.4%) 
0, 1 

58 

2 (3.54) 
0, 0 

60 
0 (Om) 
4 1 

46 
0 (O.w) 

Q 2 

Number d ruhjects 
Numhcr wilh rmnll head size 
N u m k  mentally retarded 

Numhcr d suhjcctr 
N u m b  with small head size 
Numbcr rnenlally retarded 

25 
5 (20.0%) 

0. 0 

48 
11  (22.9%) 

1, 1 

38 
0 0  
0. 0 

44 
1 (2.3%) 
0, 0 

1 
1 (100%) 
0. 0 

4 
4 (100%) 
3, 0 

7 
0 (0.0%) 
0, 0 

4 
0 ( 0  

Q 0 

75 
2 (272) 
0, 1 

65 
5 (7.7%) 
3. 2 

7 
I (4.3) 
0, 0 

9 
0 (0.0%) 
0, 0 
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DS86 utcn'ne atsabcd dose; m a n  dcscs uithin dose ca tcguia  fa taal ssmplc arc 0. 0.05, 0.23. 0.63 and 1.30 Gy. rapcaivcly. 
N m b m  of mcntdly rcludcd uith small head size fdlowcd by numba >f mentally rnardcd wilh normal hcad size. 

Table  6 
Expected a n d  observed incldcnce or small hcad size In IndivlduaLs exposed in uero tn the atomic bombings In 
Japan 
[0131 

I'ar~.odnrory 

16-25 weeks 

r 2f1 w e e h  

Evaluation 
rnrcxoriu 

Number d nubjccta 
Number with s m l l  head size 
~ m b e r  mmtally raardcd 

Numba d subjects 
Number with small head rizc 
~ ~ m b a  mcntal~y raardcd * 

Darc  cnfrgories (Gy) ' 

* Ertlrnatcd f r a n  assumed 25% dmiance in lhc normal Bstnbution. 
Number uith and without scvcrc mental raardation bvcn in parcnthesea 

Dolh cilicr 

Pnn-ovulmory ogc 

0-7 w c c h  
8-15 weeks 
16-25 weeks 
a 26 weeks 

All agu; 

< 0.01 

65 
2 (3.1%) 

0. 0 

7 1 
O(O.m) 

4 1 

0.50-0.99 

2 
0 (0.0%) 

9 0 

1 
O(0.W) 

a 0 

Number of djau  

276 
360 
421 
416 
1473 

0.01-0.09 

8 
0 (0.lW) 
9 0 

6 
O(0.W) 
4 0 

32 
6 (18.8%) 

0. 0 

57 
11 (19.3%) 

1, 1 

50 
O(O.m) 

4 0 

58 
2 (3.5%) 

0, 0 

197 
19 (9.6%) 

1. 1 

0 7  weeks 

8-15 u& 

16-25 wcckr 

1 26 weeks 

agm 

r 1.0 

1 
0 (0.0%) 

0, 1 

2 
O(O.Fm) 

0. 0 

0.10-0.40 

12 
0 (OW) 

4 0 

14 
1(7.I%) 
4 0 

195 
5 (26%) 

0. 1 

233 
3 (1.3%) 

0. 2 

297 
4(1.4%) 

0, 1 

285 
5 (1.8%) 

2,2 

1010 
17 (1.7%) 

2 6  

N u m b  d subjects 
N u m b  uith s m l l  h a d  s i x  
Number mcntnlly rclnrded 

N u m b  d subjcas 
Numbcr with s m l l  h a d  size 
Number mentally rctardcd 

Number d subjects 
Number uith small h a d  rizc 
Number mentally retarded 

N u m b  d rubjcar 
N u m b  uith small h a d  size 
Number nlcntally rctarded 

Number d subjects 
Number wilh small head size 
Number mmtnlly rctrrdcd 

Number with snurll hcad skc  

Told 

68 
2 (23%) 

a 1 

94 
l ( l . l%) 

a 1 

4 
2 (50.01) 

0, 0 

14 
6 (42.9%) 

3, 0 

15 
O(0.Wm) 

0. 0 

5 
0 (O.m) 
0, 0 

38 
8 (21.1%) 

3, 0 

43 
3 (7B%) 

0, 0 

45 
1 (22%) 

1. 1 

53 
2(3.8%) 

0, 1 

64 
2 (3.1%) 

0, 0 

205 
B (3.9%) 

1. 2 

Expected * 

7 
9 

11 
10 
37 

O b s d  

17 (0, 17) 
29 (12 If) 

7 (1. 6) 
9 (2 7) 

62 (15. 47) 

2 
1 (50.0%) 

0, 0 

11 
8 ((727%) 

7, 0 

6 
1(16.7%) 

1, 2 

4 
0 ( 0 . 6 )  

0, 0 

23 
10 (43.5%) 

8. 2 

276 
17 (6.2%) 
9 1 

360 
29 (8.1%) 

1 2  4 

421 
7(1.7%) 

1. 4 

416 
9 (22%) 

2 2 

1473 
62 (4.2%) 

15, 11 



Table 7 
Hegrcsslon cotlTlclcnlr obhlned In fllllng nlodels lo lnlclllgence lest scores e11d ulcrlnc ahsorbcd dose lor 
lndlvldunls expcaed in ufem Lo the atornlc bonlblng In Japan 

is41 

Shc regcsrion mfficicnt  a is Ihc cstimatd IQ score at rcro dose (intcrccpl); b ir thc incrcasc in 10 scare per unit dmc (~y-I); c is  ~ h c  i n n u r c  in 10 r c a c  
p a  unit do.c squared ( ~ y . * ) .  

Pan-ovulnrory 

aKc 

Hcgrcrswn 
male1 

Clinical rubumpk,  all c u e s  included 

S ~ n i j i i m c c  l o r 1  u/ 

0-7 w& 
8-15 waks 

16-25 weeks 
r26w+ck. 

All 1 p  

0-7 w& 
8-15 weeks 
16-25 waks 

L 26 w& 
All r p  

Repusion cwficunr " 

b 
a I b c c 

PE-86 nubaunplc, all m u n  included 

16.4 : 6.5 
-2.9 9.2 

-16.8 : 8.2 
7.1 2 14.2 
4.2 r 3.6 

Linear 

Linearquadra~ic 

p c 0.01 
p c 0.01 

p c 0.01 

p c 0.05 
p < 0.05 

p c 0.01 

0-7 w& 

8-15 w& 
16-25 wu& 

a 26wrckr 
All 8 p  

0-7 wcch 
8-15 waks 

16-25 w a l a  - 26 w& 

All agcr 

p c 0.05 

p c 0.05 

106 : 1.2 
108 r 0.99 
11 1 : 0.89 
107 : 0.80 
108 r 0.47 

107 r 1.2 
108 I 1.0 
111 : 0.91 
107 : 0.82 
109 r 0.48 

-27 r 5 3  
-29.0 : 4.2 
-20.4 : 4.4 
4.2 2 5.0 
-15.8 : 2 4  

-34.0 2 135 
-25.8 2 11.1 
-3.6 : 9.3 

-10.1 z 12.8 
-20.7 2 4.8 

Linear 

Linearquadrntic 

Clinical ~ubramplc,  retardelion cercr cxcludcd 

-1.7 r 5.1 
-25.3 r 4.0 
-21.4 : 4.2 
4.7 z 5.0 
-15.7 2 2.2 

-24.1 r 12.5 
-33.6 z 9.7 
4.9 : 8.8 

-11.9 r 12.5 
-20.2 t 4.6 

106 r 0.94 
110 : 0.92 
110 r 0.76 
108 r 0.68 
109 Z 0.40 

107 r 0.97 
110 : 0.97 
110 : 0.77 
108 + 0.71 
109 : 0.42 

12.1 r 6.1 
6.1 r 6.6 

-14.9 r 8.0 
8.8 14.0 
3.7 : 3.3 

p c 0.01 
p c 0.10 

p c 0.01 

p c 0.05 
p c 0.05 

p c 0.01 

0-7 wceb 
8-15 weeks 

16-75 wccb 
1 26 wuka 

All 8 p  

0-7 w& 
8-15 weeks 
16-25 weeks 
a26 w& 

All agcr 

p c 0.05 

p c 0.05 

-27 r 5.3 
-25.0 : 5.1 
-9.8 r 5.7 
4.4 r 5.0 
-10.2 : 2.6 

-34.0 r 13.5 
-26.1 r 12.2 
-5.9 : 15.6 
-10.8 2 12.7 
-19.0 r 4.8 

PLS( s u b m ~ n p l ~ ,  rcL.rdation C ~ C B  excluded 

p c 0.01 
p c 0.01 

p < 0.01 

p c 0.10 
p c 0.01 

p < 0.01 

16.4 r 6.5 
1.2 r 11.7 

4.2 : 23.3 
7.7 r 14.0 
8.1 : 3.8 

Linear 

Linearquadratic 

p c 0.05 

p < 0.10 

106 r 1.2 
108 r 0.98 
111 z 0.89 
107 r 0.79 
108 : 0.47 

107 + 1.2 
108 r 1.0 
11 1 : 0.92 
108 r 0.82 
109 2 0.48 

p c 0.01 
p c 0.01 

p c 0.01 

p c 0.10 
p c 0.01 

p c 0.01 

0-7 w a k t  

8-15 w a b  
16-25 wuwcckr 
r26& 

All age4 

0-7 wcckr 
8-15 & 
16-25 weeks 
a 26 w& 

All a p  

p c 0.05 

p c 0.10 

-1.7 r 5.1 
-21.0 2 4.5 
-133 r 5.2 
4.9 : 5.0 

-11.0 r 2.5 

-24.1 : 125 
-293 r 9.9 
-5.1 r 15.0 

-125 2 124 
-17.8 z 4.6 

12.1 r 6.1 
6.3 2 6.7 

-12.8 2 22.0 
9.3 r 13.9 
5.9 r 3.4 

Lincar 

Linear-quadratic 

106 : 0.94 
110 : 0.91 
1 10 r 0.76 
108 r 0.68 
108 r 0.40 

107 r 0.97 
110 r 0.94 
110 r 0.79 
108 r 0.70 
109 r 0.41 
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Tahle 8 
Regression cwfllclen(s oblalncd In fltting models to avcrege school performance and utcrlne absorbed dose for 
lndlvlduals exposcd in ufero to the atomic hmhlngs In Japan 

1021 

The regicaricn coeflicicnl r is the m a n  rchmi s m c  at zero dou (inlcrccpl); b is the i n a u r c  in mean rchool r c a c  pa unil dou (Ciyel) c is the innu'c  in 
mean school rcuc  pn unit dcsc squared (G~~') .  

Pm-odaruty 
axe 

SigniJuancc Imul of 
Regression 

modcl b 

Fin1 g n d c  

Regression cocfliicnr ' 

a I b I c 
c 

p < 0.01 

p c 0.01 

p c 0.01 
p < 0.01 

p < 0.01 

p < 0.01 
p c 0.05 
p < 0.0s 

p c 0.01 

0-7 weeks 
8-15 wceks 
16-25 week 

z 26 weeks 

All a g a  

0-7 u,ccks 

8-15 u.ccks 
16-25 weeks 

26 U - C C ~ ~  

All a g a  

Second grade 

3.09 r 0.08 
286 r 0.06 
3.03 r 0.05 
3.11 2 0.05 
3.03 r 0.03 

3.18 2 0.08 
287 r 0.06 
3.05 2 0.05 
3.10 : 0.05 
3.05 r 0.03 

tinear 

tincarquadratic 

0.23 r 0.32 
-1.15 r 0.22 
-0.97 : 0.24 
0.23 + 0.36 
-0.70 r 0.14 

-2.66 : 0.89 
-1.21 r 0.58 
-153 : 0.72 
0.84 r 0.79 
-151 r 0.27 

p c 0.01 
p c 0.01 

p c 0.01 

p c 0.05 
p c 0.05 
p c 0.05 

p c 0.01 

1.19 2 0.44 
4.12 r 0.48 
0.97 r 0.80 
-0.28 r 0.97 
0.76 : 0.20 

' 1.38 r 0.40 
0.06 r 0.48 
0.67 : 0.80 
-0.82 r 0.95 
0.70 r 0.20 

p < 0.01 

p c 0.01 

0.36 r 0.34 
-1.27 + 0.22 
-0.96 2 0.24 
0.01 + 0.36 
4.76 r 0.14 

-2lc : 0.98 
-1.14 2 057 
-1.79 r 0.72 
0.21 r 0.80 
-1.64 0.27 

0-7 weeks 
8-15 wcch 

16-25 weeks 

a! 26 weeks 
All ages 

0-7 uwks 
8-15 wceks 

16-25 wteb 
2 26 wccks 
All a g u  

'hid grndc 

Linear 

Liocsrquadrrlic 

3.09 r 0.09 
286 + 0.06 
3.05 r 0.05 
3.16 r 0.05 
3.05 + 0.03 

3.17 : 0.09 
286 : 0.06 
3.06 r 0.05 
3.15 2 0.05 
3.07 r 0.03 

1 .S  : 0.48 
-0.25 r 0.54 
0.19 2 0.85 
0.10 r 0.98 
o.n : 0.21 

0.12 r 0.38 
-1.17 : 0.25 
-1.01 : 0.25 
4.06 r 0.37 
4.74 : 0.15 

-3.04 : 1.08 
-0.90 r 0.62 
-1.17 + 0.77 
-0.13 r 0.81 
-1 5 7  r 0.29 

0-7 wcch 

8-15 w& 
16-25 a& 
>26uPtr 
All ages 

0-7 wukr 
8-15 weeks 
16-25 week 

z 26 wcekr 
,411 a g a  

Fourth p r d c  

p c 0.01 
p < 0.01 

p < 0.01 

p c 0.01 

p c 0.01 

Linear 

Linear-quadratic p < 0.01 

p c 0.01 

3.11 : 0.10 
286 : 0.06 
3.02 ? 0.06 
3.10 z 0.05 
3.02 + 0.03 

3.21 : 0.10 
286 r 0.06 
3.02 r 0.06 
3.10 r 0.05 
3.05 + 0.03 

5.66 : 5.78 
0.90 z 1.39 
0.95 2 0.84 
0.11 z 0.88 
0.82 : 0.54 

-1.72 r 0.84 
4.95 z 0.42 
-1.09 2 0.26 
-0.35 r 0.32 
-0.89 r 0.18 

4.42 + 2.88 
-1.5? 2 0.98 
-1.88 r 0.75 
4.44 r 0.78 
-1.52 0.45 

0-7 v;cckr 
8-15 a-eclr 
16-25 wccb 
x 26 weeks 

All ages 

0-7 urclu 
8-15 weeks 

16-25 w& 
I 26 weeks 

All a p  

p c 0.05 
p c 0.05 
p c 0.01 

p c 0.01 

p < 0.05 

p c 0.01 

Linur 

Lincarquadratic 

278 : 0.11 
288 : 0.06 
3.03 : 0.05 
3.13 : 0.05 
3.02 z 0.03 

282 r 0.11 
289 r 0.07 
3.05 r 0.06 
3.13 r 0.05 
3.03 r 0.03 



T ~ ~ h l c  9 
Hcgrcx~lon c o c ~ c l c n t s  obhincd In flttlng a llncur nlodcl to sclzurcs und uicrlnc nbsorbtvl dmc for lndlvidunls 
cvposcd in rrlero Lo ihc ntorriic haml)ings In Jupnn 

1031 

7hc rcgrasion codlicirnl a is thc nurnhcr of scizurcr per 100 indrvidualr a1 zero dcsc (inmcepl); h i s  the innensc in frqucncy dsdzurca per unit done (G~.'). 
* G r r s  d revcrc mcnlal retardation includcd in ~3mplc. 
' P d c d  mnlrols. Data fa cmrrds (> 0.01 Gy) over all gestalional ages uwc used. 

Cares of sevcrc martal rclarda~ion cxcludcd f ran  mmple. 

I'asr-o~ularor). 

age 

Rcpersion 
modcl 

All l e i m r t ~  

0-7 w c c h  
8-15 weeks 

8-15 wcekr I, 

16-75 wccks 
a 26 uccks 

NI n g u  

0.7 wccks 
8-15 wccks 

8-15 u+ceL 
16-25 weeks 
2 26 weeks 

A l  ager 

S i g n i f i c ~ r c  
lnrl of 

b 

Regression rocficicnr 

a 

linear 

Linear 

b 

Febrile ~ r i z u r t s  

4.55 
2 5  1 
3.87 
4.73 
3.89 
3.97 

4.62 
261  
3.70 
4.39 
3.62 
3.88 

0-7 weeks 
8-15 wccks * 

8-15 u*ccks ' 
16-25 wcdu 
s 2 6 w c e l r s b  

All ages 

0-7 wcckr 
8-15 weeks 

8-15 wceks 
16-25 wccks 
r 26 u-ceks 

All ages 

-0.046 2 0.34 
0.18 2 0.087 
0.15 2 0.084 
0.001 2 0.052 
0.024 2 0.064 
0.054 2 0.037 

0.058 2 0.12 
0.11 2 0.11 
0.083 2 0.10 
0.016 + 0.067 
0.029 +. 0.071 
0.026 1: 0.040 

p c 0.05 
p c 0.10 

p c 0.10 

Lincar 

Linear 

Unprovoked s e i m n  

-0.041 + 0.34 
-0.018 % 0.071 
4.023 + 0.073 
-0.030 2 0.048 
0.033 ? 0.052 
4.012 2 0.015 

-0.050 = 0.30 
-0.018 2 0.081 
-0.028 2 0.017 
-0.036 + 0.11 
0.033 2 0.056 
-0.013 2 0.021 

4.06 
1.80 
221 
279 
1.81 
246 

4.10 
1.96 
221 
283 
1.84 
261 

p < 0.10 

0-7 weeks 
8-15 

8-15 wceks 
16-25 weeks 
i 2 6 w c e k s b  

NI a* * 
0-7 weeks 
8- 15 weeks 

8-15 weeks 
16-25 wccks 
a 26 wccks 

All sgu 

0.20 2 0.084 
0.18 2 0.083 

0.042 2 0.054 
-0.019 2 0.070 
0.074 + 0.033 

0.15 % 0.10 
0.13 2 0.099 
0.067 + 0.065 
-0.018 z 0.065 
0.052 2 0.035 

p < 0.01 
p c 0.05 

p c 0.05 

p c 0.10 

p c 0.10 

Linear 

Linear 

0.89 
1.71 
1.98 
1.89 
1.45 

0.92 1 
1.50 
1.58 
1.69 
1.30 
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T11h1e 10 
Hcgrcsslon cocMcicnts and nl lmslrd thresholds o h b i n d  In llltlng 14 l i n c ~ r  mcdcl lo sc l zum and uterine 
t~hsnrhcd dose for indlvidunls cxposcd in rtrero to the ntonilc homhinys in . l t~p i~n  

lC)lI 

* The r c g r w o n  cosf~cicnt a is the numtcr of scizurcs per 100 individuals at w o  dose (intercept); b is thc inncarc in Crcqurncy of scizurcs per unit dose (Gy-'). 
* 95% a in parcnrh-. 
' C I s c s  d ~ v o c  rncntd retardation included in rarnplc. 

Podcd controls. 
Csscs d lcvcrc mcntal rciardation cxcludcd l r a n  larnplc. 

Pasf-obularory 

age 

Jiknifimce 
1n.cl of 

b 

Threshold 

ICY) 

Regressiun 
model 

N I  rrizurn 

Re~rcrsion coeficicnf a 

8-15 w c c h  ' 
6-15 wccks 

All ages 

8-13 w c c h  ' 
8-15 wccks ' 

All ngcs 

0 

0.26 t 0.13 
0.25 : 0.14 
0.10 ? O.M 

0.17 ? 0.16 
0.17 2: 0.20 
0.M : 0.07 

b 

linear uith rhruhdd 

Linear uirh lhrcshdd 

Unprovoked scizurrs 

p c 0.05 
p < 0.10 
p < 0.10 

271 
3.94 
4.08 

270 
3.72 
3.93 

0.15 
0.20 
0.23 

0.11 
0.17 
0.23 

8-15 w c e k  ' 
8-15 wccks ' 

All ages ' 

8-15 w c c k  ' 
8-15 w e b  

All ages 

0.26 : 0.1 1 
0.25 : 0.11 
0.09 r 0.04 

0.19 : 0.13 
0.17 r 0.12 
0.07 t 0.04 

Linear with thrcshdd 

lincar with thrcrhdd 

0.90 
1.72 
1.4-1 

0.91 
1.49 
1.28 

p c 0.01 
p < 0.05 
p c 0.05 

p c 0.10 

p c 0.10 

0.08 
0.11 
0.00 

0.04 
0.04 
0.W 
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DOSE GROUP (Gy) 

16-25 week  

0 0.2 0.4 0.6 0.8 1.0 1 .? 1.4 

UTERINE -ORBED DOSE (Gy) 

F i ~ u m  I. 
Incidence of severe menlnl mtardation in lndlviduals exposed in irfero lo the alomlc bombings 

in Japan. Numbcr of cases Indlcaled in upper figure. Tobl numbcr of cases Is 27; one case In controls 
exposed 111 0-7 wecks not shown; thme cnses of Down's syndrun~c excluded. 

1011 
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100- First trirncs~cr 
0 Second ~rirna~cr 

Third trimester 

iE 
tr: 60 - 
5 a 

40- 5 

0 0.5 1 .O 1.5 2.0 

W R I N E  ABSORBED DOSE (Gy) 

0 8-15 weeks 

0.5 1 .O 1.5 2.0 

UTERINE ABSORBED DOSE (Gy) 

0 >16 wecks 

I 
0 

1 
0.5 1 .O 1.5 2.0 

UTERINE ABSORBED DOSE (Gy) 

Figure 11. 
Incidence of s n ~ u l l  head s i x  In lndlviduals exposcd in ukro to U-IC e b m i c  bombings in Jupt~n 

101 31 



110 - 

2 
0 : loo- 
E! 

3 9 0 -  
H 

80 - 

70 - 

60 1 I I 

0-7 wccks 8-15 w c e h  16-25 wecks I > 26 w w h  I Nl ages I 

POST-OVUIATIRY AGE 

I 
I 

0-7 wcckr 8-15 wecks I 16-25 weeks I > 26 weeks I NI agcs 

POST-OVUUTOIIY AGE 

Figurn 111. 
Change In ln(cll1gence scorn and school performnnce 

in lndividuuls exposed in trfero (o (he abrnlc bombings In Jnpun 
lor, S j l  
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abscopal 

acallosal 

anencephaly 

anosmia 

apoptosis 

axon 

brain 

brain mantle 

brain slem 

Broca's area 

bulb, oIJactory 

caudate nucleus 

cerebellum 

cerebrum 

cingulum 

cisrerna magna 

coloboma 

commissure 

corpus callosum 

Glossary 

the effect on non-irradiated tissue of the irradiation of other tissues of an organism 

in the context used here, implying without a corpus callosum 

a mngenilal anomaly of the brain with the abscncc of the bones of the cranial vault; 
usually the cerebral and cerebellar hemispheres are lacking and the brain stem is 
rudimentary. 

the inability to smell 

a particular form of cell death, apparently progtdmmed, in which death occurs relatively 
rapidly without mnspicuous damage to the cell membrane 

development of the tree-like network of nerve processes 

a star-shaped neuroglia cell; the final differentiated form of the radial glial cells that 
provide guidance to the neurons as they migrate from the proliferative zones 
surrounding the ventricles to the cortex 

a nerve fibre that is continuous with the body of a nerve cell and is the essential 
stimulus conducting portion of the cell. It consists of a series of neurofibrils surrounded 
by a well-defined sheath, known as the axolcmma; the latter is in turn encased in 
myelin, a mixture of lipids, and a final sheath, the neurolemma. 

the mass of nervous matter that lies within the cranium or skull and consists of a 
number of discrete parts, such as the brain stem, the cerebrum and the cerebellum 

the distinctively laminated layering of grey matter covering the cerebral hemispheres 

the portion of the brain that connects the cerebrum with the spinal column 

the region in the left hemisphere involved in language. It lies in the frontal lobe above 
the lateral sulcus (the Sylvian fissure) behveen the two anterior limbs of this fissure. 
It is also known as thc parolfactory area or the area subcallosa. 

the greyish expanded forward extremity of the olfactory tract, lying on a sieve-like plate 
above the ethmoid bonc and receiving the olfactory nerves 

an abbreviation of the words cell adhesion molecule; a number of surface molecules are 
known, such as N-CAM, a molecule that allows one neuron to recognize another, or 
Ng-CAIvl, that is involved in neuron-glial recognition. N-CAM exists in at least two 
forms, an embryonic (E-N-CAM) and an adult, which differ in the degree of sialylation. 

a long hone  shoe-shapcd mass of grey matter that is closely related to the lateral 
ventricle throughout ils entire length. It consists of a head, a body and a tail. 

the posterior portion of the brain, consisting of two hemispheres connected by a narrow 
mass of tissue known as the vermis 

the largest portion of the brain including the ccrcbral hemispheres. In its earlier stages 
of development, the ccrebrum is characterized by four major layers, namely, the mantle, 
the outermost margin of the brain; the cortical plate; the intermediate or migratory 
zone; and the matrix or proliferative zone. 

a well-marked band of nerve fibres lying immediately above the corpus callosum that 
relate the cingulate to the hippocampal gyri 

the largest of the cisterns lying in the space between the pia mater and the arachnoid 
membrane of  the brain; i t  lies between the under surface of the cerebellum and the 
posterior surface of the medulla oblongata. The term mega cisterna magna implies an 
abnormal enlargement of this cistern. 

a mutilation of a structure, generally of the eye. For example, coloboma iridis is a 
congenital cleft of the iris. 

a bundle of nerve fibres passing from one side to the other of the brain 

the great transverse cnmmissure between the two cerebral hemispheres; i t  lies beneath 
the longitudinal fissure and is covered on each side by the cingulatc gyrus. 
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cortico-corrical cells 

cytoarchitectonics 

dendrite 

diencephalon 

dysleria (severe) 

ectopia 

encephalomeningocele 

cnolase, neuron-specific 

cpendymal layer 

folia cerebelli 

/rogile X syndrome 

ganglia (ganglion) 

gap junction 

gastroschisis 

GFAP 

glomerulus, ol/adory 

granular neurons 

the outer layers of the cerebral hemispheres and the cerebellum wherc most of the 
neurons in the brain arc located. The cells of the cortex are arrangcd in extensive, 
stacked layers that are distinguishable histologically. Six layers arc recognized, namely, 
the molecular or plcxiform laycr (layer I), the outer granule cell  layer (II), the outer 
pyramidal cell layer (Ill), the inner granule cell layer (IV), the inner pyr~midal cel l  
layer (V) and the plymorphous layer (VI). Layer V, the inner pyramidal cell layer, is 
often further subdivided into two sublayen, known as V, and Vb. V, consists of small 
and medium-sized pyramidal neurons, whereas Vb is made up of large pyramidal 
neurons. The spheres of projection of thcse two suhlayers arc also different. 

the most superficial of the cells of the mrtcx 

the cytoarchitecture of a structure, particularly the cerebral cortex, where different areas 
may be mapped according to the manner in which various cells are distributed in the 
cell layers 

one of the branching pmtoplasmic processes of the nerve cell 

the part of the brain ha t  includes the thalamus and related structures. I t  is derived from 
the posterior part of the prosencephalon. 

the revised system of computing the gamma and neutron doses rcceived by the 
sunivors of the atomic bombing of lliroshima and Nagasaki; this system was 
introduced in 1986, hence the acronym DS86 (dosimetry system 1986). 

an uncorrectable inability to read understandably, now attributed to a specific lesion in 
the language centre of the brain located in the left temporal lobe 

as used in the present context, the displacement or malpositioning of ncuronal cells; 
synonymous with heterotopia 

a protrusion of the brain and its membranes through a bony defect in the skull 

a form of the glycolytic enzyme cnolase, or phosphopyruvate hydratase, which appears 
to be restricted to neuronal and neuroendocrine tissues and can be a useful marker for 
neuronal damage 

the layer of cells that line the venlriclcs; the term subependymal implies the region 
beneath h e  cpendymal layer. 

the narrow, leaf-like gyri of the ccrcbellar cortex 

an inherited. X-linked form of mcnlal retardation associated with a characteristic 
secondary constridion (often called a fragile site) of the X-chromosome. The extent of 
the mental retardation can vary substantially. 

a term generally used to describe a knot or knot-like coliedion of nerve cell bodies 
outside the central nervous system 

the cells of a multicellular organism arc able to influence the activities of one another 
through a variety of processes. Collectively, thcse processes are refencd to as inter- 
cellular communication. Adjaccnt cells, for example, can transport small molecules 
back and forth through their cell walls by means of a specific channel, known as the 
gap junction. Their capacity to do this, however, is influenaed or modulated by a 
number of factors, such as the calcium levels within the cells. Regulation of this 
communication through gap junctions is presumed to play a role in the occurrence of 
cancer and in the development of the brain. 

a congenital &fed in the abdominal wall, usually with protrusion of the viscera 

dial  fibrillary acid protein, a biochemical marker of glial cells 

a rounded body in the olfadory bulb formed by the synapses of dendrites of one class 
of olfactory cclls, known as mitral cells, with the axons of the olfactory cells of the 
nasal mucous membrane 

one of the five discrcte types of neuronal e l l s  found in the cerebellum; these cells arise 
in the outer granular layer of the cerebellar cortex and migrate inwards to their sites of 
fundion. They make synaptic connedions with the spiny processes on the Purkinje cell. 

the specialized end of a growing axon (or dendrite) that provides the motive force for 
iu elongation 
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gyrus one of the prominent rounded elevations of the surlace of the hemispheres of the brain; 
the cingulate gyrus or the callosal gyrus, a synonym, is a long, curved convolution that 
arches over the corpus callosum. 

hem ianopsia, ltomonomous defective vision or blindness affecting the right halves or the left halves of the visual 
fields of the two eyes 

a direrence in coloration of the iris of the two eyes, or different parts of the iris of the 
same eye 

heterotopia 

hippocampus 

see ectopia 

a deeply infolded portion of the cerebral cortex, lying on the floor of the inferior horn 
of the lateral ventricle. It is a submerged elevation that forms the largest part of the 
olfactory cortex. It is now thought to bc involved in learning and memory since damage 
to it results in a recognized cognitive defect characterized by severe amnesia and 
includes defiats in learning mazes. 

Iwloprosencephnly 

horseradish peroxidase 

a failure of the forebrain to divide into hemispheres 

an enzyme derived from horseradish that catalyzes the oxidation of certain compounds 
by peroxide 

hydrocephaly a condition marked by the excessive accumulation of fluid in the cerebral ventricles, 
resulting in a thinning of the brain and causing a separation of the cranial bones 

hypergonadotrophism the overproduction or excretion of the gonadotrophic hormones, the hormones of 
pituitary origin 

hypogonadism inadequate gonadal function, represented either by deficiencies in gametogenesis or  the 
secretion of gonadal hormones 

the combined pia mater and the middle layer of membranes covering the brain and 
spinal cord known as the arachnoid 

leptomeninges 

UIRH cells (luteinizing hormone 
releasing hormone cells) 

these are speaalized ciliated neurons that arise in the olfactory placode and migrate into 
the cerebrum. Their function is to release the hormone that stimulates the production 
of the luteinizing hormone, which in turn is involved in the elaboration of the sex 
hormones. 

limbic system 

macrogyria (also called pachygyria) 

a group of subcortical structures of the brain (the hippocampus, hypothalamus, 
amygdala) that are concerned with emotions and motivations 

a developmental abnormality of the brain in which the gyri are fewer in number than 
expected and relatively broad, and the sulci are short, shallow and straighter than 
normal. In its most extreme form, known as argyria or lissencephaly, there may be a 
total or almost total absence of gyri. Maaogyria is an abnormality in neuronal 
migration. 

mamillary bodies two protuberances on the under surface of the brain beneath the corpus callosum; they 
are a part of the brain known as the hypothalamus. 

medulla oblongata the portion of the brain that is continuous above with the pons and below with the 
spinal cord 

mmencephalon (or midbrain) the part of the central nervous system that arises from the middle portion of the initial 
divisions of the embryonic neural tube 

micrencephaly (microencephaly) 

motonruron (motor neuron) 

motor corter 

abnormal smallness of the brain 

a neuron that enervate. muscle fibres 

the region of the cortex lying in front of the central furrow, or  sulcus, that divides the 
cerebral hemispheres into anterior and posterior portions. I t  is the site of the processing 
of motor impulses. 

a mixture of lipids arranged around the axons of nerve fibres. Myelination refers to the 
development or formation of the myelin sheath around a nerve fibre. 

the laminated, evolutionarily younger portion or  the ccrebral cortex in humans and 
higher vertebrates 

neurite see axon 
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ncrtmblas~s embryonic cells that develop into neurons 

neumfibroma~osir, mul~iple an inherited neurological disorder ct~aractcrizcd generally by the appearance early in 
(von Recklinghurrsen 's disease) childhood of discrete, small, pigmented lesions in the skin, followed by the 

dcvclopmcnt of multiple subcutaneous neurofibro~na. The latter can develop along 
almost any nerve trunk. Two different types of Illis disorder have k e n  identilied, each 
associated with a dimercnt genetic locus. 

ne~troglia (or oJtcn jusr, gl ia)  

neuron 

nucleus accumhens sepli 

oligodendroglia 

ol jac~oty bulb 

omphalocele 

oplic Iecfum 

arycephaly 

pachygyria 

paleocortcr 

parahippcampal gyrus 

PE-86 sample 

the non-nervous cellular components of the nervous system; they providc support to the 
developing structures of the nervous system and pcrform important melabolic functions. 
There are a variety of diffcrcnt glial cells, distinguishable by their morphology and 
function. One especially important group is the transitory set, known as radial glia cells, 
that providc guidance to the neurons as they migrate from the prolifcrativc zones to 
their sites of function. 

a nerve cell, consisting of the ccll body and its various processes, the dendrites, axons 
and ending. Neurons do not normally divide. 

a collective term describing the network of neuroglia, axons and dendrites and their 
synapses in the brain 

an area of the brain immediately txncnth the h a d  of the caudate nucleus and medial 
to the putamcn 

a class of neuroglial cells having few process= that form a sheath around nerve fibres 
or a capsule around nerve cell bodies 

a specialized arca on the ventral aspect of the cerebral hemispheres, distinguishable 
about mid-gestation; related to the development of olfaction 

congenital protrusion of the abdominal visccra at the umbilicus 

the first central station in the visual pathway of many vertebrates. I t  is located in the 
midbrain and is analogous in mammals to the superior colliculus, a rounded eminence 
on the dorsal aspect of the meserlcephalon concerned with visual reflexes. 

a condition in which the top of the head is pointed 

see macrogyria 

the cortex of the primate brain is often divided on the basis of the antiquity of origin 
of specific segments; [he paleocortcx is the evolutionarily older part (the ncocortex in 
the younger) and includes the olfactory cortex. 

a convolution of the interior surface of each cerebral hemisphere, lying between the 
hippocampal and collateral sulci (or furrows) 

the sample of prenatally exposcd survivors in Iiiroshima and Nagasaki. It was 
constructed. beginning i n  1955, based upon birth registrations, ad hoc censuses by the 
a t y  authorities and the Atomic Bomb Casualty Commission, and interviews of women 
who were enrolled in the gcnctia programme in these cities in 1948-1954 and were 
possibly pregnant at the time of the bombing. 

perivenlricular (or circumwntricular) meaning around the ventricles of the brain 

pia marer 

placode, ol/ocroty 

the innermost of the three membranes (or meninges) that cover thc brain spinal cord. 
The other two membranes are known as the dura mater, the outermosl of the thrce, and 
the arachnoid that lies between thc pia and dura malcrs. ' R e  arachnoid membrane is 
separated from the pia mater by Ihc subarachnoid space. 

a thickening of embryonic cells lying in the bottom of the olfactory pit as the pits are 
deepened by the growth of the surrounding nasal processes 

plasmalemma the plasma membrane 

premolor corlcx the region of the cortex of the bri~in lying just Idorc  the motor corlcx, where complex 
motor movements arc organizcd 

prosencephalon (or Jorebrain) the most forward part of the three primary division of the neural tube: i t  gives rise to 
the dienacphalon and tclcncephalon. 

Purkinje cell a large nerve acll of the ccrchcllar cortex; these cells are the only ones in thc 
cerchcllum that carry nerve impulses out of the cerchcllum itself. 
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pyknosis (also spelled pycnosis) 

radial glia 

Ratlrke's pouch 

rhinencephalon 

rhombencephalon (or hindbrain) 

schizencephaly 

somalosensory corter 

subarachnoid 

subplate neurons 

sulcus 

syncytium 

synaplogenesis 

telencephalon 

rinea capiris 

ulerine myomatosis 

ventricles 

w n  Recklinghausen's disease 

a degeneration of a cell in which the nucleus shrinks in size and [he chromatin 
condenses into a solid, structurcless mass 

a specialized group of neuroglia cells that assist immature neurons in their migration 
to the cortical plate; later in the development of the brain these cclls will differentiate 
into astrocytes. 

a pouch of embryonic cctodcrm that gives rise to the anterior lobe of the pituitary body 

one of the portions of the telencephalon, specifically that part comprising the slrudures 
toward the centre of the furrow separating the forward part of the parahippocampal 
gyrus from the remainder of the temporal lobc of the brain 

the most posterior of the three initial divisions of the neural tube; it subsequently gives 
rise to the metencephalon and the mylencephalon. 

an abnormality of the development of the brain in which there are abnormal divisions 
or clefts of the brain substance 

that portion of the cortex of the brain that is involved in the processing of sensory 
stimuli that arise in the body outside of the brain 

implying bcncath the arachnoidea, a delicate membrane interposed between the dura 
and pia matcn; the subarachnoid space lies between the arachnoidea and the pia mater. 

a special group of early arising neurons that appear to be instrumental in the laying 
down of the first axonal pathways; also known as transient pioneer neurons 

one of the grooves or furrows on the surface of the brain that bounds or delimits the 
convolutions, the gyri. The sulcus that separates the corpus callosum from the gyrus 
cin yli is called the sulcus corporis callosi. 

a multinudeated protoplasmic mass formed by the secondary union of originally 
separate cells 

the process or processes that culminate in the formation of synapses, that is, the places 
where a nerve impulse is transmitted from one neuron to another 

the part of the brain that includes the cerebral hemispheres and is derived from the 
foremost part of the neural tube 

infection of the skin of the scalp with one or several different genera of fungi 

the occurrence of benign neoplasms in the musculature of the uterus 

as used here, the cavities within the brain derived from the lumen, or open canal, of the 
primitive neural tube. The term ventricular is used to describe the layer in the brain 
immediately adjacent to the ventricles. 

see neurofibromatosis, multiple 
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INTRODUCTION 

1. Dctcr~ninistic rffccLs of ionizing radiation in 
humans arc t l~c  rcsult of whole-body or local cxpo- 
sures tl~at causc sufficicnt ccll da~nagc or ccll killing 
to impair function i n  the irradiated tissuc or organ. 
Thc damagc is thc rcsult of collcctivc injury to sub- 
stantial nunlbcfs or l)roportio~~s ofcclls. For any givcn 
dctcrministic cflcct, a givcn nu~nbcr or proportion of 
cclls must bc affcctcd, so that thcrc will be a thrcshold 
dose bclow which thc nurnbcr or proportion of cclls 
affcctcd is insufficient for tile dcfincd injury or clinical 
manifestation of thc cffcct to occur [F l ,  11 1. With 
incrcasing radiation dose fcwer cclls survive inlact, 
and therefore the dctcr~ninistic crfccts incrcasc in 
scverity and frcqucncy with the dosc [U3]. If the 
radiation cxposurc is scvcrc cnough, dcath may result 
as a conscqucncc of the exposure. Dcath is gcncrally 
the rcsult of scvcre ccll depletion in one or morc 
critical organ systems of thc body. 

2. Ionizing radiation can irnpair function i l l  all 
tissucs and organs in the body because of cell killing; 
howcvcr, tissucs vary in thcir sensitivity to ionizing 
radiation [Fl, 11). Thc ovary, tcstis, bone marrow, 
lymphatic tissuc and the lcns of the eye belong to the 
most radioscnsitive tissucs. In general, thc dosc- 
rcsponsc function for thcsc tissucs, i.c. thc plot on 
linear axes of the probability of harm against dosc, is 
sigmoid in shape. Above thc appropriate thrcshold, thc 
effect becon~es more scvcrc as thc radiation dosc 
incrcascs, reflecting thc numbcr of cclls damagcd. Thc 
effect will usually also increase with dosc rate, 
because a morc prolractcd dosc causcs thc cell damage 
to be sprcad out in timc, allowing for more effcctivc 
repair or rcpopulation [12]. This typc of cffcct, which 
is charactcrizcd by a severity that incrcascs with dosc 
above sonlc clinical thrcshold, was pr~\~iously callcd 
"non-stochastic". The initial changes on thc ccllular 
lcvcl occur csscntially at random, but thc large nunlhcr 
of cclls rcquired to rcsult in a clinically obscnlahlc, 
non-stochastic cffcct givcs the cffcct a dctcrmi~~istic 
charactcr. For this rcason such cffccts are now callcd 
"detcrministic" cffeck. The dosc lcvcls that rcsult in 
the clinical appearancc of pathological effects arc 
generally of the ordcr of a few gray to some tens 
of gray. This clinical thrcshold or critical dose is 
bascd on clinical cxaniination and laboratory tcsts. Thc 
timc of appearance of tissue damagc ranges lroln a 
few hours to marly ycars aftcr the cxposurc, dcpc~~d i r~g  
on the typc of eflcct and thc charactcristicr of tllc 
particular tissuc. 

3. Radiation-i~~duccd dctcrr~~inistic danlagc in a 
tissuc or o r g i ~ ~ ~  will oftcn l~avc a lllorc scvcrc impact 
on t l~c  individual during childl~ood, when tissues are 
activcly growing, hnn during adulthood. Examples of 
dctcr~l~ir~istic scquclac aftcr radiation cxposurc in 
cl~ildl~ood includc cffccls on growlh and dcvclopn~cnt, 
hor~nonnl dcricic~lcics, organ dysfunctions and caccts 
on i~~tellcctual and cognitive functions. In this Anncx, 
a rcvicw is rnadc of latc, dctcnninistic d a m a g  to 
nor~nal tissucs in cl~ildrcn causcd by ionizing radiation. 
Life sbortcning is not discussed due to the paucity of 
data. Othcr cffccts of radiation exposurc, such as 
canccr illduction, l~crcditary cffccts and early radiation 
cffccts, arc not considered. One objcctivc of this 
review is to try to dctcrminc thc critical dosc lcvcls 
for thc appearaacc of c l i~~ical  dctcnninistic effccts. 
Such dosc lcvcls will dcpcnd on the end-points 
considcrcd and on the sensitivity of the techniques for 
measuring Lhc cffccLs. Pcrn~ancnl rather than transient 
biocl~cniical chaagcs are cn~phasizcd in thc attc~npts to 
dcfinc the threshold doscs. 

4. Thc Comnlittcc rcvicwcd the detcrministic 
cffccts of radiation in Anncx J of the UNSCEAR 1982 
Rcport [U3]. T l ~ c  basic conccpts of ccll survival wcrc 
rcvicwcd, including the factors influencing tissue re- 
sponsc to fractionated or continuous exposures to 
radiation. That rcvicw of effccts was bascd n~ainly on 
results of animal cxpcrimcnts and clinical obscn~ations 
of adulb who had rcccivcd radiotherapy. Its main ob- 
jcctivc was to idcntify the naturc of cffeck in various 
tissucs and thc doscs and modalities of irradiation that 
causc t l~c effects. I t  was the Commitlee's opinion that 
bcttcr quantitative results io man would bc rcquircd, 
although it  was rccognizcd that such dala wcrc diffi- 
cult to obtain. For cffcck in children, the nccd for data 
and thc difficulties wcre considcrcd to be cvcn grcater. 

5. The i~~for~ni~liorl  in tliis Anncx on thc possiblc 
dctcr~ninistic cffccb specific to the cxposurc of child- 
rcn conlcs from t l ~ c  applicatior~ of new methods to de- 
rive data and Ltic continued monitoring of p a t i c ~ ~ k  who 
rcrcivcd radiot11cral)y and othcr individuals cxl)oscd to 
doscs high cnougll to causc dctcnninistic damage to 
spccilic tissucs or to the wholc body. For practical 
applications it is important that attcmpts should be 
m;~dc to quantify this damage in tcrrns of tlic degree 
ol' dc t r i~nc~~t .  0wi11g to t l~c  paucity of datii, i t  is not 
really possiblc to quantify cffec~s by agc in  most 
situirtions. 
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I. DETERMINISTIC EFFECTS OF RADIATION EXPOSURES 

6. Although thc pathobiology of radiation-induced 
latc deterministic effects is poorly understood, i t  is 
reasonable to believe that latc damage can result from 
a conibination of loss of parc~~clrymel cclls, injury to 
the fine vasculaturc and/or dysfunction of the fibro- 
cytes and other cclls [CI]. Radiation-induced latc 
tissue injury of a deterministic nature appears to havc 
its origin in h e  sterilization of a large proportion of 
the stem-like cclls of the tissue or organ in question, 
although thcse cells may be only a small proportion of 
the total number of cells in that tissue/organ. The 
consequent injury results from the natural loss of post- 
mitotic cells that :ire not replaced or from the loss of 
cclls that arc stimulated into mitosis. The timing of 
tissuc injury depends on the natural proliferation 
characteristics of cells and also on kinetic changes 
resulting from the radiation exposure that are charac- 
teristic of the tissuc p 3 ] .  In addition to the loss of 
functional cclls, supporting blood vessels may be 
damagcd, resulting in secondary tissue damage. 
Damage to the capillary network has been implicated 
in the degenerative changes that are accompanied by 
a progressive reduction of functional capacity [Fl 1. 
Other mechanisms for latc effects include increased 
vascular permeability. which causes plasma proteins to 
lcak into interstitial spaces, resulting in the deposition 
of collagen and leading to atrophy of parenchymal 
cells. There may also be some replacement of func- 
tional cells by fibrous tissue, reducing organ function. 
The clinical effect that ensues depends on the specific 
function of the tissue in question. 

7. Various processes of repair and repopulation will 
increase the threshold level of dose when radiation is 
given over a long period or when a second period of 
irradiation is encountered sometime after an earlier 
exposure. The exact role of repopulation, recruitment 
and intracellular repair of radiation injury over long 
periods is not clear [Cl]. Another aspect that is not 
wcll understood is the effect of prior radiation therapy 
on late injuries following a second course of radio- 
therapy. There is repair of sublethal damage related to 
fraction sizc and fractioti number, as wcll as to dose 
rate. There appears to be a wide rangc in the amount 
of repair that can occur betwccn radiation doses or at 
decreasing dose rates, which seems to be a tissue- 
specific phenomenon [CI ]. Increasing tolerance occurs 
as a function of time (days to weeks between frac- 
tions) in organs expressing late damage and is thought 
to be based on slow cell renewal. 

8. Late radiation effects often occur in tissucs with 
l ink  or very little prolifcration. The radiation effects 
have been attributed to parenchymal depletion second- 
ary to endothclial changes in small blood vessels or to 
the direct depletion of parcnchynial or stromal cells 

[R l ,  R2, R3, T I ,  W1 1. The dose-survival relationship 
for latc effects differs fro111 Illat of acute responses. 
Injury to slowly responding tissucs is more dependent 
on fraction sizc. When conventional radiotherapy Gac- 
tionatio~i schedules have been altered to fewer Gac- 
tions of larger doscs, an increase in late complications 
has ensued, with little or no difference in the severity 
of acute effects [T2]. Studies in animals indicate that 
the dose-survival characteristics of target cclls for late 
injuries are different from those of target cclls of 
acutely responding tissucs. The slopes of the isocffect 
curves as a function of dose per fraction are greater 
for latc effects, indicating a greater irifluence on 
sparing from dose fractionation for late effects [T2, 
W2]. The data for low-LET radiation in adults show 
a wide range of sensitivities of diffcrent tissucs P I ,  
RI]. Few tissues show clinically significant effects 
after acute exposures of less than a few gray, with the 
exception of the gonads, lens and the bone marrow, 
which show higher sensitivities. 

9. Thcrc is little direct correlation between acute 
reactions and late effects of radiation [Bl, R2, N ] .  It 
is, therefore, the latc radiation effccts [hat are the dose- 
limiting factors in curative radiotherapy. Interactions 
with other treatment modalities may also limit the 
radiation dose. For example, chemotherapy administered 
during, before or after irradiation may reduce the 
tolerance of the tissues exposed to ionizing radiation 
IN, Wl]. In radiotherapy, normal tissues are unavoid- 
ably included in the target volume, and it is the effects 
in thcse tissues that limit the dose that can be tolerated. 
There is still poor understanding of the exact tolerance 
of a given organ or tissue and of changes in tolerance 
caused by variations in fraction size, target volume, 
duration of treatment, dose rate and Lhc presence of 
various chemical compounds. For a variety of tissues or 
organs, a critical radiation dose for a limited volume of 
this tissue has been established empirically, mainly in 
adults. This dose is usually defined as the dose that will 
produce a small but detectable incidence of serious 
complications resulting from the radiation effect on the 
normal tissue, and often 5% of serious con~plications is 
considered rcasonablc in radiotherapy [Cl, Rl]. This 
critical dose or dose rangc is different from the tern1 
"tolerance dose", historically used in radiation 
protection. Most clinical practice involves daily 
fractionation with approxiniatcly 1.5-2 Gy four or five 
days per week. In  Ibc following paragraphs this will be 
rcferred to as conventionally Gactionatcd radiod~crapy. 
Rubin et al. [ R l ]  and Molls and Stuschkc [h441] havc 
published dab on acceptable doscs in rirdiothcrapy and 
have presented estimates of radiation doses for 
deterministic effects ill organs and tissucs of adults and 
children. There are wide variations in the critical dose 
lrom one tissue to another (Tablcs 1-2). 
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10. There is great variability in the latent intervals 
between radiation exposure and the clinical nlanifcsta- 
tion of late deterministic eKccts, which niay develop 
at times varying from ~ i ~ o n t h s  to 10 or more ycars 
after treatment. The latent interval depends on the 
tissue or organ affcctcd and is, for example, up to 2 
years for myelitis, one to several years for nephritis, 
1-5 years for eye effects and 6 months to many ycars 
for fibrosis in subcutar~cous and connective tissues 
[T2]. The rate at which radiation injury becomes 
manifest in a tissue rellects the rate of turnover of 
target cells and their progeny [Fl]. 

11. Only a few large epiden~iological studies of 
deterministic effects in cl~ildren exposed to io~iizir~g 
radiation have bccn published. Most data are obtained 
from clinical follow-up of small groups of patients 
successfully treated for paediatric turnours. In the 
1950s and early 1960s the prognosis for a child with 
a malignant turnour disease was grave, and for riiany 
types of turnours death would follow in a matter of 
months. With the introduction of modem surgery, 
high-voltage radiotherapy and chen~otherapy, the pro- 
gnosis has improved considerably, and today a large 
proportion of children with paediatric tumours are 
cured. The proportion of two-year survivors, which 
implies the cured fraction, in 1980 ranged from 
approximately 40% for patients with neuroblastoma or 
brain tumours to 80%90% for patients with Wilrns' 
tumour or Hodgkin's disease [Sl]. Consequenlly, 
many children are now surviving into adulthood, 
making i t  possible to study the late effects of their 
treatment. Increasing reports of late effects have Icd to 
systematic investigations by groups of paediatric 
cancer treatment inctitutions, such as the Childrens 
Cancer Study Group in the United States and Canada 
and the International Late Effects Study Group. 

12. In this review of deterministic effects in children, 
the various observed effects have been grouped 
according to the organ or tissue affected. It is 
generally difficult to single out thc specific effect of 
radiation in children with paediatric tumours, as most 

have also bccn treated with other modalities, e.g. 
surgcry, cytostatic drugs al~d/or honnoacs. Most 
clinical cvaluatio~~s arc, moreover, based on small 
nurnbers of paticnts, and often appropriate control 
groups are lacking. Furthernlorc, the long duration of 
che illness, tile need for hospitalization. tbc lack of 
school i i t tc~ida~~cc and olher social factors rnay have 
had a n  irnpact on certain effects nleasured, such as 
neuropsychologic fu~~ctioning. The fact that most data 
are obtained fro111 studies of patients with pacdiatric 
tumours makcs i t  even niorc difficult to draw 
conclusior~s that can be generalized to the general 
pacdiatric population. One reason for this is that 
groups of children ueated for malignant disease may 
include individuals with a genetic predisposition to 
cancer, some of whom can perhaps have a higher 
sensitivity to other radiation-induced effects as well. In 
general, there is a great variability in the ages of the 
patients studied, and many studies have also assessed 
patients at widely different ages. A sizeable portion of 
eligible patients arc often riot assessed: the children 
may not be available for evaluation, owing to, for 
exaniple, their refusal or that of their parents, the 
disease itself or geographical factors. These selection 
criteria obviously also affect the interpretation of data. 

13. Radiation therapy has been claimed to account 
for about 80% of the long-tcnn sequeiae in surviving 
children with neoplasms [MI]. Severe disabilities were 
noted in 41% of 200 children treated for cancer who 
had no sign of disease for at least five ycars after 
therapy [M2]. The disabilities included severe 
cosmetic changes (16%), severe growth retardation 
(lo%), the need for special cducation (8%), gonadal 
failure (7%) and other apparent organ dysfunctions 
(12%). Hypothyroidisni (3%), minimal scoliosis and 
bypoplasia (22%) were some of the mild to moderate 
disabilities. Li and Slonc [ L l ]  studicd late effects in 
142 patients trcatcd for childhood cancer and observed 
major defects in treated organs in 52% of the patients. 
Dcspite this, a large proportion of the patients had 
fully active lives, 61 % had attended collcgc, 53% were 
married arid 32% had progeny. 

11. RADIATION EFFECTS IN TISSUES AND ORGANS 

A. BRAIN bombings in Japan, as well as reviews of other epi- 
' demiological investigations relating to prenatal 

1. Organic elTects exposure to ionizing radiation and effects on the brain, 
arc presented in Annex H, "Radiation effccts on the 

14. The developing human brain is especially developil~g hurn;tn brain". The mechanisms of ob- 
sensitive to ionizing radiation. Previous UNSCEAR served effects from exposure in  fetal life are different 
Reports have considered the general developnien~al from the mecl~anisn~s in a nearly fully developed 
effecls of prenatal irradiation [U2, U4]. A review of brain. This S e c t i o ~ ~  reviews dab  on late effccLs follow- 
the results of the study of survivors of the atomic ing exposure of the brain of i~~fatits and children. 



15. The rcsponsc of thc nornial brain to radiation 
dcpcnds on the total and fractional doses of radiation, 
the duration of exposure, tile cxposcd tissue volume 
and the age of the exposed subject. The outcomc of 
iatrogenic radiation da~nagc to the normal brain 
depends on the nlagnirudc of the darnage and the 
brain's lack of cellular repopulation. Although partial 
recovery takes place bctwecn fractionated cxposurcs, 
the brain has very little repair function [KI. M3j. Aftcr 
birth, the pcriod of greatest radiosensitivity of thc 
human brain is during the first two yean of life, before 
maturation is completed. Treatment involving the whole 
brain is more likely to have an adverse effect on 
younger children by interfering wilh ncural devclop- 
nient before maturation of the brain is complete. 

16. There is a large body of evidence indicating that 
radiotherapy to the central nervous systeni is asso- 
ciated with adverse late effects [B2, B3, D l ,  D26, F2, 
K2, K3, 0 1 ,  P3]. This delayed type of damage is 
believed to be the effect of injury to the fine vascula- 
lure andlor loss of parenchymal cclls, resulting in 
ischaeniic necrosis and loss of parenchynlal function 
[Al ,  C1, C2, S2]. Vascular changes may occur aftcr 
relatively low radiation doses. Glial cells proliferate 
during the first yean after birth and are therefore 
sensitive to ionizing radiation. A decrcase in the 
replacement of glial cells and the associated inter- 
fcrence with myclination have also been postulated as 
causes of delayed radiation injury [M4]. 

17. Treatment-related sequelae of the central nervous 
system have been documcntcd in children with brain 
tumours and acute leukaemia, as well as in children 
having other tumours h a t  require treatnient of the 
central nervous system. The concept of treating the 
central nervous system of children with acute lympho- 
blastic leukaemia was developed in the 1960s in order 
to avoid leukaemic relapse of the central nervous 
system [A2, MI. Most patients with leukaemia or 
solid tumours other than of the brain do not have 
primary disease of the central ncrvous system, and the 
effects of treatment can therefore be better distin- 
guished from the effects of disease. In addition, the 
radiotherapy in these patients generally involves 
relatively low radiation doses in the brain. Analysis of 
radiation effects in brain tunlour patients is more 
difficult because of the much highcr radiation doses 
and the possible effect of the tumour on brain func- 
tion. In a follow-up study of 102 subjects treated for 
brain tumour in childhood [L2], 40% of the subjects 
had mild to moderate disabilities but were living 
independently, 9% were capable of self-care and 4% 
required ir~stitutior~alization. Moderate or severe 
disabilities were reported in 13 of 30 (43%) irradiated 
patients and in 11 of 72 (15%) who did not receive 
radiotherapy. Functional deficits were more cornmon 
anlong those treated before two years of age. 

18. Five distinctive forms of late effects in the 
central ~lcrvous system have bccn dcscribcd: necro- 
tizing Icukomyelopathy, Ieukoencephalopathy, mineral- 
izing microangiopathy, cortical atrophy and necrosis. 
Necrotiziag leukomyelopathy is a spinal cord lesion 
that does not appear to be related to radiotherapy, 
since the majority of cases have bcen observcd in non- 
irradiated patients [P2]. Lcukocncephalopathy is a 
syndromc caused by dcmyclination; it develops in 
patients who have rcceivcd cranial irradiation with 
intrathecal andlor systc~nic niethotrexate treatment [P I ,  
P2, R4]. I-listopathologically, leukoencephalopathy is 
charactcrizcd by dcmyclination, beginning with axonal 
swelling and fragmentation and progressing to necrosis 
and gliosis [MI. Leukocncepl~alopathy presents as 
multifocal coalescing areas of necrosis in the deep 
white mattcr, and in the late stage white matter is 
rcduccd to a relatively thin gliotic calcified laycr. 
Cortical grey mattcr and basal ganglia are not affected. 
Clinical findings range from poor school performance 
and mild confusion to lethargy, dysarthria, ataxia, 
spasticity, progressive dementia and even death. 

19. Both intrathecal methotrexate and cranial 
radiotherapy affcct endothelial pinocytosis, and 
damage to the endothelial barrier could be involved in 
late effects following such treatments [L3]. The 
interactions between nletholrexate and radiation within 
the central nervous system may be due to the over- 
lapping neurocytotoxicity of the two treatment modal- 
ities or to mcthotrcxate acting as a radiosensitizer. 
Irradiation of the central nervous system niay also 
increase the pernleability of the blood-brain barrier or 
may slow the turnover of cerebrospinal fluid and 
clearance of methotrexate from the central nervous 
system. This would alter the distribution of metho- 
trexate in the cel~tral nervous system so that some 
areas accumulate higher amounts of the agent [B4]. 
Significant levels of methotrexate can also bc found in 
the spinal fluid aftcr i t  has been administcrcd 
systea~ically. The risk and severity of Ieukoencephalo- 
pathy are dircclly proportional to the total radiation 
dose, the cumulative dose of systemic methotrexate 
and t t~e number of therapeutic modalities used (Figure 
1) [B2, B4]. The highest incidence of Ieukoencephalo- 
pathy is found ill patients receiving radiothcrapy and 
methotrexate administered both intravenously and 
intrathecally. The least neurotoxic combination appears 
to be intrathecal plus intravenous mclhotrcxate. If 
radiotherapy to the central nervous system must be 
combined with methotrexate thcrapy, d ~ e  least neuro- 
toxic approach appears to be to administer these 
modalities in sequence [B2]. 

20. Leukocncephalopathy has been reported after 
20 Gy or riiore il l  cornbinatio~~ wit11 intrathecal metho- 
trexate [M6, P3, R4j. No evidence of leukocncephalo- 
pathy has bcen found in children for whom intra- 



vcnous or i~~trathccal ~l~ctllotrcxatc was discontinued 
beforc radiothcrapy. Lc~~kocnccpl~i~lol~atl~y has not 
been rcportcd aftcr fractionated radiothcrapy of the 
central ncrvous systcrli with 18-24 Gy alone and rarcly 
with intrathccal mcthotrcxatc alo~lc 184, K4]. Leuko- 
cnccphalopathy can illso occur aftcr a single dnsc of 
10 Gy whole-body irradiation prior to bo~lc marrow 
transplanlation [A4, D2, Jl] .  Almost all such rcportcd 
cascs havc occurrcd in childrcn, suggesting that the 
maturing brain is nlorc susccptihlc. Thcse paticnts 
wcrc usually givcn intensive chcmotl~crapy and cranial 
radiothcrapy with 20-24 Gy ovcr a fcw wccks prior to 
the whole-body irradiation. Lcukocnccphalopathy 
occurrcd within a fcw ycars of whole-body irradiation 
in thcsc paticnts and has usually rcsultcd in scvcrc 
neurologic deterioration. 

21. Mineralizing niicroangiopathy affects prc- 
dominantly ccrcbral grcy nlattcr and somctimcs ccre- 
bcllar grcy mattcr and is charactcrizcd by focal calci- 
fications in the central ncrvous system. This dcgcnc- 
rativc and mineralizing disorder is believed to rcsult 
from radiation-induccd damage to thc sn~all  vcsscls 
[B4, P2, P4]. Histopathologically, calcifications arc 
found in small blood vesscls occluding the lunlcn with 
mineralized necrotic brain tissue around the vcsscls. 
Neurological abnormalities, such as poor muscular 
control, ataxia, hcadachcs and scizurcs, havc bccn 
obscrvcd in patients with this complication. Mincral- 
izing microaryiopathy is not fatal, and its cffcct on 
ncuropsychologic functioning may bc minimal, al- 
though permanent destruction of specific regions of 
the brain may occur. Mirlcralizi~~g microangiopathy 
has not bccn found in childrcn who did not rcccive 
cranial radiothcrapy [P4]. It occurs predominantly in 
childrcn who rcccivcd 20 Gy or morc. Bctwccn 25% 
and 30% of p a t i c n ~  who survivc more than nine 
months alter intraU~ccal mcthotrcxatc and cranial 
irradiation with 24 Gy havc evidcncc of mincralizing 
microangiopalhy. The lesion occurs more oftcn in 
young childrcn [B4, DS]. Whcn mineralizing micro- 
angiopalhy arid lcukocnccphalopathy coexist, the 
clinical manifcstatioris oftllc Icukocnccphalopathy will 
prcdon~inatc. 

22. Cortical atrophy is perhaps the niost conimon 
manifestation after lrcat~ncnt of thc ccntral ncrvous 
system. I t  is thc rcsult of multiplc arcas of radiation- 
induced focal necrosis causing loss of cortical tissue 
and production of ventricular and subarachnoid space 
dilatation [C3, D3, D4, D5]. The cortcx of atrophic 
brains is microscopically charactcrizcd by an irrcgular. 
neuronal loss from a l l  six layers. Astrogl ial prolifera- 
tion is son~ctimes prcscnt, usually confined to the mar- 
ginal layer. Ccrcbral atrophy occurs alter fractionated 
cranial radiotherapy in nearly half of the patients 
receiving >30 Gy to UIC entire brain. The latcnt pcriod 
between radiothcrapy and thc onset of atrophic than- 

gcs dclcclablc wit11 roa~putcd to~nography is 1-4 ycars 
or CVCII  lol~gcr ID31. 

23. Aftcr cranial rirdiod~cral~y with 25-65 Gy to thc 
wl~olc brain (dclivcrcd at s 2  Gy pcr day) to trcat brain 
tuniours, cortical alrol)hy has bccn found in half of the 
cllildrr~~ ID.51, abnornlalilics of the whitc niatter in 
26% and calcifications in 8% of the patients. Cortical 
atropl~y has also bccn dcmo~lstrated in one third of 
childrc~~ with acutc lyn~phoblastic lcukacmia rcccivir~g 
24 Gy ~)rophylactic cranial irradiation and iatrathccal 
mcdiotrcxatc IU]. Crosley ct al. [C3] found cvidcnce 
of abnormality of thc central ncrvous systcnl at auto- 
psy ill 93% of 91 cl~ildrcn trcatcd for acute Icukacmia. 
Modcralc to scvcrc atrophy was observed in 13% of 
paticnLs rccciving no prophylactic treatment of thc 
central ncrvous systcm, in 19% of patients receiving 
radiothcrapy given in 1-2 Gy fractions over 2-15 days 
(the total brain dose was not stated), in 43% of 
patic~~Ls givcn intrall~ccal methotrcxate and in 47% of 
paticnts who reccivcd both chc~notherapy and radio- 
therapy. Atrophy did not conelatc with lcukacmic 
infiltrations or vascular or i~~fcctious processcs. 
Childrcn with thc most scvcrc atrophy wcre thc ones 
who wcrc youngcst at onset (mcan age: 2.5 ycars). 

24. Ccrcbral necrosis is a serious sequclac and is 
usually diagnosed 1-5 ycars after treatment but may 
dcvclop morc than a decade Iatcr. It is characterized 
by all insidious onset of clinical features [ U ] .  Post- 
irradiation myclopathy occurs with rapidly increasing 
incidence at doses above 45-50 Gy with conventional 
fractionation. Tllc dose per fraction is critical, and 
almost a11 cascs of llccrosis following total doscs of 
c60 Gy had fractions of >2.5-3.0 Gy [Kl ,  M7, S 2 ] .  
An interaction betwccn chcrnotherapy and radiothcrapy 
has bccn obscrvcd for methotrcxate in childrcn but has 
bccu difficult to show for othcr agents. A total dose of  
50 Gy with 2 Gy pcr fraction or 55 Gy in 1.8 Gy frac- 
tions over six wccks, five daily fractions per wcck, is 
considered to bc tolcrablc in adults [As, 1(2, S561. A 
morc rcccnt cstimatc has been givcn by Bloom [B35], 
who assu~ncd th;~t thc maxiniu~n tolcrahlc radiation 
dosc for chi ldrc~~ up to 3 yciirs old is 33% lowcr thari 
in adults, and for childrcn 3-5 ycars old the dose has 
to hc reduced by 20%. 

25. Vcry few data arc available on the cffccts of 
hypcrliactionatcd radiothcrapy. Frecman et al. [F3] 
studicd 34 paticnk 3-18 years old (mean: 7 ycars) who 
wcrc irradiiitcd for brain SICIII turnours with 1.1 Gy 
twicc daily with a minimum intcrval of4-6  hours, to 
a total dosc of 66 Gy given in 60 frac~ions over 6 
wccks. In thc 16 patients who were alive at one year 
(only 7 wcrc free o f  progressive disease), d~crc was no 
clinical suspicio~~ of radiation-relatcd injury. Micro- 
scopical examination of thc I1rai11 in 8 patic~lLs failed 
to show any injury altributal~lc lo the radiothcrapy. 
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26. Abnormalities are frequently obscrvcd by 
computcd tonlographic scannir~g in long-term survivors 
of cl~ildhood acute leukacmia treated with cranial 
radiothcrapy and intrathccal ~ncthotrcxate (B5, B6, 
C14, D24, El ,  M5, 02,  03,  013, 014, PS, P7, R5, 
S55]. Abriornial brain scan Iiridings rliay not hccomc 
apparerlt until many ycars have elapsed since thcrapy. 
The type of brain abnormalities dctcctcd include 
intraccrcbral calcifications, white matter hypodensity 
and cortical atrophy (Table 3). Patients who received 
24 Gy in 2 Gy fractions with ietrathecal chemotherapy 
appear to have a higher incidence of each of the 
various abnormalities detected by computcd tomo- 
graphy than those who did not receive radiotherapy. 
On average, there is a 40% incidence of brain 
abnormalities after 24 Gy in 12 fractions over 2.5 
weeks combined with intrathccal methotrexate, 
although the incidence varies from study to study, 
depending on the number of patients arid length of 
follow-up. At brain doses of 18-20 Gy combined with 
intrathecal methotrexate or after intrathecal plus 
il~travenous methotrexate, the average prevalence of 
brain abnormalities detected is 10%-15%. 

27. Magnetic resonance imaging appears to be more 
sensitive than computcd tomography in demonstratilig 
treatment-related neurologic damage in irradiated 
children. The types of changes observed by magnetic 
rcsonance correlate well with the type and severity of 
the neurologic dysfunctions [A6, C4, K5, P6). Con- 
stine et al. [C4] observed radiation-induced changes in 
the white matter in 90% of the patients by magnetic 
resonance imaging, and 68% of these changes were 
not visible by computcd tomography. Enlargement of 
the sulci was demonstrated in 76% by magnetic reson- 
ance imaging and in 52% by computed tomography. 
Patients treated on a hypcrfractionatcd schedule 
(1.2 Gy per fraction) had less severe changes, despite 
the fact that some received over 70 Gy. 

28. Summary. The available clinical data on 
deterministic radiation effects on the brain in children 
are based on small and often heterogenous groups of 
patients with varying age at exposure and varying 
lengths of follow-up. Well-designed epidemiological 
studies of late effects are lacking, and it is therefore 
not possible to draw any firni conclusions about the 
radiation effects on the brain and the exact critical 
dose levels for the appearance of various clinical 
pathological entities. There is evidence that the 
incidence of late brain effects will increase as the 
number of fractions is decreased and the fraction size 
is increased. l'he most important effects in the brain 
following radiotherapy to the central nervous system 
are leukoencephalopathy, miricralizing microangio- 
pathy, cortical atrophy and cerebral necrosis. Radio- 
lherapy involving the whole brain is more likely to 
have more severe adverse effects in young children by 

iritcrferir~g with ~icural developrncnt bcforc maturation 
of the brain is complete. Brairi changes have been 
dcmo~istratcd with coniputed tomography and mag- 
netic resonance iniaging after 18 Gy of fractionated 
radiothcrapy to the brain. Leukoenccphalopathy has 
been observed after >20 Gy in 1.8-2 Gy daily frac- 
tions to the whole brain together with systemic 
mcthotrexate and has rarely becn reported after 1& 
24 Gy without niethotrcxatc (Table 4). Leukoence- 
phalopathy has been found in children who were given 
a single dose of 9-10 Gy whole-body irradiation, but 
they bad generally received cranial radiotherapy prior 
to the whole-body treatment. Mineralizing microangio- 
pathy has rarely been reported following radiation 
doses below 20 Gy in 1.8-2 Gy fractions in combina- 
tion with methotrexatc. Cortical atrophy has been 
observed after 18 Gy in 1.8-2 Gy daily fractions com- 
bined with intrachecal methotrexate. A whole-brain 
dose of 50 Gy in 2 Gy fractions over 6 weeks is 
generally considered to be a critical dose in adults for 
radiation-induced necrosis. For children up to 3 years 
old, the dose should be reduced by 33% and for child- 
ren 3-5 ycars old the dose has to be reduced by 20%. 

2. Neumpsychologic effects 

29. Individuals vary in personality characteristics and 
mental abilities, and tests have becn designed to 
measure such differences. Ability tests are among the 
most widely used tools in psychology. They can be 
divided into achievement tests (designed to measure 
accomplished skills and indicate what the person can 
do at present) and aptitude tests (designed to predict 
what the person can accomplish with training), 
although the distinction between these two types of 
tests is not clear-cut. The intelligence quotient (IQ) is 
an index of mental development and expresses 
intelligence as a ratio of mental age to chronological 
age. Heredity plays a role in intelligence, and cnviron- 
mental factors such as nutrition, intellectual stimula- 
tion and the eniotional climate of the home will 
influence where within the reaction range determined 
by heredity a person's IQ will fall. Ability tests are, 
despite their limitations, still the most objective method 
available for assessing individual capabilities [A7]. 

30. Intelligence and academic achievement testings 
of long-tcrm survivors of childhood cancer reveal a 
high incidence of memory deficits, visual-spatial skill 
impairment and attentional deficit disorders. Available 
data identify radiothcrapy to the central nervous 
system and the synergism with intrathccal chemo- 
therapy as primary etiologic factors in the ncuro- 
psychologic sequelae of survivors or  childhood cancer 
[ G l ,  Ma]. The brain is particularly sensitive to bio- 
logic insults during periods of rapid growth and deve- 
lopment, which after birth comprise tbe first four years 
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when glial cells proliferate and myelination occurs. 
Therefore the age at which the child receives cranial 
irradiation is of importance, and the younger the age 
of the child at the time of exposure the more serious 
the intellectual dcficit will be. The effect of age a t  
which brain damage occurs depends heavily on the 
type of psychological ability n~casured and the instru- 
ments for that measurement as on well as tbe location, 
extcnt and pcrmancnce of the damage. Multiple factors 
may be involved in the causation of intellectual 
deterioration, and the interpretation of IQ may be 
confounded by the type, location, extcnt and per- 
manence of lesion, hydrocephalus, age of the child at 
the time of diagnosis, the aggressiveness of the sur- 
gery, radiotherapy and chemotherapy, lack of school 
attendance, and by anxieties and fears experienced by 
h e  child at the time P I ,  E3, M8]. Parental social 
class or parental education level havc in some studis 
been found to be strong predictors of IQ in the sur- 
vivors of acute childhood lcukaemia In, W3]. This 
emphasizes the importance of controlling for social 
class differences. 

31. Neuropsychologic dysfunction with behaviourial 
or intellectual impairment may occur in up to 50% of 
children with brain tumours IB6, B7, B8, D6, D7, D8, 
D9, D10, D11, E2,H2, K6, L2,M9, M10, R6, S3, 
S4]. These children have received high radiation doses 
to the brain, and the direct cffects of tumour andlor 
increased intracranial pressure may havc contributed to 
the development of the intellectual problems. Radio- 
therapy is the most important factor for cognitive 
sequelac in long-term survivors of pacdiatric brain 
tumours who rcceived brain doses of 40 Gy or more 
in 1.8-2 Gy daily fractions [D8, D9, E2, J2. K6, LA, 
S3]. In some studies a strong correlation has been 
observed between IQ and radiotherapy, and young 
childrcn have generally shown the greatest IQ losses. 

3 2  Radiotherapy to the central nervous system in 
acute childhood leukaemia (usually 24 Gy fractionated 
over 2 5  weeks) has been associated with subsequent 
adverse neuropsychologic effects [C4, C5, C7, E3, E4, 
E5, H3, 13, K5, L22, M2, M5, M6, MI  1, M12, 03 ,  
017, P5, R7, R8, R9, S5, T4, T14]. The most 
common finding is decrements in  general intelligence. 
Otbcr documented cffects include general memory 
impairment, difficulties with short-term memory, 
distractibility, deficits in abstract reasoning, 
quantitative skills, visual-motor and visual-spatial 
skills [C6, D9, E3, E4, J3, M4, M6, M11, M131. 
Neuropsychological dysfuriction has been reported in 
up to 30% in children with acute leukaemia, although 
the deficiencies have been mild, and the children have 
usually functioned well within the wide normal range. 
Some studies suggest that adverse effects on intellect 
are not noted until 2-5 years after treatment. Prophy- 
lactic radiotherapy with 24 Gy is associated with 

poorer intellectual function than is intrathccal 
chemotherapy (Figure II) ,  Mean overall intelligence 
scores in irradiated children are, in general, 10-15 
points lower than niean scores in non-irradiated child- 
rcn. Perfomlance skills arc usually more affected than 
verbal skills, irradiated patients scori~ig a n  average of 
15-25 points lower than the mean performance IQ of 
non-irradiated children [B2, B7]. The younger the 
child is at the time of irradiation, the greater the 
ncuropsychologic dcficit [C7, H4,J3]. Children treated 
with 24 Gy plus cytotoxic agents for acute leukaemia 
generally display greater neuropsychological dis- 
abilities in a variety of ncuropsychologic tests [B9, 
C5, E3, E5, L5, M11, M12, R8, R9], although some 
studies have failed to detect such deficits [H4, M8, S6, 
V2]. Overall, data show that radiolherapy in con- 
junctior~ with n~cthotrexatc has a deleterious effect on 
later cognitive dcvelopment. Intrathccal methotrexate 
as the only prophylactic therapy does not appear to be 
associated with any global or specific neuropsycho- 
logic impairment [PS, T5]. There is some evidence 
that chemotherapy combined with radiotherapy impairs 
intellectual functions to a greater extent in children 
with acute leukaemia who are less than 5 years of age 
than in  older ones (E3, E4, E5, J3, M12]. 

33. Neuropsychologic late effects can also be seen 
after doses to the brain of 18 Gy from fractionated 
radiotherapy [M13, 0 1 , 0 4 , 0 1 7 ,  R7, T4, T6]. Studies 
by Tamaroff et al. [T4, T6] suggest that a dose to the 
brain of 18 Gy or 24 Gy in children with acute leu- 
kacmia in combination with intrathecal methotrcxate 
may have similar delcterious sequelae for neuro- 
psychologic functions. Patients receiving radiotherapy 
had significantly lower mean full-scale IQ scorcs and 
performance IQ scores than non-irradiated children. 
Ochs ct al. [Ol,  04 ,  0171, on the other hand, did not 
observe any significant difference in initial or final 
full-scale IQ scores between long-term survivors of 
acute leukaemia having rcceived 18 Gy cranial frac- 
tionated radiotherapy plus intrathecal methotrexate and 
those having received methotrexate only. However, 
statistically significant decreases in overall and verbal 
IQ and arithmetic achievement were found in both 
groups. Thus, 18 Gy of cranial radiotherapy and intra- 
thccal methotrcxate may be associated with com- 
parable decreases in neuropsychologic function. 

34. A clear dose-response relationship for impaired 
neuropsychologic functions has, however, not yet been 
established. Ron et al. [RlO, R30) studied a cohort of 
10,842 Israeli children who were irradiated for tinea 
capitis a t  a mean age of 7 years, receiving a mean 
brain dose of 1.5 Gy (range: 1-0-6.0 Gy), a control 
group of ethsicity-, sex- and age-matched subjects 
from the generiil population and another control group 
of siblings. For a subgroup taking scholastic aptitude 
tests between 1%6 and 1970, the irradiated children 
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achieved lower examination scores. For males born 
between 1949 and 1955, irradiatcd subjects achieved 
lower examination scores on 1Q and psychologic tests, 
completed fewer scl~ool grades and had ;I sligl~t cxcess 
of mental hospital admissions. Malcs with multiple 
irradiations had twice the ~ncr~tal  hospital admission 
rate of males with a single irradiation (34.0 versus 
17.4 per 1,000); there was no such difference among 
females. The standardized risk ratio for mental 
hospital admissiorls was 1.0 for non-irradiated males, 
1.1 for rrialcs having one treatment, 2.4 for two 
treatments and 4.8 for 23 treatments (test for linear 
trend, p c 0.01). Therc were also cliangcs in tlie 
electroencephalogram anlong the irradiated subjccts 
and significant diffcrenccs betwccn the irradiated and 
control subjccts in visual-evoke-respo~~sc averages, 
providing further evidence of inipaircd brain function 
following the radiotlierapy. Children irradiated at less 
than six years had a relative risk of 1.7 (95% CI: 1.1- 
2.8) for mental hospital admissions, whereas for older 
children that relative risk did 1101 differ significantly 
from 1 [RlO]. 

35. An indication of an cxcess of admissions to 
mental institutions was also obsewed in a survey of 
American children with tinea capitis after similar 
radiation doses (05,  S7]. Shore et al. IS71 studied 
2,215 patients givcn radiotherapy for tinea capitis in 
childhood. The brain received 1.5-1.8 Gy at the 
surface and 0.7 Gy at the base. Therc was a 30% 
excess of psychiatric disorders in the irradiatcd group 
overall when controlling for race, sex, socio-economic 
status, age at therapy and interval from treatment to 
disease. Oniran el al. [05]  made a psychometric and 
psychiatric evaluation of 177 subjects treated 10-29 
years earlier for ringworm of the scalp. Radiotherapy 
was given to 109 subjects, and 68 received topical 
medications. Average age at treatment was eight years 
in both groups. The irradiated group manifested more 
psychiatric problems and were judged more mal- 
adjusted in the testings when controllil~g for educa- 
tional level and family psychiatric disorders. However, 
the psychiatrist's overall rating of current psychiatric 
status showed only a borderline difference between the 
two groups. 

36. The Israeli and America11 studies of children 
irradiatcd for tinea capitis suggest that doses to the 
brain of 1-2 Gy would be associated with late neuro- 
psychologic effects. The dose givcn to these patienls 
is the lowest that has becn reported to lead to func- 
tional ncuropsychologic disturbances after radiotherapy 
in childhood. However, it  is difficult to identify 
mechanisn~s that could explain these functional 
changes after such relatively low radiation doses. 
Furthermore, the observations are not supported by 
clinical follow-up of patients treated for childhood 
tumours, and the possibility that confoundi~lg factors 

are responsible for this observed association cannot be 
ruled out. The trauma of baldness and of having had 
trcatnicllt for tinea capitis may have caused sorne of 
the psychological problenis. Also, at least in the Israeli 
cohort, parts of the brain received higher doscs than 
the meall doscs of 1-2 Gy. 

37. Summary. The incidence and extent of ncuro- 
psychologic dysfunction anlong children given radio- 
therapy to the central nervous system arc difficult to 
define. A variety of factors complicate the study of a 
possible association between effect and dose, including 
the underlying disease and associatcd clinical findings, 
other treatment modalities, the impact of illness on 
body image and school attendance, and perhaps also 
parental social class. Most studies contain a small 
number of patients of varying ages, who received a 
variety of treatment modalides and had varying 
follow-ups. Several studies, however, indicate that 
radiotherapy increases the risk of adverse neuro- 
psychologic effects. Younger children, particularly 
those less than five years of age at time of treatment, 
are more severely affected. Clinical follow-ups of 
sunlivors of paediatric cancers have demonstrated a 
decline in IQ after doses to the brain of 18 Gy with 
conventional fractionation. In general, performance 
skills are more affected than verbal skills. It is 
difficult to distinguish the impact of radiotherapy from 
that of metliotrexate. It is possible that intrathccal 
methotrexatc administered prior to radiotherapy in 
children with acute lcukaemia may be associatcd with 
less intellectual in~pairment than its administration 
during and after radiotherapy. TWO epidemiological 
studies of children irradiated for tinca capitis of the 
scalp suggest adverse ncuropsychologic effects after 
1-2 Gy to the brain, with parts of the brain having 
received more than the mean doses in at least one of 
the studies. It is likely that these observations can be 
at least partially explained by confounding factors. The 
available data on neuropsychologic effects after radio- 
therapy in childhood do not allow an analysis of the 
possible effect of the fraction size on neuropsycbo- 
logic functions, s i ~ ~ c e  most studies deal with con- 
ventional fractionation schedules. 

3. Neumendocrine effects 

38. Growth depends on a delicate interplay of endo- 
mine and nictabolic factors, and secretior~ of growth 
hormone from the pituiury gland is necessary for 
riornial growth [S31, W4]. Growth horlnol~c deficiency 
is usually defined as an impaired response of serum 
growth honnone to various provocative tcsts. The 
cornmonly used tcsts include slimulation with arginine, 
omithine, insulin-induced hypoglycemia, Ldopa, 
growth-homioae-relcasir~g hormone or exercise. 
Neuroe~~docrinc ab~lormalities have becn observed in 
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Shalct ct al. [Sl I ]  foul~d normal growth hormone 
rcsponsc to hypoglycacmia in 14 childrcn with brain 
tunlours prior to trcatnlcnt, and growth hormonc 
dcficicncy occurrcd ancr a br;iin.dosc of 25-29 Gy in 
7 paticnts within two ycars of radiothcrapy. Of 13 
childrcn in whom growtli could be asscsscd, 12 had 
poor growth. 

4 2  Cranial irradiation with 24 Gy in 12-16 fractions 
ovcr 2-2.5 weeks for acutc Icukacmia has also bccn 
associatcd with a measurable reduction in growth 
hormonc responsc, although growth remains rclativcly 
unaffected at this dose [M14, M15, M16, M17, 0 9 ,  
P2, S19, S201. OLhcrs havc claimcd wholc-brain irra- 
diation to be an important cause of short stature in 
survivors of childhood acute lcukaemia [D15, K7 ,07 ,  
P8, WS]. Some data suggcst that a significant numbcr 
of childrcn less than 4 ycars of agc with acute 
lyniphoblastic leukacmia are short before the onsct of 
thcrapy [Bll] .  Some data suggcst that thc effect of 
radiation on growth hormone secretion can be reduced 
by decreasing the dose per fraction. Shalct ct al. [S19, 
S21] studicd growth hormone levels and growth in 17 
leukaemic children who rcccivcd 25 Gy in 10 fractions 
ovcr 2.5 weeks and in 9 childrcn who rcccived 24 Gy 
in 20 fractions ovcr 4 weeks. Of the 17 children who 
rcceivcd 25 Gy in 10 fractions, 14 had subnormal 
growth hormone rcsponse to insulin, compared to 1 of 
9 patients who rcccivcd 24 Gy in 20 rractions (p < 
0.002). Arginine stimulation tcst was carricd out in 16 
children givcn 25 Gy and in 7 childrcn receiving 
24 Gy, and impaired rcsponsc was seen in 6 and 1 
patients, respcctivcly. The grcatcr impairment of 
growth hormone rcsponse to insulin hypoglycaemia 
followil~g irradiation with 25 Gy in 10 Gactions to thc 
hypothalamic-pituitary axis suggests that the hypo- 
thalamus rathcr than UIC pituit;iry gland was the site of 
damage. 'Iberc was no differcncc in mcan standing 
hcight standard dcviation score bctwccn the two 
irradiated groups, but thcy bob differed significantly 
in this respect from nonnal childrc~~. 

43. Griffin and Wadswortl~ [G2] colnparcd UIC 
growth of 66 children with acute lcukacmia to thc 
growth of nonnal childrcn matchcd for agc and scx by 
calculation of the standard dcviation scorc. All paticnts 
had cranial radiotherapy with 24-25 Gy in 15-20 
fractions ovcr 21-28 days, and 24 of thcrn also had 
spinal radiothcrapy with 10-24 Gy in 5-20 fractions 
ovcr 7-28 days. The standard deviation scorc for 
height [calculated as (x-x)/SD whcrc x = mean of the 
normal population: x = [tic mcasurcrnent; SD = stan- 
dard dcviation] of the paticnts fell significantly in the 
first ycar of treatment (Figurc IV), This was spccifi- 
a l l y  related to craniospinal radiotherapy but not to 
agc or chemotherapy. Robison ct al. [R13] studicd I87 
children (mean age: 5 ycars) with acutc lcukaemia 
who reccived cithcr cranial irradiation with a median 

of 24 Gy (range: 14-28 Gy) in 1.2-2 Gy fractions five 
tinlcs a wcck plus intratliccal ~ncthotrcxatc; c r a ~ ~ i o -  
spinal irradiation alonc (24 Gy); or craniospinal 
irradiation plus abdo~~~ina l  irradiation (12 Gy). At 
diagnosis no sig~rificant diffcrcncc was obscwcd in the 
hciglit distribution comparcd to cxpcctcd population 
standards. Aftcr trcatnlcnt, an cxccss was obscrvcd in 
Ihc proportion of paticnts ir dtc lowcr pcrcc~~tilcs in 
conjunction wit11 a dccreasc in the proportion of 
patict~ts in  thc l~igtlcst pcrccntilcs. The o111y factor 
found to have a significa~~t impact on attaincd height 
pcrccntilc was radiothcrapy. 

44. Childrcn with acutc lcukacmia havc a high 
Gcqucncy of biochemically abnormal growth hormonc 
response to stimuli, but growth liormone deficiency is 
unconlnlon. Impaired rcsponse to stimuli, suggesting 
abnormality in thc hypothalamic-pituiey axis, does 
not necessarily indicatc absolutc growth honnone 
deficiency. Thc prcscncc of growlh hormone abnor- 
malities is not ncccssarily corrclatcd with clinical 
findings of short stature [07, S19]. Most of the 
adverse ccntral nervous system sequclac in paticnts 
with acutc lcukacmia have been observcd among those 
who rcceivcd 24 Gy of cranial radiation and intra- 
thccal chcniothcrapy. 

45. The dose rcquircd to prevent lcukaen~ic 
infiltration into the central ncwous systcnl can now be 
safely lowered from 24 Gy to 18 Gy [Nl].  Few data 
cxist on UIC cffcct on growth of radiation doses bclow 
24 Gy. In some studies, growth impairment has been 
similar aftcr 24 Gy and after 18 Gy [R13, S22, W5]. 
Others havc observed that growth impairment in child- 
rcn wilh acutc lcukacmia has bcen less frequent and 
gencrally ~nildcr below 24 Gy [B12, C11, C23, G2, 
S19, V1, V2]. Cicognani ct al. [C23] found that 
children who had reccived I8  Gy in 10 fractions had 
complete growth recovery and normal growth homione 
responses to pharmacological tesL5. Childrcn who had 
rcccived 24 Gy in 12 fractions showcd significantly 
lowcr standard deviation scorcs for height than at 
diagnosis and had irnpaircd growth honnonc rcsponse. 

46. Aftcr a single whole-body dose of 10 Gy, scvcrc 
growth retardation appear ia most childrcn ID2, S23]. 
Many if not most of thcse children also rcccivcd 
cranial radiotherapy prior to thc wholc-body irradia- 
tion. The majority of paedialric patients trcated with 
whole-body irradiatio~~ have dccrcascd growth ratcs on 
longitudinal growth velocity curves, and growth 
hormonc lcvcls havc bcen subnormal in ahout OIIC 

third of thc paticnL~ ID14. S24. S25). Sandcrs IS241 
rcportcd suhnoni~al lcvcls of growth h o r ~ n o ~ ~ c  in 87% 
of children who rcccivcd both cranial radiothcrapy a~id  
wholc-body irradiation, c o ~ ~ ~ p a r c d  to 42% of those 
who received wholc-body irradiation only. Dceg ct al. 
ID21 obscrvcd ~~or lna l  growth velocily curves in 



transplant-treated children who did not receive whole- 
body irradiation, whereas irradiated childre11 had 
impaired growth and dccreascd growtl~ velocity. 
Growth hornlone levels wcre sub~~ornlal in about one 
third of the irradiated patients. 

47. Some data suggest that fractionation will reduce 
the adverse effects of whole-body irradiation. Barrett 
et al. (B13j rcported growth lior~none deficie~~cy in 6 
of 8 children after a single whole-body dose of 10 Gy 
and in 3 of 8 children who had a fractionated whole- 
body dose of 12-14 Gy in 6 fractions given twice 
daily for 3 days. Sanders et al. IS231 evaluated growth 
in 144 patients following marrow transplantation for 
childhood leukaemia at a median age of 10 years. All 
children had received nlultiagcnt chemotherapy, and 
55 had received a median of 24 Gy (range: 18-29 Gy) 
to the central nervous system, 5 of whoni had also 
received a median of 12 Gy to the spine. A whole- 
body dose of 9.2-10 Gy in a single exposure was 
given to 79 patients, and 63 patients had a fractionated 
regimen of 2.0-2.3 Gy per day for 6-7 days for cumu- 
lative doses of 12-16 Gy. Growth hormone levels were 
measured in 43 patients 1-8 years afier transplant. and 
growth hormone deficiency was present in 27 subjects 
(63%). Of these, 21 patients had received pre-trans- 
plant cranial irradiation. By three or more years after 
transplant, boys who received single whole-body 
exposure were 8.0 i: 2.3 cm shorter than boys who 
received fractionated whole-body exposure (p c 0.03). 
Among boys who had not received cranial irradiation, 
those given single whole-body exposure were 15.2 i: 
3.2 cm shorter than thosc given fractionated whole- 
body exposure (p c 0.04). Girls showed similar trends 
that were not statistically significant 

48. Hiroshima survivors exposed to >I Gy at ages 
0-19 years were shorter and weighed less than the 
overall population. Those who were less than 6 years 
old and who also received >1 Gy [B14] at the tinle of 
the bombings were shorter still, on average. The 
analyses were based on the T65 dosimetry. Exposure 
to high radiation doses markedly reduced mean height 
for those who were very young at the time of the 
bombings, but this e f i c t  diminished with increasing 
age. Average height for those agcd 0-5 years at the 
time of the bombings was significantly smaller for the 
>1.0 Gy dose group than for the groups 0 Gy (not in 
city), 0-0.09 Gy and 0.10-0.99 Gy for both males and 
females: smaller by 4.4 cm or more for males and by 
2.5 cm or more for females (Table 5). For those aged 
6-11 years at the time of the bombings, sn~aller 
heights were again found for the >1 Gy dose group, 
allhough to a lesser degree. For subjects aged 12-17 
years at the tirile of the bombings, no apparent differ- 
ences between the four dose groups were found. When 
the high dose group was further divided into 1.00- 
2.49 Gy and 22.50 Gy groups, the mean heights were 

less for hot11 n~ales and fe'crtialcs aged 0-5 years at the 
tinlc of the bombings ill d ~ e  22.50 Gy group. The dif- 
fcrcnce froni tlrc 1.00-2.49 Gy group was statistically 
significant for ~nalcs. Average hcigbls of fen~ales aged 
6-1 1 years at t l~e  time of the bonibings and for malcs 
a l~d fernales agcd 12-17 years at the time of the b o n ~ h  
ings were al~proxin~atcly the siime for UIC two dose 
groups (Table 6). 111 Nagasaki, the effect of dose on 
height was not statistically significant, although the 
nlcan heigl~t of Nagasaki fcmalcs aged 0-5 years at the 
time of the bombings was least for those who were 
exposed to >I Gy (Table 5). Among males, those ex- 
posed to 0-0.09 Gy at agcs 0-5 years at the time of the 
bombings showed the smallcst mean height. For both 
the 6-11 year and 12-17 year groups, however, the 
mean height for boys in the high dose exposure group 
was the smallest. A reanalysis based on the same T65 
dosimetry was undertaken of the relationship between 
attained adult height and radiation dose of 628 sur- 
vivors of the atomic bombings in Hiroshima and 
Nagasaki aged less than 10 years at the time of the 
bombings [14]. Average height tended to be lower as 
exposure increased, except among Nagasaki males 
(Table 7). Two-way analysis of variance of height in 
relation to sex and dose by city showed that height 
was significantly different by sex and total kerma in 
Hiroshima. In Nagasaki, however, it was significantly 
different by sex but not kernla total dose. Growth and 
dcvclopnle~~t of stature depends on nutrition, socio- 
eco~~oniic conditions, the quality and quantity of 
radiation received and, possibly, other factors. 
Contrary to the report by Bclsky and Blot [Bl4], the 
results of Ishimaru el a]. [I41 suggested that dimi- 
nished stature was not significantly related to age at 
the time of the bombings for individuals exposed 
before the adolescent growth spurt, something which 
was probably due to the small sample size. The ob- 
served difference between the two cities may change 
with new aa;~lyses based on the new DS86 dosirnctry. 

49. Children on the Marshall Islands exposed to 
radioactive fallout in 1954 wcre also found to have a 
significant reduction in height, which was probably 
mainly due to radiation-induced hypothyroidism [R14, 
S261 (see Section 1I.B). 

50. Children with radiation-induced growth hormone 
deficiency can now be treated with growth hormone, 
although thcre are as yet no long-term studies of the 
effccts of such a therapy in  a large number of children. 
Some data suggest a significant growlb response to 
therijpy in children who receivcd cranial irradiation 
alone, wl~ercas the response in patients rcceivirig cranie 
sp i~~a l  irradiation has beer1 less satisfactory IG3, S20]. 

51. Sunlrrrary. Irradiation of the central nervous 
system nlay produce damage to the hypothalarnic- 
pituitary axis, resulting most c o ~ n ~ n o ~ ~ l y  in impaired 



growth hormone secretion. The hypothalaniic cells 
producing the powth-hor~nonc-relcasitlg hormone are 
the most sensitive endocrinological target. Growth 
hormone deficiency can be expected in approximately 
75% of children treated for brain tumours, and a 
growth velocity or height below the 10111 percentile 
can bc expected in 70%. The growth hannone defi- 
ciency is permanent. Patients with acute leukaemia 
have in general received lower doses to the central 
nervous system but growth hormone secretion is still 
affectcd. After 25-30 Gy, the growth l~ormone re- 
sponse to insulin-induced hypoglycaen~ia is impaired 
within two years of irradiation. After 24 Gy in 12-16 
fractions, there is also a rueasurable reduction in 
growth hormone response to stimuli. Growth has been 
less affected after 24 Gy than afier higher radiation 
doses in the brain, suggesting that the normal physio- 
logic requirements of growth hormone secretion have 
becn met  No effect on growth hormone secretion has 
been observed below 18 Gy. A 10 Gy whole-body 
dose in a single fraction results in severe growth 
retardation in the majority of children, who generally 
have been pretreated with chemotherapy and cranial 
radiotherapy. Fractionation appears to be of import- 
ance for the effect on growth hormone secretion and 
growth, and increasing fiaction size will result in a 
higher proportion of patients with subnormal growth 
hormone response. Growth impairment is seen more 
often after a single-dose whole-body irradiation with 
10 Gy than after a fractio~~ated regimen of 12-16 Gy 
in 2 Gy fractions over a weck. It is not possible to 
define the lowest dose capable of impairing growth 
hormone secretion, since available data are obtained 
from small studies with varying ages at exposure and 
lengths of follow-up, as well as different methods for 
assessing the growth hormone level. Such a dose 
appears to be lower than 18 Gy from fractionated 
exposure. G~owth has been affected in the survivors of 
the atomic bombings in Japan at acute doses of >1 
Gy, especially among children less than 6 years of 
age. This effect may be due to a combination of brain 
damage, damage to the spine, nutritional factors etc. 

13. THYROID GLAND 

52 Hypothyroidism is the most common late detcr- 
ministic effect of the thyroid gland following exposure 
to ionizing radiation. Thyroid nodularity is considered 
to be a stochastic phenomenon and is therefore not 
discussed in this Section. Clinical damage to the pitui- 
tary and thyroid glands is usually manifested several 
years after exposure and is preceded by a subclinical 
phase [F4]. Direct damage to the thyroid gland by 
radiation can cause primary hypothyroidism, whereas 
damage to the hypothalamic-pituitary axis may pro- 
duce secondary hypothyroidism. Primary hypo- 
thyroidism has been demonstrated in 4094~90% of 

patients with pacdiatric tunlours given 15-70 Gy to the 
thyroid gland and followed for up to six years [BlO, 
C5, C13, D16, F4, G4, K8, 08. P9, S9, S23, S27, 
S281. The onset of hypothyroidism may be several 
months to years following the radiotherapy. Admini- 
stration of oral thyroxine during radiotherapy does not 
appear to prevent later thyroid hypofunction IBIS]. 
Radiotherapy alone and with chernothcrapy have becn 
associated with similar high incidences of hypo- 
thyroidism. Paticntq treated with chemotherapy only 
have generally not had any significant thyroid hypo- 
function, although transient thyroid dysfunction has 
been reported IG4, G5, H7, L7, S27, S28, S29]. 

53. The incidence of overt [low serum T 4  and 
elevated thyroid-stimulating hormone (TSH)] and com- 
pensated (norn~al serum T4 and elevated TSH) hypo- 
thyroidism varies with the radiation dose in the thyroid 
gland, the length of follow-up and the way in which 
the thyroid function was determined. Thyroid surgery, 
iodine-containing contrast material and age of the 
patient at the time of radiotherapy may contribute to 
the development of hypothyroidism. The effect of age 
at the time of radiotherapy on the development of 
hypothyroidism is a matter of controversy. In one 
study, 48% of patients with Hodgkin's disease who 
were younger than 20 years of age at the time of 
treatment had elevated TSH levels compared to 33% 
of older patients [G4]. Green et al. [GS], observed that 
7 of 15 children with Hodgkin's disease and irradiated 
at the age of less than 13 years developed hypo- 
thyroidism, compared to 3 of 12 among those who had 
been older than 13  years. In a study by Tarbell et al. 
IT91 of patients irradiated for Hodgkin's disease, the 
15-year actuarial risk for hypothyroidism was 64% 
among patients aged 16 years or less, as comparcd to 
29% among those older than 16 years. Others have not 
identified age as a contributory factor [D16, K8, N2, 
S28, S29]. The possibility that the thyroid is more 
sensitive in childhood is also supported by the high 
incidence of increased TSH levels in children irra- 
diated for Hodgkin's disease [D16, S27]. 

54. Elevated TSH levels have been observed in 
children who received radiotherapy for brain tumours 
after 25-30 Gy to the hypothalamic-pituitary axis or 
24 Gy to the thyroid gland [C26, D6, H6, 0 6 ,  SlS]. 
Various studies show that hypothyroidism is dose- 
dependent. In a study by Glatstein et al. [G4], no 
patient had an elevated TSH level afier 15 Gy to the 
thyroid, as compared to 44% of the paticnts receiving 
40 Gy or Inore. Kaplal~ ct al. [KS] round elevated 
TSH levels in 15% of patients who received <30 Gy 
and in 68% of those who received higher doses. Logi- 
stic regression analysis showed &at both higher 
radiation dose (230 Gy) and lymphangiography in- 
creased the risk of having an elevated serum TSH 
level. Constine el al. [ClS] measured thyroid function 



in 119 childrc~r irradialcd for Hodgkin's discasc. 
Radiotherapy was dclivcrcd ovcr 4-5 wceks: 24 child- 
rcn rcceivcd a neck dosc of 26 Gy or less (rncan: 
22 Gy) and 95 rcccivcd >26 Gy (nlcan: 44 Gy). Morc 
Uran 75% of t l~c cl~ildrc~r rccciving >26 Gy had clc- 
vatcd TSH ICVCIS, coml)i~rcrl to 17% of ~ ~ O S C  treilIcd 
with lower doscs. A weak correlation wit11 age (p c 
0.05) was found, and thc doubling dosc for thc nrcan 
peak TSH valuc was 11 Gy (Figure V). 

55. Most of the cxpericr~cc in radiation-rclatcd late 
effects in the thyroid has bccn gained from the trcat- 
men1 of Hodgkin's discasc. Cornpc~rsatcd hypotl~yroid- 
ism occurs in up to 75% of thc trcatcd clrildrc~r, and 
uncompcnsatcd bypothyroidisrn has been obscrvcd in 
less than 30% of the children [C14, D16, D17, F4, F5, 
G4, G5, M18, S17, S27, S28, S29, T8). Paticnts irra- 
diated for lymphonias or head and neck carlccrs have 
generally rcceivcd 24-60 Gy fractionated ovcr sevcral 
wceks. In some studics lymphangiography prior to 
radiotherapy has bccn shown to increase thc risk of 
hypothyroidism [G4, G5, K8, S27, S28, S291; in 
others, it has not [C14. G5, N2, T8]. Lymphangio- 
graphy may incrcasc thyroid damage from subscqucnt 
irradiation for the following reason: the iodine released 
from the contrast material could inhibit thyroid 
hormone synthesis and secretion within a fcw days, 
thcrcby causing increased tbyrotropin sccrction and 
consequent stimulation of thyroid cells at the time of 
irradiation [Kg]. An expanded extrathyroidal pool of 
iodine may increase susccptibility to hypothyroidism 
in irradiated subjects. 

56. Lower radiation doses may also incrcasc the risk 
of hypothyroidism. In children with acute lcukacmia 
receiving cranial irradiation with 18 Gy, the thyroid 
dose is 3%8% of the cranial dose IRIS]. Hypo- 
thyroidism has bccn observed in up to 20% of long- 
term survivors of childhood acute leukacmia aftcr 18- 
25 Gy of cranial or craniospinal radiotherapy with 
conventional fractionation [N3, R16. R18. S12j; others 
have failcd to observe such an effect aftcr cranial 
doses of 8.5-24 Gy in 2 Gy fractions ( 0 7 ,  V1 1. Mcan 
thyroid doses of 4 1 0  Gy in infancy or childhood from 
fractionated radiollrcrapy for bcnign discasc has not 
bccn associated with clinical hypothyroidism, although 
fo1lou~-up lasted as long as 25 years IH8, R19]. In 
conlrast, hypothyroidisrn has been reported in 7 of 9 
Russian children after radiolberapy for skin an&. 'loma 
with thyroid doses of >l . l  Gy [T15]. 

57. Thyroid hypolunctio~~ can occur aftcr wholc- 
body irradiation. Children w11o rcccivcd a rcgi~iicn of 
chc~nolherapy in preparation for a transpla~~t have an 
incidence of Uryroid dysfunction that is not greater 
than normally observed among non-transplant childrcn 
[S24, S2.51. Radio~hcrapy appears to be thc major, if  
no1 the sole, causc ofsubscqucnt thyroid hypofuection 

in thcsc ~)aticnts. 111 1cr111s of its cffccts OII Ulyroid 
hypofr~~~clioa IT1 71, single-dosc radiotherapy has bcc~r 
clai~rlcd to be cquivalcnt to a total radiation dose 4-5 
tinrcs Iargcr w l ~ c ~ r  i t  is dclivcrcd il l  convc~~tional kac- 
tions. Si~ndcrs ct ill. IS23, S24I studicd 142 palic~rls 
1-1 7 ycilrs old i~ftcr ~ O I I C  Irliirrow transpla~~tatio~r to 
trca t hi~c~ni~lological nii~ligr~;~rrcics. All patie~rts had 
rcccivcd ~r~ultiagcnt chc~nothcrapy. 55 had been prc- 
trcatcd witlr 24 Gy fractionated cranial radiotherapy 
and 12 hiid rcccivcd 12  Gy spinal inadialion. Wholc- 
body irradiation was dclivcrcd as a single dose of 9.2- 
10 Gy (n = 79) or 2-2.2 Gy daily for 6-7 days to 12.0- 
15.8 Gy (11 = 63). A ~ n o ~ r g  clrildrcri who rcccived 10 
Gy si~rglc wlrolc-body exposure, 56% had conipcn- 
satcd I~ypo~hyroidism and 13% had ovcrt hypothyroid- 
ism, a~rd the figurcs for chi ldrc~~ who rcceivcd frac- 
tionatcd whole-body irradiation were 21% and 3%. re- 
spectively. These diffcrcnccs most likely reflect the 
shorter observation tinles after fractionated exposure 
(mcdian nine years versus five years). Longer follow- 
up is ~~cedcd  to dctcrmine whether there is any rcal 
diffccrcncc bctwecn the two typcs of whole-body expo- 
sure. Ka~sanis ct at. [K9] evaluated thyroid function in 
80 patients aftcr bone rnarrow transplantation for 
aplas~ic anacmia or acute Icukacniia. Median age at 
the tinre of trar~splanlalion was 10 years (range: 2-21 
years). Patients with aplastic anaemia received hi@- 
dose chcmothcrapy and total lymphoid irradiation with 
a si~rgle dose of 7.5 Gy, and leukacrnia patients 
rcccivcd cidicr whole-body irradiation as a single 
fraction of 7.5-8.5 Gy (n = 33) or fractionated whole- 
body irradiation with 13.2 Gy (n = 20) in 1.7 Gy 
frac~ions twice daily for four days. 0127  patienls with 
aplastic anaemia plus t o ~ l  lymphoid irradiation, 11 
showcd thyroid hypofunction, as compared with 9 of 
53  patients with acute lcukacmia plus whole-body 
irradiiition. The five-year actuarial risk estimate of 
hypothyroidism aftcr total lymphoid irradiation was 
42% (95% Cl: 23%-61%), wl~icll was significantly dif- 
ferent from 10% after fractionated whole-body irradia- 
tion (95% C1: 0%-23%) (p c 0.05), but not dirfcrent 
fro111 21 % after singlc-dosc whole-body irradiation 
(95% CI: 7%-35%). 

58. Thc tllyroid gland 11as t l~c  capacity to i~ctivcly 
corrccnlratc iodinc, and ri~dioiodinc can U~crcforc 
dclivcr co~rsidcrablc radiation doses to the gland, a fact 
that has bcerr and is still uscd in diagnostic and 
thcrapcutic medical proccdurcs D18, G6). The most 1 c o m n ~ o ~ ~ l y  used radioiodi~rc is ' ' I ,  which has a half- 
life of ciglrt days. Most d i~l i~  011 hypotl~yroidism after 
13'1 cxposurc cn~alrate fro111 studics on paticnts wid1 
hypcrll~yroidisni, and tl~cir cxpcricecc rnay not bc 
dircc~ly triit~sferahlc to a r~orn~al cuthyroid population. 
In ~ ~ a t i c ~ r t s  witlr hypcrthyroidis~n, hypothyroidism is 
common cvcn after surgcry or trcallncnt with anti- 
thyroid drugs [B17, HlO]. The thyroid uptake of 13'1 
is Irighcr ill Irypcrthyroid patic~rls, but the turnover of 
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chc nuclidc is morc rapid. I t  may thcrcforc bc possiblc 
to approximalc the cxpcricnce of hyperthyroid paticills 
to that of cuthyroid subjects [M19, M20, N4j. In adult 
h crthyroid palicnk trcatcd wit11 a sii~glc dosc of "6, the cun~ulativc probability of lrypotl~yroidis~~l is 
rclatcd to t l~c l3I l  activity ad~nioistcrcd pcr ui~it 
thyroid weight IB16j. Holm ct al. 11-191 obscntcd an 
a~lnual hypothyroidisrn of 3% t l ~ c  first 24 ycars aftcr 
I3'l thcrapy for hypcrthyroidism. Thcrc arc only "cry 
limikd data on thc cffccts of thyroid absorbcd doscs 
from 1 3 1 ~  of c25 Gy and h c  cffccts in childrcn. 
NCRP Report No. 55 [N4] citcd unpublished data 
from Hamilton and Tompkins, who obscrvcd that8 of 
443 subjccts (2%) lcss than 16 ycars old and judgcd to 
have nonnal thyroids bccame hypothyroid aftcr dia- 
gnostic l% tcsts. Thc incidence of hypothyroidism 
was 0% pcr ycar in 146 subjects who rcceivcd ~ 0 . 3  
Gy in thc thyroid, 0.15% per ycar in 146 subjects who 
received 0.3-0.8 Gy and 0.23% per ycar in 151 sub- 
jccts aftcr thyroid doscs of >0.8 Gy. A linear modcl 
with a thrcshold was postulated for hypothyroidism; 
owing to the largc functional capacity of the thyroid 
gland, a largc nu~i~bcr of cells would havc to bc 
affectcd lo result i n  hypothyroidis~n. I-Iayck ct al. 
[ H l l ]  obscrvcd hypothyroidism in 8 of 30 (26%) 
patients bctwccn the ages of 8 and 18 ycars who 
rcccivcd I3l1 therapy for hyperthyroidism. Thc mean 
amount of l3'l adniinistcrcd was 240 MBq, and the 
mean follow-up was nine years. Frcitas ct al. IF61 
found a 92% prevalcncc of hypothyroidism in 51 
patients aged 6-18 ycars aftcr 1 3 1 ~  therapy for 
hypcrthyroidism (~ncan 1 3 1 ~  activity, 520 MBq). 

59. In 1954, following dctonatiol~ of a megatonne 
nuclear dcvicc at Bikini, 250 inhabitants of the Rongc- 
lap, Ailingnae and Utirik atolls of thc Marshall Islands 
were cxposed to radioactive fallout IC16, L8, R14]. 
This consisted ofwhole-body gamma-irradiation, bcta- 
irradiation of the skin from fallout dcpositcd on the 
skin, and internal absorption of radionuclides from the 
ingestion of contaminated food and watcr. The most 
serious internal exposurc was that to the thyroid gland, 
from radioiodines in thc fallout. Thc cstiniatcd thyroid 
dose varied from 0.3 to 3.4 Gy among those agcd 18 
years or more to 0.6-20 Gy among thosc lcss than 10 
ycan of age. Many uncertainties wcrc involvcd in the 
dose calculations. and particularly in the thyroid 
dosimetry. The most widcsprcad late cffccts of fallout 
cxposurc arnong thc Marshallcsc havc bccn rclatcd to 
radiation injury to Lhc thyroid gland. The growth status 
of childrcn cxposcd to fallout radiatio~~ has bccn 
studied in 67 uncxposcd a ~ ~ d  38 exposed childrcn, 4 
childrcn exposcd in tcfcro, 39 childrc~~ born to cxposcd 
parcnts and 53 childrcn born to ur~cxposed parents 
[S26]. Retardation in both statural growth and skclctal 
maturation has been obscrved among cxposed boys, as 
comparcd with uncxposcd childrcn. Thc retardation 
was notcd among boys who wcrc undcr 5 years of age 

w11c11 cxposcd to [Ire fallout, being niost prolnincet 
alnong tl~osc agcd 12-18 mortl~s a t  t l~c  time of cxpo- 
surc. No sig~~ificai~t diffcrcnccs wcrc notcd in the 
growth pattcnls hutwccn cxposcd and uncxposcd girls 
and hctwccn childrcn b o n ~  to cxposcd or uncxposcd 
p;ircllls. 

60. Thc i~~cidcncc of subclinical hypothyroidis~~l was 
31% among childrcn less than 10 ycars of age at ex- 
posurc aftcr an cstimatcd thyroid dosc of >2 Gy. No 
casc of hypothyroidis~n occurrcd in this agc group at 
lowcr doscs (Tablc 8). Amoi~g subjects 10 ycars or 
oldcr, OIIC case (1 %) of hypothyroidisn~ was obscnlcd 
at all cstimatcd thyroid dosc of c l  Gy, one casc (8%) 
at 1-2 Gy and four cascs (9%) a t  doscs highcr than 
2 Gy. Only two of the subjccts cxposcd a1 lcss than 10 
ycars of age had clinical hypothyroidism. The inci- 
dcnce of hypothyroidism began to increase approxi- 
mately onc decade aftcr cxposurc. A thorough rc-eva- 
luation of the absorbcd dosc in  thc thyroid was done 
by Lessard et al. [L9]. The rccalculated cumulative 
external doscs of gamma rays wcrc close to the initial 
estimates, but doscs from intcrnally deposited radio- 
nuclidcs wcrc niucl~ highcr. Most of the thyroid dose 
rcsultcd from short-livcd radioltuclides. Thc rc-cvalua- 
tion of thc thyroid absorbcd dose makes thc obscrved 
results conipatiblc with those of olher studies with 
similar doscs [R20]. 

61. Rallison ct al. [R21, R22) observcd two cases of 
hypothyroidisni in 1,378 childrcn exposed to 13'1 fall- 
out from r~uclcar weapons tcsts, comparcd to four 
cases in 3,801 non-imadiatcd control subjccts. The 
follow-up tirnc was, on avcragc, 16 years, and the 
Incan thyroid dose was estimated to be c0.5 Gy. The 
diffcrcnce in the incidcncc of hypothyroidism between 
chc two groups was not statistically significant. 
Clinical cxaminatiolis wcrc pcrformcd it1 1990, and 
lcvcls of Srcc T4 and thyroid stimulating hormo~~c  
wcrc mcasurcd in childrcn living in Russia, Belarus 
and Ukrainc at thc time of thc nuclear plant accident 
in Chcrnobyl in 1986 and in children born in 1989 
[HI. Thcrc was no cvidcncc Ulat thyroid function had 
hecn affccted in a way that could be dctectcd cithcr 
clinically or by laboratory tcsting at that timc. 

62. Thyroid disorders wcrc studicd 30 ycars aftcr 
cxposurc in 978 i~~dividuals urldcr 20 ycars of agc a t  
thc tirlie of thc bo~nhings in Hiroshima and Nagasaki 
[M21. M22]. Thc cstimatcd doscs from thc atoniic 
bornb fallout radiation wcrc based on T65 dosi~~ictry. 
Thcrc wcre 200 n~iilcs and 277 fcmalcs in thc >1.0 Gy 
cxposed group and 219 ~iiales and 282 fc~nalcs in the 
urlcxposcd (0 Gy) group. Of thcsc, 128 wcrc aged 0-9 
years and 349 wrcrc 10-19 ycars at the tirrlc of the 
bombings in the >1.0 Gy group; and 139 suhjccls were 
agcd 0-9 ycars and 362 wcrc 10-19 ycars a t  thc time 
of the bonlbings il l  the unexposcd group. Tlrcrc wcrc 



no significant dilfcrcnccs in mean serum TSH lcvcls 
or nican seruni thyroglobulin levels between thc 0 Gy 
(unexposed) group and Ihe >1 Gy (exposed) group. In 
a recent analysis IN71 of 2,774 subjects of the Naga- 
saki Adult Health Study cohort, the prcvalcrice of 
hypothyroidism was 5% in exposed subjects arid 2% 
in controls. 111oue ct al. 1171 studicd nearly 2,600 
individuals from the same cohort and obscrvcd hypo- 
thyroidism in 3% of the subjects. The fitted relative 
risk increased fiom 1 for those less than 5 ycars at the 
lime of the bombings to 3 for those 30 ycars at the 
tinle of the bombings. 

63. Summary. Thyroid dysfunction may result from 
irradiation of the thyroid gland or the hypothalamic- 
pituitary axis. A substantial proportion of patients 
receiving radiotherapy for various paediatric turnours 
have impaired thyroid function. The incidence of 
hypothyroidism varies with the definition used and is 
highest when elevated TSH levels are used to define 
the impairment. Young children seem to be more sen- 
sitive to radiation-induced hypothyroidism. Various 
studies show that hypothyroidism is dose-dependent. 
The prevalence of hypothyroidism is increased in 
leukaemic children who have received cranial radio- 
therapy of 18-24 Gy over 2-2.5 weeks. The thyroid 
doses in these cases have been calculated to be 3% 
8% of the brain dose, i.e. 1-2 Gy. However, the child- 
ren also received associated chemotherapy, which niay 
affect the risk for hypothyroidism. No epidemiologic 
study has demonstrated hypothyroidism in children 
after a thyroid dose from external irradiation el Gy. 
There is limited evidence that dose rate nlay be of 
importance and that the risk of hypothyroidism is 
rcduccd when fraction size is reduced. There arc in- 
sufficient data on the effects of l3'l to detcrniine a 
possible threshold dose for the induction of hypo- 
thyroidism. 

C. OVARY 

64. The ovary is a highly radiosensitive organ, and 
single doses of 0.6-4 Gy have caused temporary steril- 
ity in adults, with higher doscs required to produce the 
same effect when fractionated. Permanent sterility 
results from 25-10 Gy in a single dose and from 6 Gy 
with protracted exposure [Fl ,  11, U3]. The radiosensi- 
livity of the ovary depends on the degree of maturity, 
and the thrcshold for permanent sterility decreases 
with age, although the age-related differences are hard 
to estimate IA12, Fl]. The fact that the ovary of a 
young woman is more resistant is explained by the 
reduction, ovcr time, in the fixed pool of oocytes, 
since these cells are not replaced. The radiation dose 
required to destroy all the oocytes is herefore larger 
in younger than in older women. Ovarian dysfunction 
has been observed in more than 50% of adolescer~ts 

and yo~111g womc~i after doscs of 25-4.0 Gy. Rccovery 
has bccn age-rclatcd. After 4 Gy, p c r ~ ~ i a ~ ~ e n t  amen- 
orrhca alid i~ifcrtility havc occurred ill approximately 
one d~ird of youngcr wolncn and in all worilen older 
than 40 ycars of iigc IA12, H121. 

65. The niost comeion ~ i u s c  of ovarian dysfunction 
in patients trcatcd for pacdiatric tumours is direct 
damage to the gonads by radiation and/or cytotoxic 
agents. The ohscrvcd ovarian effects have basically 
heen fibrosis arid follicle dcstructio~i with elevated 
lcvcls of lutciriizing l~ormonc and follicle stimulating 
hormone. Irradiation oftlie I~ypothalamic-pituitary area 
can also result in goriadotropin deficiency or hypcr- 
prolactinaemia, which may impair subsequent repro- 
ductive function [A13, R23]. Quiescent ovaries have 
been found in childrcn after radiotherapy with 20- 
30 Gy to the abdo~nen ovcr 21-30 days, either alone 
or combined with chemotherapy [H13]. Chemotherapy 
used for a short time has been reported to be without 
effect on the small follicles, whereas prolonged 
treatment destroys tlicm [M23]. 

66. Pelvic or abdominal irradiation has been 
associated with ovarian failure, resulting in elevated 
levels of follicle-stinlulating hormone, amenorrhea and 
failure to develop secondary sexual characteristics [G7, 
0 9 ,  S32, S33, W6]. In a study by Wallace et al. [W6], 
ovarian failure occurred before 16 ycars of age in 19 
paticnts irradiated ill childhood for abdominal tumours 
with 30 Gy in 16-26 fractions over 21-38 days. An 
upper limit for the LD50 of the human oocyte was 
estimated at 4 Gy. Stillnian el al. [S33] observed signs 
of ovarian failurc in 12% of 182 long-term survivors 
of childhood cancer. Of 25 patients (68%) with both 
ovaries within the treatment fields (nican ovarian dose: 
32 Gy), 17 showed ovarian failure, as compared with 
5 of 35 patients (14%) whose ovaries were on the 
border of the treatment ficld (mean: 2.9 Gy), none of 
34 patients with one or both ovaries oulside h e  treat- 
ment ficld (mean: 0.5 Gy) and none of 88 patients 
receiving no radiation to the ovaries. The likelihood of 
ovarian failure in patients with both ovaries in the 
ficld was 19.7 (95% CI: 5.3-728), higher than those 
for other irradiated paticnts. Subseque~it fertility has 
heen obscrvcd in prcpubcrlal girls aftcr pclvic doses of 
10-30 Gy, despite follicular depletion and elevated 
follicle-stimulating h o r ~ ~ i o ~ i c  levels (H13, L11, S32). 

67. Horning ct al. [HI21 studied 103 women aged 
13-38 years (median agc: 19 years) with Hodgkin's 
discasc trcatcd by c l ~ c ~ ~ ~ o l l ~ c r a p y  a l o ~ ~ e  (a = 34), total- 
lyniphoid irradiation alone (n = 19) or irradiation plus 
cheniothcrapy (n = 50). The pelvic dose was 30- 
40 Gy, delivered with conventior~al fractionation. 
Menses werc present in 94% after total-lymphoid irra- 
diation alone, 85% aftcr chemotherapy alone and in 
48% after total-lynil)hoid irradiation plus chemo- 
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therapy, of which 47%, 56% and 20%, respectively. 
were regular. Chemotherapy was associated with the 
liighcst and combiliation therapy with the lowest pro- 
bability of regular Iiienses. Tlic probability of regular 
menses decreased with a p  at treatnicnt (Figure VI). 
When age at treatment, interval after conipletion of 
treatment, stage of diseasc, number of cyclcs of 
chemotherapy and pelvic radiation dose were included 
in a multivariate analysis to detemiine factors pre- 
dicting regular menses, o~ily age was significant for 
any of the three treatment modalities. 

68. Irradiation of the central nervous system and 
chemotherapy can destroy gonadal function by causing 
darnage to the hypothalamus or direct damage to the 
gonads themselves [B18]. Various hormonal effects 
have been observed after cranial or craniospinal radio- 
therapy with 25-50 Gy fractionated over 3-4 weeks, 
e.g. elevated, normal or reduced levels of gonad- 
otropins, secondary amenorrhea arid lack of pubertal 
progression [A13, B10, C17, L10, R23, SlS]. Leipcr 
et al. [L12] observed early puberty in 10% of 233 
children given cranial radiotherapy with 18-24 Gy in 
10-15 fractions over 2-3 weeks for acute lcukaemia at 
a mean age of 4 years. Three girls had precocious 
puberty, i.e. signs of sexual maturation occurring 
before 8 years. Early onset of menarche after cranial 
radiotherapy has also been observed by others [B19, 
M15, 01, R23, S15]. Othcrs have reported normal 
levels of gonadotropins and oestrogens after 24 Gy 
cranial radiotherapy in 2 Gy fractions over 2.5 weeks 
[DS, 0 7 ,  Vl]. 

69. Hamre et al. [HI41 assessed gonadal function in 
163 children treated for acute lcukaemia at an average 
age of 6 years and who were randoniized to receive 18 
or 24 Gy to one of three fields: cranial, craniospinal or 
craniospinal plus 12 Gy abdominal, including the 
ovaries or testes. Gonadal evaluation 4 years later 
showed elevated levels of follicle-stimulating hormone 
and/or luteinizing hormone in 36% of the patients. 
There was an association between elevated gonado- 
tropins and the radiotherapy field: 9% of patients who 
had cranial fields had elevated Ievcls, as compared to 
49% for craniospinal fields and 93% for craniospinal 
plus abdominal fields (p < 0.001). Girls receiving 
24 Gy had a relative risk of 14 for elevated follicle- 
stimulating hormone and 8.7 for elevated luteinizing 
hormone compared with girls rcccivi~~g 18 Gy. Cranio- 
spinal plus abdominal radiotherapy was significantly 
associated with abnormal gonadotropin levels and lack 
of pubertal development. 

70. Patients who receive only cheniotherapy prior to 
bone marrow transplantation have nonnal pubcrtal deve- 
lopment and normal levels of gonadotropins and sex 
hormones. The majority of children receiving 10 Gy 
single whole-body exposure cxpcrie~~ce a delayed onset 

of puberty, and their gonadotropin levels reflect primary 
gonadal failure. Nearly half of children receiving 
fractioriated whole-body irradiation have nonnal 
puberbl developnie~~t and nonnal gonadotropin levels 
IB13, D2, S24, S341. Ovarian failure appears to develop 
in almost all fenialcs of postpubertal agc after whole- 
body irradiation with 10-12 Gy. Normal gonadotropin 
levels have been observed in the majority of girls who 
were prel)ubertal at UIC time of transplantation. 

71. Sanders el al. [S23] studied ovarian function in 
142 children (52 girls) treated with bone marrow 
transplantation at the median age of 10 years. ,411 
patients had received chemotherapy, and one third of 
the patients also had received radiotherapy to the 
central nervous system. Patients were given chemo- 
therapy and whole-body irradiation, as a single dose of 
9.2-10 Gy (11 = 79) or as fractionated doses of 2- 
2.3 Gy daily for 6-7 days to a cumulative dose of 12- 
15.8 Gy (11 = 63). Of 35 girls who were prepubertal at 
transplant, 10 had delayed development of secondary 
sexual characteristics at evaluation 4 years later. 
Gonadotropin arid oestradiol levels were determined 
for 1 1  of 16 girls older than 12 years of age, and 7 
had elevated levels of follicle-stimulating hormone, 
low levels of oestradiol and delayed onset of puberty. 
Gonadal failure occurred in nearly all who were post- 
pubertal at transplant, with amenorrhea and elevated 
levels of luteinizing hormone and follicle-stiniulating 
hormone. I t  was not possible to determine how many 
of these endocrine abnormalities occurred as a result 
of treatment administered prior to transplantation. No 
information was provided on the effect of fractionation 
on gonadal functio~~. 

72 Sarkar et al. IS351 studied fertility in 33 subjects 
after l3'l therapy for thyroid cancer in childhood or 
adolescence. They received a mean 1 3 1 ~  amount of 
7,250 MBq, with a range of 2,960-25,560 MBq, and 
the estimated cumulative gonadal dose ranged from 
0.08 to 0.69 Gy. The incidence of infertility and mis- 
carriage did not differ significantly from that in the 
general population. 

73. Summary. The effects of radiation on the ovary 
are age- and dose-dependent. The ovary of young 
women is less sensitive to radiation-induced determi- 
nistic effects because of their higher number of 
oocytes, although it is difficult to define the magnitude 
of these differences. A variety of factors complicate 
the study of a possible association between radiation 
dose and the effects on the ovary, including the under- 
lying disease for wllich treatment was given. Unfortun- 
ately, most studies have been performed on a limited 
number of patients of varying ages at exposure, who 
received a variety of treatment modalilies and had 
varying lengths of follow-up. The available data therc- 
fore do riot allow an a~~alys is  of the dose-cffect 
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in UIC postpubertal male, plns~na tcstosteronc and 
gonadokopi~~ lcvcls wcrc normal. O~rly one boy had an 
elevated follicle-sti~nulati~~g hornionc Icvcl. The 
radiation-induced damage to tlic gem~inirl c p i t l ~ c l i u ~ ~ ~  
thus resulted in raised lcvcls of follicle-stimulating 
hormone aftcr pubcrty but not bcforc. In rcspcct of 
pelvic radiothcrapy and/or chcmothcrapy for Hodgkin's 
disease in childhood, GT~CI I  ct ill. IG71 did not observc 
any diffcrcncc in gor~adal ft~nction bc twcc~~  nine boys 
and n~alc adolcscc~its who received a gonadal dosc of 
1 Gy and scvcn p;~ticnts who rcccived o ~ d y  chemo- 
therapy. Six and live men, rcspcctivcly, had clcvatcd 
lcvcls of follicle-stirnulatin& hormone up to cigl~t years 
aftcr completion of trcalrncnt. 

78. Abnornial pubcrty and gonadotropin deficiency 
have been observcd in about 10% of children irra- 
diated to the hypothala~nic-pituitary rcgion with 25- 
50 Gy over 3-4 wccks [LlO, R23]. After cranial radio- 
therapy for lcukacmia in childhood, varying results 
have bcen observcd. Quigley ct al. [Ql] found evi- 
dence of germ-cell damage in 25 boys who received 
chemotherapy and 24 Gy in 15 fractions ovcr three 
weeks. Germ-cell damagc was confirmed by the ab- 
sence of genn cells in testicular biopsy specimens and 
by the small size of the tcstcs in all boys. Boys 
rcachcd puberty at a mean age of 12 years. Plasma sex 
steroids were nornlal. but the level of luteinizing 
hormone aftcr stimulation with gonadotropin-releasing 
hormone was elevated in pubertal children, suggesting 
compcnsation for decreased gonadal function. Sklar ct 
al. IS411 evaluated testicular function in 60 long-term 
survivors of childhood acute leukacniia who had been 
randomized to cranial radiotherapy with 18 or 24 Gy 
(n = 26), 18 or 24 Gy plus intrathecal mcthokexate (n 
= 23) or 24 Gy aar~iospinal radiotherapy plus 12 Gy 
to the abdomen including gonads (n = 11). Treatmc~~t  
was dclivercd in 1.2-2 Gy daily fractions, and the 
scattered dose in the tcstcs was 0.4-3.6 Gy after 
aaniospinal radiothcrapy. Primary germ-cell dys- 
function on average five ycars after cessation of 
therapy was significantly associated with type of 
radiotherapy field: 55% aftcr craniospinal plus 
abdominal field, 17% ahcr craniospinal and 0% ahcr 
cranial radiotherapy (p c 0.01). Leydig cell function 
was unaffected in UIC majority of patients regardless of 
type of radiolfierapy. Lciper et al. [LIZ] observed 
early puberty in five boys treated with 18-24 Gy in 
10-15 fractions ovcr 2-3 weeks. The mcan age for 
onset of pubcrty in these children was 9 years, which 
was greater than two standard dcvia~ions from the 
mean. Precocious puberty, i.e. signs of scxual matura- 
tion occurring before 9 ycars, has also bcen reported 
[B19, L12]. Von Muchlcndal~l et al. [Vl] noted 
~ ~ o r n ~ a l  lcvcls of lutcinizing hormone and follicle- 
stimulating hormonc in 17 boys after 8-18 Gy of 
cranial radiothcrapy. Jaffc et al. [J4] evaluated 
reproductive function in 27 male long-term survivors 

of cl~ildl~ood canccr lrcatcd during prcl)ubcrty and 
puberty wit11 a rlicall tcsticular dose of 1.9 Gy (range: 
0-25 Gy). Spcrm sarnplcs wcrc obtained from 23 sub- 
jects, and thc 4 who rcfuscd had fathered healthy 
childrc~~. Four paticnts were oligospcrmic and 14 werc 
:~zoospcr~nic. The four sterile mcn had reccivcd at 
lcast 1.4 Gy to thc tcstcs without chemothcrapy and as 
low as 0.08 Gy in co~nbination with alkylating zigcnts. 
Sterility was niainly associated with alkyli~ting agents. 

79. Alicr chemothcrapy and whole-body irradiation 
with a single exposure of 10 Gy, dclaycd pubertal 
dcvelopn~cnt occurred in one of 12 boys (hc also 
rcccivcd testicular irradiation); four werc still 
prcpubcrtal at cvaluation and scvcn boys had ~~ornla l  
pubertal devclopmcr~t [B13]. Four of the boys with 
normal pubcrtal dcvclopmcr~t had clcvatcd lcvcls of 
follicle-stimulating hormone with normal luteinizing 
hormone and testosterone. Anolher seven boys reccived 
liactionatcd whole-body irradiation with 12-14 Gy in 6 
fractions over three days, and five of them were still 
prepubcrlal and two had achieved pubcrty, one after 
tcstoslcrone adminiskation. Dccg el al. [D2] observed 
that 5 of 16 boys subjected to whole-body irradiation 
developed secondary sex characteristics appropriate for 
their age and 11 had delayed onset of puberty. Forty- 
one malc patients who were past puberty at the tinie of 
transplantation developed primary gonadal failure and 
azoospcrmia. Two had rccovery of sperr~latogcncsis 
approximately six ycars after transplantation, and one 
of then1 had two normal children. Gonadal failure 
therefore appeared to be nearly universal after wholc- 
body irradiation with 10-12 Gy in patients of post- 
pubertal age. Sandcrs et al. IS231 studied gonadal 
function in 90 boys 1-17 years old who had bone 
Illarrow transplantation aftcr prior chemotherapy and 
radiotherapy to the central nervous system (n = 55). 
Whole-body irradiation was given as a single dose of 
9.2-10 Gy or fractionated doses of 2-2.3 Gy daily for 
6-7 days to a cunlulative dose of 12-15.8 Gy. At 
evaluation on average four years later, 21 of the 63 
boys who werc prepubertal at transplant had dclaycd 
dcveloprnent of secondary sexual characteristics. 
Gonadal failure occurred in nearly all who were 
postpubertal at transplant. 

80. Summury. The efrccki of radiation on the testis 
arc agc- and dosc-dcpcndcnt. Radiation appears to 
have its greatest effect on the germ cells rather than 
on Leydig cells. It is difficult to draw any certain 
conclusions regarding the elfcct of ionizing radiation 
on the gonadal function in boys and malc adoiesccnts. 
The data have been obtained from studies based on 
l~eterogcneous materials, with grcat variation in agc at 
exposure and treatment n~odalities. Furthcrn~ore, 
gonadal function has been assessed in many different 
ways. The threshold radiation dosc that will damagc 
Ihe germinal epithelium in childhood cannot thtrcfore 



be clearly defined at present. Tcsticular function rnay 
be comprorniscd at doscs as low as 0 5  Gy. Lcydig 
cell function appears more rcsisbnt to ionizing 
radiation, and impaired function occurs after 10 Gy or 
more. Testicular function is also impaired by chemo- 
therapy and may also be abnonnal prior to therapy for 
malignancy hat  docs not involve the testis. Irradiation 
to the prepubertal gonads may not always result in 
irreversible damage. Whole-body irradiation has been 
shown to produce primary gonadal failure of various 
degrees in Lhe majority of boys receiving 10 Gy, 
regardless of pubertal status. In most of these patients, 
Leydig cell function appeared adequate. 

E. hlUSCULOSKELETAL SYSTEM 

81. Two processes of bone formation occur within 
the human skeleton: membranous bone fornlation and 
enchondral bone formation [PlO]. Flat bones and the 
cortices of long bones are formed by membranous 
bone formation, in which there is no pre-existing 
cartilage template, and osteoid tissue is laid down 
adjacent to existing collagen, cartilage or bone. In 
enchondral bone formation, which is responsible for 
longitudinal bone growth, new bone is formed at the 
epiphyseal growth plate. Chondroblast proliferation is 
responsible for widening of the epiphyseal growth 
plate and lengthening of the bone, and osteoid is 
formed by osteoblasts. External irradiation affects, in 
particular, dividing chondroblasts and small blood 
vessels. Membraneous bone formation is disturbed to 
a lesser extent than enchondral bone growth. Epi- 
physeal irradiation causes arrest of chondrosis due to 
direct effects on the cholidrocytes and secondary 
vascular effects. Radiotherapy also disrupts the normal 
processes of resorption of bone at the cpiphysis. 
Actinomycin D and adriamycin enhance the effects of 
radiotherapy (€61. Bone absorbs less radiation in the 
megavoltage range than in the orthovoltage range, and 
it has been believed that there is less growth dis- 
turbance in bone after megavoltage therapy. However, 
the major radiation changes occur in the chondroblasts 
and the fine blood vessels of the physis. Since both 
are materials of unit density, i t  is reasonable to expect 
growth disturbances to be largely indepcl~derit of 
radiation voltage quality. 

82 The first evidence of growth disturbances 
following x-ray treatment in patients under 20 years of 
age was reported in 1929 by Hueck et al. [H15]. In 
adults, cartilage tolerates 40 Gy over 4 weeks or >70 
Gy over 10-12 weeks, and bone tolerates 65 Gy over 
6-8 weeks. Higher doses cause necrosis [C24]. These 
tissues are more sensitive in children, and some 
growth retardation may occur after 1 Gy, depending 
on the age a t  irradiation and the conditions of expo- 
sure 111, TlO]. The maximum growth depression has 

been obscrvcd in cl~ildrcl~ treated up to the age of 6 
years I I I I ~  i n  y o ~ ~ n g  p~lberty [G9, P10, R25, R26). 
Rocatgenographic changcs of the bone in children less 
than 1 year of age occur aftcr conventionally fraction- 
ated radiotherapy of >4 Gy, while a dose of >18 Gy 
with si~llili~r fractioni~tio~l is required to produce 
significant changes in children 1-2 years of age and 
>26 Gy is required in older children [N5, TlO]. Other 
skclctal changes occur in children at doses >20 Gy, 
including scoliosis, kyphosis and slippcd capital 
femoriil epipllysis. 

83. Growth in children can be adversely affected by 
direct radiation damage to long bones and spine, mal- 
nutrition, steroid therapy, cytotoxic drugs, thc presence 
of residual tumour and endocrine complications [B3, 
B23, B24, B25, D17, G8, P11, P12, S20, S42, T10, 
W7j. The effects of ri~diotherapy on the skeleton are 
related to the anatomical site, the target volume, the 
radiation dose, the source and pattern of the radiation 
used, the age of the patient and chemo~berapy. These 
effects may be seen in any bone but are most often 
observed in the spine after fractionated radiotherapy 
with cumulative doscs of 20 Gy or more [P13]. The 
severity increases with increasing radiation dose and 
with decreasing age at'tirne of treatment. Mature bone 
and cartilage may also be devitalized by ionizing 
radiation without showing clinical consequences until 
stressed by, for example, iufection or trauma. Predni- 
sorle and doxorubicin depress cartilage responsiveness 
to soniatolnedin and also growth-hormone-stimulated 
sonlatomedin productiol~ [P12]. 11 is difficult to 
quantify the cffects of ionizing radiation on growing 
bones for several reasons: 

(a) there is a lack of large groups of patients of 
various ages in whom the same epiphyseal carti- 
lage has been irradiated with a range of doscs; 

@) the turnour itself and other heatmcnt modalities 
can contribute to the growth disturbance; 

(c) patients must be followed until growth is com- 
pleted; 

(d) often patients with growth disturbances have 
deformities corrected surgically, making it 
impossible to qual~tify the dalnage [G8]. 

84. Children lcss than 6 years old and at the time of 
the adolescent growth spurt, i.e. duriug periods of 
rapid bone growth, are especially sensitive to irradia- 
tion of the vertebral colu~nn. Impaired growth has 
been observed after total doses of 25 Gy, and higher 
doses to the entire spi~re result in suppression of spinal 
growtl~ and decreased sitting height ID17, P10, P11, 
S Z ] .  Probcrt et al. [PlO] observed changes in both the 
sitting and stalidil~g heights of44 children heated with 
megavoltage radiation, particularly among those 
receiving >35 Gy in 2-2.5 Gy fractions, whereas only 
slight cha~~ges  were observed among tllose receiving 
c25 Gy with sirrlilar fractionation (Figure VII). Shalet 



el al. IS431 measurcd growth after radiotherapy for 
brain tuniour in 37 childrcn who had reccivcd cranio- 
spinal irradiation will1 27-35 Gy to tile vertcbrac in  
17-20 fractions ovcr 3-4 wccks and in 42 children who 
rcccivcd cranial radiotherapy. Tllc cranial dose was not 
stc~tcd. All had cornplctcd thcir growth ;it the tilnc of 
evaluation, and at U~at timc thcre wcrc significa~~t 
diffcrcnces between the two groups on standard dcvia- 
lion scores for standing heigl~t and sittil~g height, but 
1101 for leg length. The youngcr the child was at tllc 
time of treatment the greater the subsequent skelctal 
disproportion; the estimated cvcntual loss in hciglit 
was 9 cm when spinal irradiation was givcn at 1 year, 
7 cm whcn given at 5 years, and 6 cm whcn givcn a: 
10 years. 

85. Growth retardation has also been observed in 
childrcn injccted with 2 2 4 ~ a  for intendcd treatment of 
tuberculosis of bone and soft tissue [M24, S44]. Spicss 
el al. [S44] obtaincd the adult heights of 133 patients 
injected as juveniles. Radium-224-induced growth 
retardation was greatcst in young childrcn, who had 
the greatest amount of potential growth aftcr exposure. 
The growth rctardation increascd with radiation dose, 
arid thcre was a 2% decrease in potcntial growth post- 
irradiation pcr gray for averagc skelctal doses up to 
20-25 Gy. 

86. Functional and cosmetic disabilities involving 
bone, teeth, muscle and othcr soft tissucs havc bcen 
reported to occur aftcr radiothcrapy in up to 38% of 
survivors of paediatric canccrs, in particular aftcr 
treatment for solid tumours (D19, L16, M2, M25, 
S43]. The clinically significant problems often involve 
bone abnornlalitics, such as scoliosis, atrophy or 
hypoplasia, avascular necrosis and osteoporosis. Sco- 
liosis may occur following radiotherapy to scgmcnts of 
the spinal column in patients with solid turnours [H16, 
J5, S42, S45, W8]. Scoliosis has been most apparent 
in children treated with orthovoltage radiation to fields 
cxtending to the midline, resulting in asymmetric 
radiation of the vertebrae. The dcgree of scoliosis has 
increascd with dose and has been mild aftcr 20-32 Gy 
and significant after higher doses [010,  P10, R27]. 
Vcrtcbral abnormalities havc bcen less pronou~~ccd 
with high voltage radiotherapy and with radiation 
fields encompassing the entire vertebrae, and signi- 
ficant scoliosis below 35 Gy is uncommon [H16, P10, 
T l l ] .  The cases of scoliosis that occur at prcsent are 
usually not so  severe that orthopaedic intervention is 
required. 

87. Slipped epiphyscs can dcvelop in paticnts who 
have received radiotherapy to the proxinial femoral 
epiphysis, combined with chcn~othcrapy, in childhood 
[B26, L17, R1, S46, W9, WlO]. Si lvenna~~ et al. IS461 
studied 50 patients undcr 15 years of age who had 
radiotherapy that included the non-fused capital 

fcmoral epiphyscal plate in the treatment ficld. Mcan 
dose to thc cpiphyscal plates was 23 Gy (range: 1.5- 
53  Gy), and 10% of the 83 plates at risk showed cpi- 
pl~yscal slippage or othcr severe radiographical abnor- 
malities. Cl~ildren undcr the age of 4 years at the timc 
of irradiation wcre at higher risk (47%) than older 
ct~ildrcn (5%). No complications occurrcd below 25 
Gy and no dose-response curvc was obtained. A mcan 
diffcrcnce of up to 12 crn in clinical length bctwccn 
unirradiatcd and irradiated extremities has been 
observed after 26 Gy to the cpiphyscal plates [G8]. 
Figure V1lI shows the relationship bctwecn age at 
irradiation, dose and shortening for 20 patients who 
had epiphyseal plate irradiation. Damage increased 
dramatically at doses up to 40 Gy but levelled off 
beyond that. Shortcning was strongly age-dependent, 
amounting to 9-12 cm in several patients who were 
less than 1 year old. When growth expected to remain 
after irradiation was taken into account, age at irradia- 
tion did not influence h e  final effect, and the radiation 
dose was the most important factor. Radiation-induced 
aseptic necrosis of the fcmoral heads have been 
observed in childrcn aftcr doses of 30-40 Gy [L17]. 
Chemotherapy may be a contributing factor, since 
aseptic ostconecrosis has bcen reported in children 
after chemotherapy alone [P14]. Slipped proximal 
humera] cpiphysis has also been reported aftcr slightly 
higher radiation doses than those received by childrcn 
with slippcd capital femoral cpiphysis [E6]. That the 
shoulder is not as stresscd as the hip may be the 
rcason why slipped proximal humeral cpiphysis is less 
frequent than slippcd femoral epiphysis. 

88. Bony hypoplasia of the orbit with facial asym- 
metry was reported in half of 50 children with orbital 
rhabdomyosarcoma aftcr 50-60 Gy in 5-6 weeks 
[H17]. Thc dcgree of hypoplasia appeared to be higher 
the younger the child was at the time of trcatmcnt. 
Other conilnon findings werc asymmetry of thc face 
and/or ncck and the presence of dental problems, both 
of which occurrcd in 58% of the patients. Evidence of 
muscle atrophy or fibrosis of thc subcutaneous tissues 
was evidcnt in 40% of the patients in the head or face 
and 33% in the ncck. Hypoplasia of bones in treated 
sites was documented in one dird of the patients and 
judged to bc largely due to radiotherapy. Similar late 
effects have been observed by others [E7, GlO]. 

89. Radiotherapy niay also have advcrse effects on 
developing dentition, including root abnormalities, 
iricomplctc calcification, delayed or arrested tooth 
dcveloprncnt and caries [B27. D19. H18, J6, M261. 
These and other maxillofacial abnormalities, such as 
kismus, abnormal occlusal relationships and facial 
dcformitics are more severe in patients irradiatcd at an 
earlier age and at higher doses. Jaffc et al. [J6] 
observed dental arid maxillofacial abnormalities in 
82% of 45 long-tern survivors of childhood cancer 



after iiiaxillofacial radiotl~crapy. Younger patients and 
those treated with higher doscs, i.c. rhabdornyosar- 
coma patients (median dosc: 55 Gy) as opposed to 
l-iodgkin's diseasc and Icukacniia patients (median 
dosc: 35 Gy, p < 0.001) h:~d more severe abnonna- 
lilies. In a study by Sonis ct al. [S47], abnor~nal dental 
dcvelopnicnt occurred five or niore years later in 94% 
of 97 children with acute lcukacrnia treated bcforc 10 
ycars of age with intrathccal ~ncU~otrcxatc alone (n = 
19) or in combination with 18-24 Gy cra~~ia l  radio- 
Ulcrapy (n = 78). All chi ldrc~~ who received lrcatnicnt 
before 5 ycars of age and those who received radio- 
hcrapy had Uic most scvcrc abnornialitics. Tooth 
brcakagc due to tooth resorption has been comrnon 
among patients injected with 2 2 4 ~ a ,  especially those 
injected iiS teenagers [S48]. The incidence of tooh 
brcakagc increased significantly with dosc. The tooth 
fractures rcscrnblcd those observed in radium dial 
painters in the Uriited Statcs lR25). Children given a 
single whole-body exposure of 10 Gy for marrow 
transplantation have developed similar disturbances in 
dental development and facial growth similar to those 
seen after 18-65 Gy fractionatcd radiotherapy to the 
maxillofacial region for Icukacniia or solid tumours 
[D20, S2.51. The most scvcrc effects have bcen seen in 
children irradiated when they were less than 6 ycars of 
age. 

90. Anthropomctric analyses were performed in 1990 
on children living in Russia, Belarus and Ukraine at 
the time of the nuclear plant accident in Chcrnobyl in 
1986, and in children born in 1989 [HI. The main 
conclusion horn these studies was that there were no 
significant differences in height or weight between the 
control and contaminated regions. 

91. Summary. Growth in children can be adversely 
affected by direct radiation damage and by malnutri- 
tion, other treatment modalities, the presence of 
residual tumour, and endocrine late radiation effects. 
Most clinical data arc based on small and hctcro- 
geneous groups of patients treated in different ways at 
varying ages. The skeletal eflccts have also been 
assessed in a variety of ways, and i t  is not possible to 
give any estimates of latc deterministic effects based 
on large-scale epidcniiologic data. Skeletal changes in 
children generally occur at doses exceeding 20 Gy and 
include scoliosis, kyphosis, slipped femoral cpiphyses, 
hypoplasia, growth retardation, dcntal problems etc. 
Absolute shortening of the long hone depends on the 
absorbed radiation dose and the age at the tinie of 
irradiation. Exposure at ages less than 6 ycars and 
during puberty appears to have h e  greatest effect on 
growth retardation. However, other studies have 
observed that whcn growth expected to occur after 
irradiation was taken into account, Lhe age at irradia- 
tion did not ir~fluence the final effect, and h e  radiation 
dose was then the most important factor. Scoliosis and 

kypllosis arc conimon alter spinal or flank irradiation 
followi~lg doscs of >20 Gy. Slipped fcn~oral capital 
epipl~ysis docs not occur bclow 20 Gy, and this latc 
effect is more c o n ~ n ~ o t ~  ill cl~ildren under 4 ycars of 
age a1 dlc t i~nc of irradi:~tion. A dose exceeding 20 Gy 
is rcquircd to arrest cncondral bonc lormation, and 
doscs ol' 10-20 Gy cause t l~c  partial arrest of bone 
growth. Tllcrc is little altcr;~lion in bonc growth below 
10 Gy of fractionated exposure directly to the bone. 
No radiation-related effect on height has bcen 
obscrvcd in cl~ildren living in Russia, Belarus or 
Ukraine at the time of tllc Cllcn~obyl accideat. 

F. EYE 

92. l o ~ ~ i z i r ~ g  radiation, chcn~othcrapy and cortico- 
stcroids have all bcen found lo increase the risk of 
cataract formation [C20, H19, 11, 011, P15, S49, U3]. 
Different cornporlents of the eye have different sensi- 
tivity to ionizing radiation, ilnd the lens is especially 
sensitive whcn uniformly irradiated. There are difrer- 
cnt forms of cataract, and radiation-induced cataract is 
in its early stages a characteristic lesion, which is 
defined as a posterior subcapsular opacity. The thres- 
hold dose for cataract in adults is about 2 Gy of x rays 
from a single exposure and 4-6 Gy when fractionated 
over 3-13 wecks [F l ,  M271. Minimal stationary opaci- 
ties have been obscrvcd after single doscs of 1-2 Gy, 
and with 5 Gy more serious progressive calaracts 
occur [U3]. The threshold dosc for cataract formation 
is increased by non-uniform irradiation [B28]. Higher 
radiation doses yield more progressive cataracts with 
a greater loss of vision. The average latent period is 
2 ycars but lnay be up to 35 years. The combination 
of radiotherapy and chemotherapy enhances the risk 
for cataract for~iiation [F7]. Other late radiation cffects 
in the eye include retinopathy, optic neuropal~y and 
lacrimal gland atrophy. These types of injuries rarely 
occur below 45 Gy. 

93. Dccrcased vision due to cataract formation in the 
ircated eye is commolr ia children treated for orbital 
rhabdomyosarcoma after doses to thc tuniour of 50- 
60 Gy in 2 Gy fractiol~s over 5-6 weeks [H17]. The 
time to first reported evidence of cataract varied from 
one to four years after radiotllcrapy. Otber reported 
structural late eKects include changes in the cornea or 
r c t i~~a ,  cnophthalmos, and stenosis of the lacrimal duct. 

94. Qvist and Zacllau-Christia~~sc~~ [Q2] estimated 
Ihe ~niainiu~n lenticular dosc to produce cataract in 
childrer~ to be 13.8 Gy from radium moulds; the maxi- 
mum non-cataract dose for infants was 9.9 Gy and for 
school-aged children, 11.4 Gy. Notter ct a l .  [N8] 
observed cataracts after considerably lower doses in 
234 patienLs who had been irradiated will1 2 2 6 ~ a -  
containing applicators for skin hacmangioma between 



1920 and the mid-1950s. An ol)l~thal~~~ologic examina- 
tion was conducted in 1961-1965. Of 468 cycs 
examined, cataract was observed in 5 1 (1 1 Ti). No 
cataract was obscrvcd i n  Ihc 246 cycs rcccivi~~g 
c2.5 Gy in the Icns. The prrvalencc of cataract was 
8% (100 eycs) aftcr ;I Icnticular dosc of 2.5-3.5 Gy 
and 54% (122 eycs) aftcr higher doscs. 

95. Stcfani et al. [S37, C25] rcportcd on the devclol)- 
mcnt of cataract in 899 patients rccciving multiple 
injcctions of 2 2 4 ~ a  for the intcndcd trcat~ncnt of 
tuberculosis or ankylosing spoadylitis. Cataracts were 
found in 6% of the 218 juver~ilc patic~~ts and in 5% of 
the 681 adult patients. In those with known injected 
activities, juveniles recciving >1 MBq kg-' of 2 2 4 ~ a  
had a cataract incidence of 14% (11 of 80) compared 
to 0.8% (1 of 131) rccciving lcss than that amount. 
The cataract incidence increased significantly with 
dosage in both juveniles and adults. 

96. The dose received by the lens in cranial radio- 
therapy for acutc lcukacmia is of importance for the 
induction of cataract [KIO]. The dose to the lens is 
approximately 15%-30% of the midline dosc, depend- 
ing on the type of treatment fields. Ncsbit ct al. IN31 
found one case of posterior subcapsular cataracts in 50 
survivors of childhood acute Icukaernia. In contrast, 
lnati ct al. (131 observed a 50% incidcncc of cataract 
formation in 69 children with acutc Icukaemia given 
24 Gy cranial radiotherapy in 13 fractions over 2.5 
weeks, intrathccal nicthotrcxilte and high doscs of 
steroids. All cataracts wcre sn~all and did not impair 
vision. In another study of 34 long-term survivors of 
acute Icukaemia, all 18 patients in the non-irradiated 
group had normal results in eye examinations, while 
4 of 16 of those receiving 24 Gy to the whole braill in 
12 fractions over 2.5 weeks had ocular abnonnalitics 
[Wll] .  None of the ocular findings could, however, be 
definitely attributed to radiation, and all patients had 
normal visual acuity. 

97. Posterior subcapsular cataracts occur in the great 
majority of patients aftcr 10 Gy of single whole-body 
exposure but in only about 20% after 12-15.8 Gy of 
fractionated exposure [A14, B13, CEI, D21, L23, S24, 
V7]. Among 105 paticnts givcn 10 Gy single-dose 
whole-body irradiation, 80% developed cataracts by 
six years compared to 19% of 76 patients givcn frac- 
tionated whole-body irradiation (12-15 Gy in 2-5 Gy 
fractions over 6-7 days) and 18% in patients who did 
not receive radiotherapy [D2]. This last figure indi- 
cates that factors other than irradiatio~~, c.g. steroids or 
previous treatments may have contributed to the 
development of cataracts. Nearly all cataracts 
developed after a singlc exposure need to be removcd, 
whereas a smaller fraction of those dcvcloped aftcr 
fractionated exposure require removal. 

98. 111 ii study conducted among subjccts of the 
Adult Hcalth Study of Hiroshi~na and Nagasaki, a sig- 
nificant excess risk for postcrior subcapsular changcs 
was obscrvcd for all ages in  the group receiving >3 Sv 
ia conip;iriso~~ with tl~ose in the control group amorlg 
rcsidcats in Hirosl~inl;~ but 1101 in Nagasaki [C21 1. The 
study w ; ~ s  based on Ihe T65 dosimetry and the cxani- 
ination was conducted 011 2,385 persons. The relative 
risk of cataract for pcrsons in Hiroshima exposed to 
>3 Sv was 4.8 in persons under age 15 years at the 
time of the bombings, 2.3 in pcrsons 15-24 years at 
the time of the bombings and 1.4 in pcrsons more than 
25 years at the time of the bombings. The relative risk 
for postcrior subcapsular changcs in Hiroshima for 
pcrsons under age 15 ycars at the time of the bomb- 
ings was 2.8 in the 1-1.9 SV group, 4.3 in the group 
rccciving 2-2.9 Sv and 5.3 in the group recciving >3 
Sv. A con~parison of relative risks in the different age 
groups suggested a stronger effect in Hiroshima for 
persons under age 15 years at the time of the bomb- 
ings. These results support h e  hypothesis that younger 
individuals are more sensitive to radiation-induced 
cataract than oldcr individuals. A more recent assess- 
ment of the dose-effect relationship for cataract 
induction has been made using the DS86 dosimetry 
systcni 1015, 016). This new study confirms the pre- 
vious findings of a higher sensitivity in young persons. 
The magnitude of log relative risks for cataracts in 
pcrsons aged 40, 50, 60 and 70 years at the time of 
examination was 8.2, 6.4, 4.6 and 2.8-fold highcr, 
respectively, than in pcrsons aged 80 ycars at the time 
of examination. The bcst-fitting rclationship for 
posterior postcapsular changes suggested a linear- 
quadratic dose-response. 

99. Summary. The available data on radiation- 
induced cataract formation in adults suggest a sigmoid 
dose-response relationship with an apparent threshold. 
This threshold varies from 2 to 5 Gy aftcr x rays and 
gamma rays given as single exposure and is about 
10 Gy for doscs fractionatcd over a period of months. 
Data on radiation-induced cataracts in children are 
scarce and are based on small groups of patients 
rccciving different treatment niodalities. Cataracts have 
been reported aftcr 24 Gy cranial radiotherapy for 
childhood leukac~nia resulting in 5-7 Gy in the lens. 
Cataracts have been obscnred after 2.5 Gy or more in 
h e  lens, and in one study the prevalence of cataract 
was 8% (100 eyes) aftcr a lenticular dose of 2.5- 
3.5 Gy. Whole-body exposure of I 0  Gy in childhood 
has also been associated with cataract formation in the 
niajority of cases, wlicreas fractionatcd wholc-body 
irradiation with 12-15.8 Gy is associatcd with cataract 
in about 20% of the patie~lls. Cataracts wcre observed 
in the survivors of the atomic bombings in Japan 
exposed to >3 Gy, and the risk for cataract was higher 
in persons lcss than age 15 years at the tin~c of tile 
bombings than in persons oldcr than that. 
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100. Ionizing radiation affec~s small and large vcssels 
within the treatment field, and changes may develop 
within months and up to two decades after radio- 
therapy [K2]. The main chitngcs tbat occur consist of 
premature athcrosclerosis with vascular occlusion. The 
heart was formerly thought to be relatively resistant to 
ionizing radiation. The increasing use of radiotherapy 
to the mediastinum, however, has been associated with 
well-documented instances of cardiac abnormalities. 
Late effects following radiotherapy have been reported 
in both adults and children and usually occur as 
cardiomyopathy, coronary artery disease, pericardial 
effusions or constrictive pericarditis [A15, B29, 830,  
D17, G11, G12, K11, L1, P9, R28, T9]. Interstitial 
myocardial fibrosis and coronary artery changes have 
been reported after 30 Gy, and pericarditis has been 
reported after 15 Gy [B29, G12, K12, M28, M29). In 
children as well as in  adulb, a dose of 40 Gy to the 
heart appears to be the critical dose for clinical 
cardiomyopa thy. 

101. The incidence of post-irradiation pericarditis 
increases with dose and fraction size [SO].  In patients 
irradiated for Hodgkin's disease, the frequency of 
radiation-related pericarditis correlates with the 
pericardial dose [C22]. Camel  and Kaplan [C22] 
found a 7% incidcnce of pericarditis after doses 
<6 Gy, 12% after 6-15 Gy, 19% after 15-30 Gy and 
50% after >30 Gy. Symptomatic pericarditis may first 
appear as late as 45 years after therapy [B29, G13, 
H20, K12, S.511. Kadota et al. [K12] evaluated cardio- 
pulmonary function in 11 children who received radio- 
therapy for Hodgkin's disease with a mean dose of 
36 Gy (range: 20-55 Gy) with conventional fractiona- 
tion. Mean age at radiotherapy was 11 years, and 
evaluation was performed, on average, nine years 
later. Ten patients had no clinical evidence of 
cardiopulmonary dysfunction, and one had constrictive 
pericarditis. Four had thickened cardiac valves on 
echocardiography, without significant stenosis or 
insufficiency. Only three had normal cardiopulmonary 
function, and the others had one or more abnormal 
tests. 

102. Makinen et al. [M30] evaluated cardiac sequelae 
in 41 individuals who had received chest radiotherapy 
or doxorubicin for childhood cancer at a median of 17 
years earlier. Radiotherapy had been used in 21 
patients, and in 13 of them irradiation was directed at 
the heart witb doses of 12-60 Gy in 8-30 fractions 
over 12-47 days. Of the 41 patients, 20 (49%) showed 
some abnormality in cardiac tests (e.g. abnormal ECG 
or echocardiogram, reduced exercise capacity), and 
each additional year of follow-up was associated with 
a 1.3-fold increase in pathologic cardiac findings. The 
risk of an abnomlal cardiac test result in the 13 

patients who had received radiotherapy to the hcart 
was 12.8 tiales the risk for other patients (95% CI: 
1.8-90.8). No dclailcd analysis of the effect of radio- 
therapy wils presented. 

103. T l ~ e  ii~~tl~riicyclincs doxorubici~i and daunoniycin 
are cardiotoxic and may cause electrocardiographic 
cl~arlgcs and congestive heart failure. There is a dose- 
response rclatio~iship between the total dose of anthra- 
cyclincs and cardiomyopathy, and children appear to 
be more susccptiblc to drug-induced cardiomyopathy 
[P16, P17, S52, V3, V4]. Several studies have shown 
that mcdiastinal irradiation enhances the myocardial 
toxicity of antbn~cyclines [B31, G14, M31, P16, P181. 
Gilladoga et al. [GI41 observed severe cardiomyopatl~y 
with congestive heart failure in 16% of 50 children 
receiving adriamycin and in 3 %  of 60 children recciv- 
ing daunomycin. Four of 8 children who also had inci- 
dental cardiac irradiation prior to or during adriamycin 
administration had severe cardiomyopathy. In contrast, 
Von Hoff ct al. [VS] observed a lower risk of cardio- 
myopathy for children than for adults at any given 
cumulative doxorubicin dosage. 

104. S~tnmary .  Radiation exposures cause occlusion 
of both sniall and large blood vessels. Cardiac abnor- 
malities have been observed particularly following 
irradiation of the mediastinum. Patients may have 
abnormal cardiac function without clinical evidence of 
such dysfunction. Myocardial fibrosis has occurred 
after 30 Gy. The few data available suggest that 40 Gy 
with converitiorial fractionation can be considered as 
a a i ~ i c a l  dose for clinical cardiomyopathy in both 
children and adults. The anthracyclines are cardiotoxic 
arid enhance the effects of mediastinal irradiation. 

105. The lung is the most radiosensitive organ in Lhe 
thorax. The mechanism for respiratory damage in 
young children may be different from tbat in adults or 
in adolcsccnts. Specific radiation effects in children can 
include the impaired forn~ation of new alveoli or 
failures in tlie development of the thoracic skeleton arid 
thus a reduced size of the lung (B32, R17]. Interstitial 
fibrosis of the lung, resulting in decreased total lung 
capacity, vital capacity and diffusion, is a late effect 
that has been observed in adults after d a e s  of >30 Gy 
and above [D22, H21, L l ,  L18, M18, M32, S54]. The 
effect i n  children appears to be similar for the same 
dose and fractionation schedules [D17, S53, T9, W121. 
Children younger U~an 3 years a1 Ule time of treatment 
may be at higl~er risk for lung dysfunction (M32j. The 
effects depend on the target volume and on the con- 
current use of chemotherapy [W13]. Interstitial pneu- 
monitis and pulmonary fibrosis have also been reported 
after chemotherapy in children and adults (A16). 



106. Restrictive lung volun~c with total lung capacity 
bctwccn 62% and 80% of normal capi~cily was rc- 
cordcd aftcr trcatlncnt for Hodgkin's discasc in 5 of 
11 paticnts (nlca~r age: 1 1 years) who rcccivcd 111al1tlc 
licld radiothcrapy with 20-55 Gy [K12]. Six childrcn 
had rcduccd cxcrcisc tolcraucc, n~anifcstcd by rcduccd 
rnaximum oxygcn uptakc (<65% of prcdictcd) arid 
cxcrcisc duration (<75% of prcdictcd). Millcr ct al. 
[M32] observed reduced forccd vital capacity and/or 
total lung capacity in half of 29 childrcn with child- 
hood canccr. Thc incidcncc of pulmonary dysfunction 
was high in both irradiated childrcn and in individuals 
who did not rcceivc radiotherapy to thc thorax. 

107. After fractionated pulmonary radiothcrapy for 
Wilms' tumour at age 2-4 ycars with a lung dosc of 
20 Gy, children may dcvclop dyspnoca and cvidencc 
of interstitial and pleural thickening on chcst x-ray 
examination up to 14 years after treatment [W14]. 
Mcan total lung volumcs may bc reduced by approxi- 
matcly 40% after such radiothcrapy owing to effects 
on lung growth and on chest wall growth. Restrictive 
lung changes aftcr fractionated radiothcrapy with 11- 
14 Gy to thc wholc lung have bccn rcported in othcr 
studies of children with paediatric tumours [B32, L191. 
Benoist et a]. [B32] studied the effects of whole-lung 
irradiation on lung function in 48 childrcn treated for 
Wilms' tumour with pulmonary metastases. The mean 
age was 3 years, and all paticnts reccivcd fractionated 
radiotherapy with 20 Gy bilateral pulmonary irradia- 
tion over three weeks plus actinomycin D. Greatly 
reduced sagittal and frontal thoracic diamctcrs were 
observed in nearly all of the cases 3-4 years aftcr 
radiotherapy. Lung volun~es and dynamic lung compli- 
ance and functional residual capacity decreased with 
time. Static pressure volurt~c curves, blood gases and 
carbon monoxide transfer were normal, making it  un- 
likely that post-radiation pulmonary fibrosis was 
involved. 

108. Littman ct al. [L19] cvaluatcd pulmonary 
function in 33 paticnts trcated for Wilms' tumour and 
followed for up to 20 years aftcr diagnosis. All but 
five childrcn received at least one course of actino- 
mycin D. Eightecn childrcn who did not receive lung 
irradiation had normal pulmol~ary function. Radio- 
therapy was givcn to 10 children for pulmonary 
metastases and to 5 childrcn as prophylaxis with a 
lung dose of 12-14 Gy and varying fractionations. 
Patients trcated for lnetastases Iliid findings suggeslivc 
of moderately reduced lung volumes, whereas patie~~ts 
recciving prophylactic trcatmcr~l hiid esscl~tially nonn;~l 
lung volumes. Vital capacity and functional residual 
capacity were significandy lower i n  the irradiated 
group of patients than in the non-irradiated patiellts. 
Residual volume was lower in the irradiated group as 
was forced expiratory volume. The fact that patierlts 
who were treated for metastatic disease had greater 

ab~~orlnalities ill pullnonary funclio~~ than those irra- 
diated for prophylaxis suggests that the prcscllce of 
mctas~atic ~~odu les  and additional lung t r ca tn~c~~t  could 
have aggravatcd the cffccts. 

109. Two studics did not obscrvc any i ~ i ~ p a i n ~ l c l ~ t  of 
lung fu~~ction in paticnts 15 ycars old or lcss after 
wholc lullg irradiation with 20 Gy in 1.5-2 Gy Gac- 
tions livc tin~cs pcr week [B39, Zl]. According to 
Margolis ct al. [M34], the n~aximurn safc dosc to thc 
wholc lung for paticnts receiving aclinonlycin D is 
15 Gy in 1.5 Gy fractions. Howcvcr, doses lower &an 
that may affcct pulmonary function. Wohl ct al. [W14] 
reported that total lung capacity averaged 71% of the 
cxpcctcd valuc in six childrcn treated with fractionated 
and bilateral pulmonary irradiation for Wilrns' tumour 
and evaluated more than scven ycars later. Thc expo- 
sures at the midplane of the cl~est ranged from & 
12 Gy dclivercd ovcr an average of 11 days. The total 
lung capacity for cight children receiving no radio- 
therapy was 94% of the expected value. Springmeyer 
ct al. [S53] found rcstrictivc ventilatory changes in 79 
patients with haen~atologic malignancies or aplastic 
anaemia one year or more after bone marrow trans- 
plantation. There was a mean loss in total lung 
capacity of 0.8 and in vital capacity of 0.5, but thcse 
changes were not significantly associated with whole- 
body irradiation. 

110. Surnmary. The lung is a radiosensitive organ, 
and radiotherapy during a period of lung growth and 
chest wall growth primarily results in a reduction of 
the subsequent size of both lungs and chest wall. 
Respiratory damage in young children is rnorc scvcre 
than in adults at the same doses. The effects depend 
on the targct volume and concurrcnt usc of chemo- 
therapy. Interstitial fibrosis may occur 6-12 rno~iths 
after absorbed doscs to the lung of 30 Gy or more. A 
lung dose of 15 Gy in 1.5 Gy fractions is generally 
considered as the rnaxi~nurn safe dose in childrcn 
rcccivi~~g radiothcrapy to the whole lung and simultan- 
eous treatment with actinornycin D. Howevcr, rcslric- 
tivc lung changes have b c c ~  reportcd after doscs of 
11 Gy or more in childrcr~ trcatcd for paediatric 
tumours, arid rcduccd total lung capacity has been 
found after 8 Gy or more to the wholc lung with 
similar fractionation. 

I. BREAST 

1 1  1. Breast dcvelol)~nc~~t is rcadily i~ihibitcd hy radio- 
therapy in infancy, and scvcre hypoplasia of brcast 
tissue has bccn rcportcd i n  women having a history of 
breast irradiation in childhood [D19, F8, F9, G15, 
H22, K13, Ul l ] .  Breast hypoplasia or aplasia have 
also bccn notcd as sequclae after radiothcrapy for 
pacdia~ric tumours i n  childhood [F8]. The knowledge 
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of dose-cffrct pattcnls is scarcc 111, 151. Moss [M35] 
statcd Illat  an cxposurc giving a ski11 dosc of 15-20 Gy 
ovcr cigl~l days would ilnpair hrcast dcvcloptnclrl. 
Accordiag to Rubill ct ;!I. [R2], a dosc cxcccding 
10 Gy to thr prrpubcrtal fcln;rlc brcast of cot~vcn- 
tior~ally Sractiol~:~tcd x-ray tltcriipy 111:ry rcsult i l l  t l ~ c  
abscl~cc of brcast dcvclopnrclrt i l r  1963% of tllc 
paticl~~s. 

112. Fiirst ct al. IF91 studicd thc l)rcvalcr~cc and 
dcgrce of brcast hypoplasia ill 129 womcn irradiatcd 
in infalrcy or childhood for hacniangioma in the brcast 
rcgion. The patients wcre trcatcd in 1934-1943 at an 
agc of 4 ycars or lcss. Radiotherapy was n~aitrly given 
with applicators containing 2 2 6 ~ a ,  with flat applicalors 
or ncedlcs and/or tubcs having hccn uscd. Mcan ab- 
sorbed dosc to Urc brcast anlagc for t11c wholc cohort 
was 2 3  Gy (rangc: 0.01-18.3 Gy). Brcast asynimctry 
was estimated by rcsponscs to a mail questionnaire to 
all paticnts and by the clinical cxaniinatiorr of 53 
paticnts living in Stockholm county. Brcast hypoplasia 
on the trcatcd sidc was reported by 57% of the 
patients and on the contralatcral side by 8%. Among 
wonicn reporting a smallcr brcast on thc untrcatcd 
side, the nican dosc to thc trcatcd brcast was 0.5 Gy 
(range: 0.01-1.0Gy). In 28 of thc 5 3  clinically 
cxamined patients, breast hypoplasia excccdir~g 10% 
was found on the trcatcd sidc, and five paticnls had 
hypoplasia of more than 10% on tlrc contralatcral sidc 
(Figurc IX). The Iicqucncy and t l~e  scvcrity of im- 
paired brcast dcvclopmcnt itrcrcascd with tllc radiatio~r 
dose. In this study, the possibility of a tl~rcshold dosc 
for radiation-induccd breast hypoplasia could rrcithcr 
be established nor rulcd out, and thc rcsults suggcstcd 
h a t  the available risk cstiniatcs for brcast hypoplasia 
underestimate Lhc cffcct 111, R21. At lowcr doscs, the 
dosc-cffcct relationship nlay bc co~rfou~~dcd by normal 
variations in brcast size. At highcr doscs and with 
largcr fields than wcrc uscd in thc Swcdish study, 
Lhcrc may also bc a radiation cffcct OII tllc chcst wall 
with subscqucrrl growth impairrnenL 

113. Summary. Tllc scnsitivi~y of brcast tissue in the 
irradiatcd child is rccognizcd, with low Urrcshold doscs 
for thc occurrcrtcc of clilrical cffccb. Onc study has 
rcportcd that hypoplasia occurs in niorc than 50% of 
childrct~ trcatcd with radiothcrapy at lcss that1 4 ycars 
of agc with doscs to thc brcast of thc ordcr of 2 Gy. 
Highcr doscs cause inocascd incidcncc ; I I I ~  scvcrity of 
impaired brcast dcvclopnic~~t. 

1 14. Late radiation effects ol'thc gas~ro-intestinal tract 
dcvclop n~onths or ycars aftcr cxposurc alrd include 
fibrosis, stricture, intestinal pcrforatiolr and fistula 
formation [RI]. The liver appears to h a w  a low thres- 

hold for 1;itc injury, and il l  adults vcno-occlusivc 
discasc has I)cct~ obscrvcd aStcr sitlglc doscs of 10 Gy 
or 18-30 Gy wit11 co~rvc~rlionirl fraclionatiolr [FlO]. 
T l ~ c  d i ~ ~ u ; ~ g c  is duc to cl~;~ngcs that il~tcrfcrc with 
~uitosis i l l  t l~c  irr;~diatcd l i ~ l ) i ~ t ~ c y t ~ ~  and to vascul;~r 
clr;~ngcs I l l ] .  R:~dialio~r-iliduccd livcr disci~se is 
clrs l.:~ctcrizcd structur;llly Ily progrcssivc fibrosis and 
obliteration of ccntral vcins, possibly by injuring 
prcCcrcnti;llly tllc cndotl~clial cells of ccntral vci~is 
[FIO, L20j. Vcno-occlusive discasc nlay also bc 
caused by ;~l~tincopl;istic drugs, and hepatic fibrosis 
has b c c ~  obscrvcd in  childrcl~ receiving cl~cmotherapy 
[M36, N6j. 

115. Tllc risk for radiatiolr-ioduccd livcr datrragc in- 
crcascs wlrel~ I;lrgc volui~ics of the liver arc irradiatcd 
or w11c11 t l~c  livcr is irradiatcd aficr rcscction. A largcr 
dose caa bc tolcri~ted if ot~ly part of thc livcr is cx- 
poscd [FI,  16, K14]. In children, Tcfft ct al. IT131 
notcd livcr abeor~n;~lilics aftcr radiothcrapy to the livcr 
with doscs of 12-30 Gy. This could be rclated to the 
grcatcr sensitivity of thc younger child, who gcrrerally 
also rcccivcd the lowcr doscs. Tbomas ct al. [ T l l  ] ob- 
served livcr fibrosis i t ~  3 of 26 long-term survivors of 
Wil~ns' tunlour wlio had rcccivcd at lcast 30 Gy to the 
livcr in 1.5-2 Gy fractions. Hcpatic discasc, ranging 
froni abnormal livcr cnzylnes and thrornbocytopcnia to 
death, has ;ilso bccn rcported by othcrs [S45, T12]. 

116. Hepatitis followi~~g irradiation and chcniolhcrapy 
at doscs and volurncs of irradiation ordinarily con- 
sidercd within tllc tolerance of hepatic function has 
bcen rcporlcd [K15]. Fatal livcr damage occurrcd in a 
13-year-old boy who had received adriamycin bcforc 
and during radiothcrapy of 24 Gy ie 17 fractions ovcr 
28 days to thc uppcr abdon~crr i~rcluditrg thc entire 
livcr. A 13-year-old girl had modcratc clil~ical livcr 
changcs Sollowing 25 Gy in 23 fractio~ls ovcr 32  days 
witlr adri;~t~~ycilr ;itl~ninistcrcd beforc and during irra- 
diation. 111 this cast niuch of the rig111 lobc was 
shicldcd during r;rdic~tlrcrapy. Aboul 20 patients havc 
bccn rcportcd to havc dcvclopcd liver discasc aftcr 
fractiollatcd radiotl~crapy with 12-40 Gy to t l~c  livcr in 
childlrood togcll~cr with chc~nothcrapy [J7j. Most 
paticnts wcrc asylnptomatic, and U~cir co~rdition was 
discovcrcd bcc;tusc of hepatomegaly or abnor~iialitics 
shown ia a routil~c livcr scil~~igrain. When hepatitis is 
obscrvcd following radiation cxposurc, cspcially if 
exposure is rcccived i n  conjunctio~r with clrclno- 
Ihcr;lpy, i t  is ilnportanl to ~lote Lhat not o111y 1)ost- 
irr;.diatioe cffcck but illso toxic and il~fcctious 
colnplicirliolrs rcquirit~g approprialc tlrcra1)cutic 
prol)l~ylartic Irlc;lstlrcs will occur. 

117. n r c  stnil11 il~tcstirre has a high radiosc~rsitivity 
but is Sorrrcwl~at sparcd by its mobility. Thus, rcpcated 
cxposurc of' a particular scglncnt is avoidcd. This is 
1101 t l~c  c;isr for t l~c  rcctuln, which is fixcd to adjaccl~t 



tissucs ilnd conscquc~~tly cxl~cr ic~~ccs  tbc cffcc~$ of 
radiation niorc frcquc~~tly [I-11 1. 111 adult.., t l~c  risk 01' 
snlall l)ou.cl con~plicatio~~s dcl>cnds (III radi:~tion dosc, 
volunnc of bowcl irradi;~tcd and fractionatio~~ scl~cdulc. 
Surgcry incrcascs thc risk of dcvcloping radiation 
cntcropatby. The ~nanifestations of latc rl1di.t' $1 1011 

cntcropathy arc considcrcd to bc duc m a i ~ ~ l y  to vas- 
cular and conncctivc tissue damagc. Magc ct al. [M37] 
rcportcd late gastro-i~~testin;~l cffects i l l  17 chi ldrc~~ 
rccciving abdominal fractionatcd radiothcrapy with 30- 
55 Gy. Stcnosis, subn~ucous i~lfiltrations and nlcscntcr- 
itis wcrc obscnrcd 2-13 nio~ltlls aftcr radiothcrapy. No 
dctails of thc radiothcrapcutic rcgi~ncns wcrc b' .IVCII. 

Thc combincd cffects of r:~diation dainagc to t l ~ c  
niucous mcnibranc and cxaccrbation of alrcady cxist- 
ing gastro-intestinal infcctio~~s can cause pcrforation 
and ulceration. 

118. Donaldson ct al. [D23] rcvicwcd latc r;~diation 
cffects in the gastro-intcstinal tract of 44 children 
receiving whole abdominal radiothcrapy for lym- 
phoma, Wilms' tumour or tcratoma. Of 14 long-lcrm 
survivors, 5 dcvclopcd scvcrc radiation injury with 
small bowcl obstruction wiUli11 two ~nonths aftcr com- 
pletion of radiotherapy. Their mean agc at the lime of 
therapy was 6 ycars, and the abdominal dosc was 31 
Gy (rangc: 10-40 Gy) dclivercd in 7-20 fractions ovcr 
11-39 days. Surgery contributed to the prcscncc of 
abdominal adhesions and fibrosis. 

119. Summary. The risk of radiation-induced liver 
damage increases with increasing volume of the livcr 
inadiatcd and after liver resection with regencrating 
livcr tissue. Some data suggcst that cl~ildrcn arc nlorc 
sensitive to such late effects than arc adults. Livcr 
abnormalities have bccn obscrved aftcr 12 Gy with 
convcr~tional fractionation and oftcn in c o ~ ~ i b i n a t i o ~ ~  
with chcmothcrapy. Cli~~ical  ri~diation-induccd hepatitis 
has rarcly bccn rcportcd at doscs bclow 30 Gy in 0.9- 
1.0 Gy fractions fivc times per wcck. Casc-reports 
have presented data on livcr damage in cl~ildrcn aflcr 
24-25 Gy in 1.1-1.4 Gy fractio~~swith concomitant usc 
of anthracyclines. Radiation cffccts in the gastro-intc- 
stinal tract include fibrosis, stricture, pcrforation and 
formation of fistulac. Thcrc arc hardly any data avail- 
able on such cffects in childrcn. 

K. KIDNEY 

120. The urinary system shows a wide rangc in radio- 
sensitivity, with ihc kidney bcing thc most sc~~si t ivc  
organ, the bladder htiving an intcni~cdiate sensitivity 
and the ureter bcing niorc resistant, although the full 
Icngtl~ is scldom irrediatcd [Ul]. Late radiation 
sequclac of thc kidney are directly rclatcd to the total 
dose to the tissuc and are charactcrizcd by tissue 
r~ccrosis and librosis, which rnay occur a few months 

to scvcri~l yc;lrs after cxposllrc [Fl ,  K16, L21, M38, 
M39. Ul] .  Thc critical dose for thc kidncys ill adults 
is usually sct at about 23 Gy ovcr l'ivc wccks. Rubill 
IR3] s~~ggcstcd thc critic:~l dose for 5% chronic 
~~rphrosclcrosis to be 20 Gy with convc~~tional frac- 
tio~latior~. Radiatio~l ~~cl)liritis results frorn lcsionis of 
tllc tubulcs and ~nlicrovasculaturc of thc kidney. Radia- 
tion injury to largc and mcdium-sizcd artcrics can also 
rcsult i l l  stenosis or occlusior~ [h138]. The scvcrity of 
radiation injury sccms to be a function of thc  radiation 
dosc and thc sizc of tllc vcsscl. L ~ r g c r  doscs and 
s~nalicr vcsscls arc rnorc likcly to end in total occlu- 
sion, wl~crcas largcr vcsscls or sniallcr doses result in 
stcnosis or hypopl;~sia of thc vcsscl. Children arc morc 
susccptiblc to vascular injury, bccausc of thcir small, 
growing arteries and rclativc scnsitivity to a givcn 
dose of radiation. Radiation injury to the rcnal artcry 
niay produce a rcnovascular hypcrtcnsior~, which can 
bc distinguished from the more common radiation 
nephritis. 

121. Rcnal injury is rtiore sevcrc in childrcn, and thcy 
have limited tolerance for combined chcmothcrapy and 
radiothcrapy. A nor~nsl crc;~tinine clearance and 
glomcrular filtration ratc may be anticipated bclow a 
fractionatcd dosc of I5  Gy whcn actinomycin D is 
uscd c o ~ ~ c u r r c ~ ~ t l y ,  but progrcssivc renal insufficicncy 
occurs after doscs of 20 Gy and morc [JS]. However, 
radiation nephritis has been rcportcd 20 ycars after 
14 Gy to the kidney in childhood 10121. Reduced 
crcati~iirlc clearance has been found in 18% of 108 
childrcn who undcnvcnt nephrccloniy for nlal igna~~t 
disease and rcccivcd <I2  Gy to the remailling kidncy 
and in 33% among those rccciving 12-24 Gy [M33]. 
In anothcr study, Lcvitt et al. [L24] obscrvcd that 
childrcn with Wilms' tumour and less than 2 ycars old 
who rcccivcd chcmothcrapy with > I 2  Gy to the rc- 
maining kidney had a worse rcnal prog~~osis than othcr 
childrcn. In children cxposed in itrero in Hiroshinia 
and Nagasaki. urinary cxami~~ation rcvealcd transient 
proteinuria, which was not found in adults [Fll] .  

122. Radiotherapy for Wilms' tumour has also bccn 
associated with latc cffccls in the kidllcy [A17, K16, 
M40, V61. McGill ct al. [M40] rcportcd post-irradia- 
tion rc~~ovascular hypcrtcruion in a boy who received 
chcmothcrapy and fractio~~atcd radiothcrapy with 
30 Gy to the abdo~ncn at Lhc agc of 9 lnol~ths and ia 
anothcr boy 14 montl~s of agc who reccivcd 51 Gy to 
tllc abdonlc~~. Scvcrc l~ypcrtc~~siorl dcvclopcd 6-8 ycars 
later. Koskimics [K16] rcportcd lhrcc p a t i c ~ ~ b  agcd 
1-2 ycars with Wil111s' tumour who dcvrlopcd I~ypcr- 
tcnsion more than 10 ycars after rccciving >36 Gy 
postopcrativcly to rhc tumour area. Thc hypcrtcnsion 
was co~~sidcrcd to be of rc11;11 origin for d~rcc  rcasons: 
the likelil~ood of renal damage was supported by gross 
macroscopic changcs in the nearby organs: two 
patienb had protcirll~ria i~ldicating rc11:11 dami~gc; and 



other causes known to cause secondary hypertension 
had bee11 excluded. In another study of 14 patients 
with Wilms' tumour evaluated at a median of 17 years 
later, four had elevated diastolic blood pressure and 
two had mild proteinuria [B33]. That study provided 
no data on the radiothcrapy. Arncil et al. \A171 
reporled ncphritis four months aftcr surgery in two 
children aged 2 and 5 years who received actinomycin 
D and vincristine followed by 15-20 Gy to the 
remaining kidney fractionated over 2-3 weeks. 

123. Radiation nephropathy is common after whole- 
body irradiation for bonc marrow transplantation [T3, 
V8]. After 12-14 Gy in 6-8 fractions over 3-4 days, 
the child may develop anaemia, haematuria and 
elevated creatinine. This renal insufficiency is due 
both to the radiotherapy and to the chemotherapeutic 
regimens employed. 

124. Summary. Late effects following irradiation of 
the kidncy include nephritis, tissue necrosis and 
fibrosis, renal dysfunction and hypertension. Available - - 
data do not indicate that children are more susceptible 
to radiation-induced renal injury than adults. Radiation 
nephritis has been reported after fractionated doses of 
14 Gy, and decreased aeatine clearance has occurred 
after doses around 12  Gy. The seemingly higher 
sensitivity among children can probably be explained 
by the combination of radiotherapy and chemotherapy, 
which can enhance the side-effects in the kidncy [R3]. 

L. BONE MARROW 

125. Few studies have bccn performed to determine 
tbe long-term deterministic effects on bone marrow 
function after exposure to ionizing radiation in child- 
hood, and most available data refer to exposure in 
adulthood. Rubin et al. [R29] studied the repopulation 
and redistribution of bone marrow in 27 adults irra- 
diated for Hodgkin's disease wilh 40-45 Gy of frac- 
tionated radiotherapy to large segments of their bone 
marrow (mantle and inverted fields). Bone marrow 
scanning techni ues using wm~c-sulphur  colloid, 9 which parallels Fe activity and can be used to reflect 
haematopoietic activity, indicated that prolonged 
suppression of bone marrow occurs immediately fol- 
lowing completion of radiotherapy and persists for 2-3 
yean. Partial to complete bone marrow regeneration 
after fractionated radiothcrapy with 40 Gy occurs in 
85% of the exposed bonc marrow sites at two years. 
Mechanisms of this recovery may include increased 
hacmatopoietic production in shielded marrow sites, 
expansion ofbone marrow space and infield regcnera- 
tion of bone marrow. The study suggested that the 
dose-response data for bone marrow suppression 
following localized and sebmental exposun: need to be 
revised upwards for fractionated radiotherapy. At the 

40 Gy level thcre was evidence of prolonged suppres- 
sion of bone marrow activity starting in the immediate 
post-irradiation period and continuing for one year. 
Regeneration of bonc marrow activity and expansion 
of ~ O I I C  marrow occurred aftcr one year following the 
40 Gy treatment and continued to improve with time 
from the first to the third post-irradiation year. 
Baisogolov and Shiskin [B36, B37, B381 observed 
bone marrow hypoplasia in 8% of examined bone 
marrow from exposed parts in 200 patients irradiated 
for I-lodgkin's disease, and in 89% the marrow was 
aplastic. 

126. Magnetic resonance imaging can detect radiation- 
induced marrow changcs. There are at least two 
distinct types of late marrow patterns [S57]: homo- 
geneous fatty replacement and another pattern possibly 
representing hacmatopoietic marrow surrounding tbe 
central marrow fat. These changes have been observed 
in the lumbar vertebral bone niarrow of adults after 
15-50 Gy delivered over 3-6 weeks. No similar studies 
have been performed in pacdiatric patients. 

127. No evidence exists of a late radiation effect of 
primary disturbance of haematopoiesis in the absence 
of malignant disease in the populations of Hiroshima 
and Nagasaki [F12]. There is no evidence for radia- 
tion-induced disturbance of granulocyte function, but 
the age-related accelerated decline in the immunologi- 
cal functions of T-lymphocytes and age-related altera- 
tion in the number of certain subsets of circulating T- 
and B-lymphocytes appear to be radiation-related 

128. The Cheniobyl accident does not appear to have 
caused statistically significant effects on the major 
haematological parameters of children living in Russia, 
Belarus or Ukraine at the time of the accident, or who 
were born later [A18, 18, K17, Kl8, L25, L29, V9]. 
There were no differences between control and conta- 
minated settlcmcnls. From the calculated and mea- 
sured radiation dose levels, no changes should have 
bccn expected as a direct result of radiation exposure. 

129. In childrcr~ having an intact thymus, immune 
function recovers more rapidly and does not necessari- 
ly have permanent effects. Blomgren et al. [B34] ana- 
lysed peripheral lymphocyte populations and serum 
immunoglobuli~~ levels in 10 long-term survivors of 
Wilms' tumour (age: 0.5-6 years). and 6 long-term 
survivors of non-Hodgkin lymphoma (age: 3-13 
years). All received chemotherapy, and the tumour 
dose was 7-32 Gy and 2-21 Gy, respectively. Lympho- 
cyte counts, as well as frequencies of E, EA and EAC 
rosette-forming cells, did not differ Goni those of 
healthy controls. Serum levels of immunoglobin E 
were somewhat lower in patients treated for lym- 
phoma, but for other immunoglobulins here  was no 
difl'ercnce between patients and controls. The treat- 
ment did not have any long-lasting effects on the lym- 



phatic systcni. In comparison, adults rcceiving radio- 130. Summary. Studies of bone niarrow suppression, 
therapy for breast cancer dcvclopcd T-cell lympho- recovery, latc marrow changes and effects on the 
pcnia that persisted for a decade. Studies on niore than immunc system pertain only to adults. Too few data 
900 childrcn from contami~~atcd areas in Russia and exist on the effects of ionizing radiation on bone 
Ukraine havc not demonstrated any radiation-related marrow and on imniune function to determine or even 
effect on T-cells [L26, L27, L28j. suggest critical levels for clinical effects to appear. 

CONCLUSIONS 

131. Deterministic effects of ionizing radiation in 
humans depend on the dosc and can be expected to 
havc thresholds below which the radiation effccts are 
too small to impair function of the irradiated tissue or 
organ. In children, tissues are actively growing, and a 
radiation-induced deterministic damage in a tissue or 
organ will often be more severe than in adults. Ex- 
amples of such deterministic scquclae include effccts 
on growth and development, hormonal deficiencies, 
organ dysfunctions and cffects on intellectual and 
cognitive functions. 

132. Well-designed epideniiological studies of latc 
deterministic effects are generally lacking, and it is 
therefore not possible to draw any firm conclusions 
about the exact critical dose levels at which various 
late deterministic effects appear. Most data concerning 
such cffects are obtained from the clinical follow-up 
of groups of patients treated for paediatric tumours. 
These groups generally comprise small numbers of 
patients of differcnt ages and who were followed for 
different lengths of time. The treatment modalities 
have usually included surgery, radiotherapy and 
chemotherapy, and it is not always possible to single 
out the effect of radiation alone. A variety of factors 
complicate the study of a possible association between 
effect and dose, including the underlying disease and 
associated clinical findings, other treatment modalities, 
the impact of illness on body iniage and lack of school 
attendance. 

133. The methods for assessing a given deterministic 
effect vary greatly, and this makes conlparisons be- 
tween different studies difficult. Based on the available 
findings, some general conclusions can be drawn. 
Children appcar to be more sensitive to radiation than 
adults, and, in general, younger children arc more sen- 
sitive than older children. Radiation doses indicated in 
this Annex are usually given with fractionation over a 
period of several weeks. The deterministic cffecls 
following radiation exposures ill childhood arc sum- 
marized in Table 9. 

134. Brain. Leukocncephalopathy, microangiopathy 
and cortical acrophy have been reported after cumula- 
tive brain doses of 18 Gy or more givcn in 1.8-2 Gy 

fractions or after 10 Gy givcn as a single whole-body 
exposure. Necrosis occurs after considerably higher 
doses, and a whole-brain dose o f54  Gy in 2 Gy frac- 
tions over six weeks is generally considered to be a 
critical dose for radiation-induced necrosis in children 
older than 5 years. For children 3-5 years old the dosc 
should be reduced by about 20%, and for children less 
than 3 years old the dose should be reduced by about 
30%. Brain doses of 18 Gy or more of fractionated 
radiotherapy have been associated with neuropsycho- 
logic effects and decline in IQ. 

135. Endocrine syslern. The most important endo- 
crine effects of radiation exposure are impaired 
secretions of growth hormone, thyroid-stimulating 
hormone, gonadotropins, thyroid hormones and oestro- 
gcns/testosterone. Impaired growth has bcen observed 
after fractionated radiotherapy to the brain with 
cumulative doses of more than 24 Gy and aiter >1 Gy 
in a single exposure among the survivors of the atomic 
bombings in Japan, whereas impaired growth hormone 
secretion has been observed in patients after 18  Gy of 
fractionated radiotherapy. Hypothyroidism has been 
reported in leukaemic children receiving thyroid doses 
of 1-2 Gy over 2 -25  weeks from cranial radiotherapy 
and chemotherapy. In subjects under 20 years at the 
time of the bombings in Hiroshima and Nagasaki, 
those exposed to greater than 1 Gy had a significantly 
higher incidence of thyroid disorders than those in the 
unexposed control group. No study has so far dcmon- 
strated hypothyroidism in children after a thyroid dose 
<1 Gy. There are insufficient data on the effects of 
1 3 1 ~  to determine a possible threshold dose for the 
induction of hypothyroidism. 

136. Gomds. The cffects of radiation on the testis 
and ovary are age- and dose-dependent. Tbc radiation 
dosc required to ablate ovarian function seems to be 
around 20 Gy for girls: because of the greater number 
of oocytcs in young girls, higher doses arc tolerated 
before castration. Infcrtilily occurs in approximately 
one third of girls receiving 4 Gy and in almost all 
women over 40 years of age. Ovarian failure has bcen 
documented in prepubertal girls following 10 Gy of 
whole-body irradiation and occurs in all pubertal girls. 
Amenorrhea has been observed in two thirds of girls 
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T ~ i t ) l e  1 
Eslin1111n or doses Tor 3 964% a n d  258-508 inc idcnc-cs  or c l i n l c ~ ~ l l y  d c t r i n ~ c n b ~ l  c l e l e n ~ i i n i s l i c  c r r c c l c  In  ndulLc  

a1 f i v e  years t ~ n c r  m d i n l i o n  c x l x l s u r c  a 

[11. K21 

' Ikrcd m ruponrcr d paticats convmlimally trcald uith franimalcd lhcrapculic x- a gmma-irra&al~m. 

Table 2 
Estimnh o f  doses f o r  190-5% u n d  25%-50% i n c i d e n c e s  o f  c l i n i c a l l y  d c l r i r n e n t u l  d c t c r n l i n i s l i c  cff~cLs 
i n  c h i l d r e n  111 f i v e  years c i R e r  r l ~ d i u l i o n  e x p o s u r e  a 

[[I. R21 

O ~ K M  

Bone narrow 

Ovary 
Testis 
Lens 
Kidney 
Iibw 

Hean 
Thyroid 
Piluilary 
Brain 
Spinal cord 
Bras1 
Skin 

Eye 
k p h a  ys 
Bladdu 
Bonc 
Uraer 
M u d c  

Injury UI jilr !cars 

l lypopiaria 
Pcrmancnl slcril~ty 
Pcrmancnl slcrihly 
G ~ a r a a  
h'rphraclcrosir 
L~rr failurc 
Pncummi~is, fitrcsis 
Puiwditis ,  pancarditis 
llypothyrtidism 
I lypopituitarism 
h'enosir 
Senoris 
I\lrcphy. neaosis 
Ulccr, severe fihoris 
Panoph~halmitis 
Lflar. scr~aure 
Uccr, cantraawc 
Nccroris, fraclurc 
Striaurc 
Atrcphy 

licornunr 

JirU 

Whdc 
Whdc 
Whdc 
Whde 
Whde 
Whdc 
lobc 

Whdc 
Whdc 
Whdc 
Whd c 
5 m' 
W h d c  
100 cm2 
Whd c 
75 cm' 
Whdc 
10 m? 
5-10 an 
Whde 

' Bard m rcsponra of palicnts convcn~~onally lrcarcd uirh fradlmated thciapcut~c x- a girmn~airrr&al~on 

Approximc 

Eflcrr in J%J% 
o f p u i r n ~  

2 
2-3 
5-15 
5 
3 
35 
50 
40 
45 
45 
50 
50 
>50 
55 
55 
60 
60 
60 
75 
>I00 

Ordm 

Brcas~ 
Cartilage 
Booc 
Mlpclc 

darc (Gy) 

Effcrt in 2S%-50% 

o f p a i m  

5 
6-12 
20 
12 
2s 
45 
60 

>lo0 
150 

200-300 
>60 
A 0  
>I00 
70 
100 
75 
SO 
150 
1W 

Approximnrc dart (Gy) 
Trcormcnl 

f i ld  

5 cm2 

10 cm2 

Effcrr in 1%5R 
ojpn/;cnu 

10 
10 
20 
9-30 

Injun a file years 

No dercloprncnt 
Arres~cd gouth  
h t c s ~ c d  gos*zh 
Ilypoflasia 

Efirr in 2SQ-5w 
of pnrirne 

I5 
30 
-33 

50-50 



Tat>lc 3 
E~CCLS on UIC hraln In childrcn treated for acute leukaemia delcclcd hy con~pulcd lonioyri~phy scnns 

IT = i n t n t h m l  rnethotrexatc and IT + I V  = inaathcul and intravcncur rncthoucxatc. 

Table 4 
EKccts on Ulc hraln of n~dlolhcrapy Lo Ule ccntrnl nervous syslcni In ct~lldrcn 

ppc nf bruh ubnnrmnlirirr dcrccred 

lntracncbral calilicatiau. c o n i d  auophy 
lntraccrebral ul i l icat imr,  cortical atrophy 
lntrncerebral calificatimc, cortical atrophy 
ln~rnccrcbral wlilicatims, cortical auophy 
lntrrccrebral colilicutims, cortical atrophy 
ln~rncercbral calificatims, conical atrophy 
lntrncerebral calificatimr 
Conical atrophy 
lntraccrcbral caliliutimr, conical atrophy 
Conical atrophy 
lntracerebral cslilicatims 
Cortical atrophy 
White mollcr hypodencity, cortical atrophy 
Cortical atrophy 
Cortical atrophy 
Cortical atrophy 

fw 

[B6l 
IPS] 
IRS) 
11'7 

ICl41 
[Ell 
Iwsl 
PSI 
ISSs] 
I031 
I0131 
[ D a l  
I021 
[El l  

[OlJI 
Ips] 

Nu& of 
parunrr 

23 
19 
24 
32 
72 
14 

25 
30 
45 
19 
44 

27 
55 
12 
43 
9 

Trcornunr A h a m o l i r i a  

Raiiothcrapy 
dasc ro r k  t ra in  

(GY) 

24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
20 
18 
0 
0 
0 

~ u m h a  

13 
1 I 
13 
17 
35 
6 
10 
12 
11 
3 
5 
1 
5 
3 
8 
1 

Rrf. 

W6. P3. 
R41 

[B4. D5] 

IC3. D3, 
DS, U] 

lB35, K2j 

C h ~ h a a " y  

IT 
IT 
TT 
IT 
IT 
lT 
lT 
IT 
lT 
IT 
IT 
IT 
IT 

N+lT 
N+IT 
N+IT 

~o cmr 

56 
56 
54 
53 
49 
43 
40 
40 

24 
16 
11 
4 
9 
Z 
19 
4 

Comments 

Y m n g  children m a c  sensitive 

Y w n g  children more sensitive 

Sevciat atrophy in young children 

Eficr 

Lcukocnccphalopa~hy 

Mineralizing mincangiopnthy 

Mid atrophy 

G r e b n l  nmcsir  

CNS therapy 

>20 Gy i n  15-2.0 Gy franionr 
p ~ r v  systemic rnc thc~uatc  

10 Gy whdc-body irraQatiw 

>IS Gy i n  1.5-2.0 Gy fracl~onr 

>I8 Gy i n  1.5-2.0 Gy h s n i m  
and i n t n t h m l  rncthotrcxate 

>54 Gy i n  1.8 Gy hadions 



ANNM 1: U T E  DEIEKMlNlSnC EFTECTS IN CliILDR1.N 90 1 

TII hl e 5 
Avcrt~ge ~ d u l t  hclyhlc of Individu~lls cxposcd In the lowcr dose groups In Hiroshln~tr t~nd  N I I R I U I I ~ ~  ~ n d  
under I S  ycrm old ~ t t  the LInlc of boml~lng 
113141 

Sigificandy diffuml (p c 0.01) cornpard wilh the svcragc d group exposed 10 > 1.00 Gy. * Significantly different (p c 0.05) compared uith the average of g o u p  exposed lo  > 1.00 Gy. 

Sa 

Table 6 
Average adult hcighls of children exposcd in the higher dose group in Hiroshima und 
undcr 18 yulrs old ut the tinic of bombing 

[Dl41 

Age a time 

o/- int  
iycorsj 

Ilimabimr 

r 

Sa 

Male 

Female 

Abaage dvl~ heighr (cmj in dare group 

Male 

Female 

0 GY 

Age a lime 
of bombing 

(VCWS) 

0-5 
6-1 1 
12-17 

0.5 
6-11 
12-17 

0-5 
6-1 1 
12-17 

0-5 
6-1 1 
12-17 

Nqsrnki 

A ~ w o g r  d u l l  heighr (rmJ " 

> 1.00 Gy sO.09 Gy 

166.4 
1623 
164.3 

153.3 
1325 
1521 

Male 

Female 

In dare group 1.0-2.49 Gy 

164.2 (12) 
162.7 (13) 
163.2 (43) 

151.8 ( 1  1) 
150.4 (17) 
1521 (58) 

0.10-0.99 Gy 

In dare group > 2.5 Gy 

159.8 (18) 
161.5 (lo) 
163.5 (45) 

149.8 (23) 
150.5 (11) 
a1.7 (59) 

166.1 " 
164.2 
163.6 

153.6 " 
153.6 
1523 

0-5 
6-1 1 
12-17 

0-5 
6-11 
12-17 

165.9 " 
166.3 
164.3 

IS29 
153.6 
152.2 

166.2 
164.0 
163.2 

1528 
152.4 
151.8 

166.2 
164.1 
163.9 

1529 
151.3 
151.6 

161.5 
1622 
163.4 

150.4 
150.5 
151.9 

166.2 
1627 
161.8 

150.8 
151.5 
151.2 



Tr~hle 7 
Average hcialll of Indivitltrrtls l'ollowed in the Adult Ilcallh S111dy rtntl untlcr r t ~ c  1 0  yer~rs nt the tlnlc of homhing 

1141 

h'umba of inlbrduals in parcnthesu. 
tlomopncily I ~ I  d ~ r i a n c c  f a  lour dcxc goups; dl = 3. 

Table 8 
Thyroid hyporunction in ir~dividui~ls cxposcd lo Trtllout rndiutiorl in lhc hlitrshttll lslrrrtds 

[C161 

AXc 
a! a p w c  

(vcars) 

C I O  

a10 

Incidmcc of thyroid h>po/unction fur variour r c t h n l d  dm- lo rhc rhvroid 

2 2.00 (;y 

sns (31%) 
4/45 ( 9%) 

1.00-2.00 Gy 

1/12 (8%) 

0 GY 

1n2u (0.4%) 
1/37] (0.3%) 

< 1.W (;?. 

0164 (0%) 
11100 (1%) 



Tnl)le 9 
~ ~ l i n i ~ ~ l ~  of lowest mdi~~tlon doses ~~ssociatcd wilh 111k dclcn~~lnictic cll'crlc I ~ I I I I I  cw~x~surc in cl~lldhood lo 
Ionizing mdlr~Uon, ~1su111ly in thc form or ~rnctlon~~tcd rntllolliempy 

Single whdc-body exposure. 

Durc (Gy) 

0.5 
10 

> 0.5 
4 

M 

> 1 

18 
18, (10 

> I& (> 1 ") 

2 

2 

8-1 1 

12 

I2 

10 

40 

hruffiacnt data avarlablc 

O r x ~  

Tatir 

Ovary 

Thyroid gland 

Brain 

Brcan 

Eye 

Lung 

Liker 

Kidney 

S k d c ~ m  

Cardiovasmlnr system 

Bone manow 

1:flccr 

Germ cell depletion 
lrydig cell dysfunaim 

Amcnonhca 
Infcrtilily 
Ablntim 

tlypothyraidism 

G p ~ ~ i v c  funarms 
1Lstopn1hdogic changes 
Xcurocdarinc elleas 

I lypoplaria 

G ~ a r a a  

Ebrosir 

Fibrosis 

Reduced acatinine clcanna 

Skdcld changes 

Cardimyopathy 

l lypofunctim 
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Chcmolhcrapy 
(inlravcnous 

rnclho~rcxalc) 

Radioihcrapy 
(cranial irradiation) 

Figure I. 
Approximi~k incidence r a t s  of clinical leukocnccph~~lopnlhy in patients trcnted by 

cranial Irradiation, chcmothenpy or cori~binntion thcrupics. 
P 4 I  

I I I 
75 100 125 

10 SCORE 

Figure 11. 
1Q score dislrihution in children t m k d  for ~ c u l e  lymphocytic Ieubcnila 

hy cranial radiolhernpy (RT), inlrathecal mclholrcxute (IT) or inln~venous n~clhotrexuk (IV). 
Ill21 



TIME AFTER RADIOTHERAPY (years) 

Figun? 111. 
hfaximurn growth hormone response Lo growth-ho~monc-rclcusing hormone 

in children lrcntcd Tor brain turnours hy rndiothcrupy. 
[W 

Cranial 

0 Craniospinal 
Othcr 
None 

I I I I I 
0 1 2 3 4 

YEARS 

Figure IV. 
h l u n  s h n d a r d  devlntion score or hciphl in rhildrcn Lretlkd ror mulipnunt disease by rndiotheri~py 

to various siks.  HcsulLs tor those receiving crnnlal nnd crnniospinal trealrncnl 
were significantly lower ( p  < 0.001) a1 14 years Ulun tit the t l n ~ e  o r  lnltial lrenlrncnt. 

IG2l 



DOSE (Gy) 

Figum V. 
Ihymid-stimuli~ling hornionc levels In 116 pnlicnls irgcd 16 ycurs or  lcss 

Lrenkd for Hodgkin's dkcusc by rudiolhcrupy. 
IC 151 

20 30 

AGE AT TSIEATMENT ( y e a s )  

Figure V1. 
I'mbuhlllty of rcgulnr menses In wonien ln?ll(cd for Hodgkin's disease 

Ily lolal lyniph Imrdltrtion 07.1) tind/or chcniolhcnipy. 
l H l Z l  
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AGE AT lyIRST IRRADlAnON (ycars) 

0 Standinkheight 
Silting ighl 

AGE AT 1:IRSI' IRKADlAnON (ycan) 

1:igut-e VII. 
Ileviution fmnl mean s b n d i n g  and silting hcighk in rhildrcn lrei1Lcd by rudiothcri~py 

with c25 Gy or >35 Gy. 
[I'lOl 



1 year old 4 
1-5 years old 
11 years old 

Figure V111. 
I~oscslTccl rclutionship Tor bone shortening in childrcn Lfcutid hy mdiothenpy 

that included cpiphysial pllrle irrudiation. 
lG8l 

-100 1 I I I I I 1 

0 2 4 6 8 10 12 

DOSE (GY) 

Figure IX. 
1)iIrercncc In t ~ r c u t  volurnc in 53 women treatid in childhood Tor hirerriangioniu 

by radiotherapy ot the hrcusl region. 
PI 
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