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ABSTRACT 

The present review provides an understanding of our cu r ren t knowledge ot 

the carc inogenic e f f e c t o f low-dose r a d i a t i o n in man, and surveys the ep idemi ­

o l o g i c a l s tudies of human populat ions exposed to nuclear explosions and medical 

r a d i a t i o n . Discussion centers on the con t r i bu t i ons of q u a n t i t a t i v e ep idemi­

ology to present knowledge, the r e l i a b i l i t y o f the dose- incidence data, and 

those re levan t ep idemio log ica l s tud ies tha t provide the most useful in fo rmat ion 

f o r r i s k es t imat ion of cancer - induc t ion in man. Reference is made to dose-

incidence r e l a t i o n s h i p s from labora to ry animal experiments where they may 

ob ta in fo r problems and d i f f i c u l t i e s in ex t rapo la t i on from data obtained at 

h igh doses to low doses, and from animal data to the human s i t u a t i o n . The 

paper describes the methods of a p p l i c a t i o n of such ep idemio log ica l uaia for 

es t imat ion o f excess r i s k o f rad ia t i on - i nduced cancer in exposed human 

popu la t ions , and discusses the s t rengths and l i m i t a t i o n s of epidemiology in 

gu iJ ing r a d i a t i o n p ro tec t i on phi losophy and pub l i c heal th p o l i c y . 
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INTRODUCTION 

Cancer-in duct ion is the most important la te somatic hea l th e f f e c t o f low-

dose i o n i z i n g r a d i a t i o n ( 1 ) , and as the dose of r a d i a t i o n increases above low 

l e v e l s , the r i s k o f cancer increases in exposed human popu la t ions . I t i s these 

observat ions t ha t have been cent ra l to pub l i c concern about the p o t e n t i a l 

hea l th e f f e c t s o f low- leve l r a d i a t i o n , and to the task of es t ima t ing r i s k s and 

e s t a b l i s h i n g standards f o r p ro tec t i on of the hea l th of the p u b l i c . Epidemi­

o l o g i c a l surveys on exposed human populat ions p resen t l y provide the s c i e n t i f i c 

basis f o r r i s k e s t i m a t i o n , but the data are h i g h l y uncer ta in in regard to the 

forms of the dose-response r e l a t i o n s h i p s fo r rad ia t i on - induced cancer, and t h i s 

is espec ia l l y the case fo r low- leve l r a d i a t i o n . Therefore , i t has been 

necessary to est imate human cancer r i s k at low r a d i a t i o n doses p r i m a r i l y from 

observat ions at r e l a t i v e l y h igh doses in human populat ions exposed to nuclear 

explos ions and medical r a d i a t i o n . Since i t is not known whether the cancer 

incidence observed as such high dose leve ls also appl ies to cancer - induc t ion 

a t low dose l e v e l s , s c i e n t i f i c disagreement can ar ise confer ing the metnous 

to be used fo r es t imat ing the carc inogenic r i s k from 'ow- lev- ' l r a d i a t i o n . 

The present paper reviews the re levan t ep idemio log ica l s rveys on r a d i a t i o n 

carcinogen is is in human populat ions exposed to nuclear explo ions or medical 

r a d i a t i o n , descr ibes the methods of a p p l i c a t i o n of such epidemio log ica l data 

for es t imat ion of excess cancer r i s k in these exposed popula 'ons, and 

discusses the s t rengths and l i m i t a t i o n s o f epidemiology in y id ing r a d i a t i o n 

p ro tec t i on phi losophy and pub l ic p o l i c y . 
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What Do We Know About Radiat ion Carcinogenesis ? 

The somatic e f f e c t s of concern at low doses and low dose ra tes are those 

tha t may be induced by mutat ion in i nd i v i dua l c e l l s , s i n g l y or in small 

numbers. The most important of uiese is considered to be cancer i n d u c t i o n . 

Current knowledge o f the carc inogenic e f f e c t o f r a d i a t i o n in man has been 

reviewed to two recent r e p o r t s : the 1977 Report of the United Nations 

S c i e n t i f i c Committee on the Ef fec ts of Atomic Rad ia t i on , the 1977 UNSCEAR 

Report , and the 1980 Report of the National Academy of Sciences Committee on 

the B io log i ca l Ef fects of I on i z i ng Rad ia t ions , the B E I R - I I I Report ( 1 , 2 ) . The 

ep idemio log ica l data analyzed in these repor ts der ive mainly from the ep idemi­

o l og i ca l s tud ies o f the Japanese atomic bomb surv ivors in Hiroshima and 

Nagasaki, from pa t ien ts in England and Wales t rea ted w i th X i r r a d i a t i o n fo r 

ankylosing s p o n d y l i t i s , and from several other groups of people i r r a d i a t e d from 

ex te rna l or i n te rna l sources, e i t h e r fo r medical reasons or tt-om occupat ional 

exposure. Both repor ts emphasize that cancers of the b reas t , t h y r o i d , hemo­

p o i e t i c t i s s u e s , lung, and bone can be induced by r a d i a t i o n . Uther cancers, 

i nc lud ing cancers o f the stomach, pancreas, pharynx, lymphatic cancer, and 

perhaps a l l t issues of the body, may also be induced by r a u i a t i o n . Both 

repor ts der ive r i s k estimates in absolute and r e l a t i v e terms for low-dose, 

low-LET* whole b y expos • e , and fo r leukemia, breast cancer, t hy ro id cancer, 

lung .ancer, and other cancers. These estimates der ive from exposure and 

cancer incidence data at high doses (most f requen t l y greater than bU reins)** 

* Linear energy t rans fe r (abbr. LET) is the average amount of energy los t 
per un i t of p a r t i c l e spur - t rack leng th . Low-LCT: r a d i a t i o n c h a r a c t e r i s t i c 
o f e l e c t r o n s , X rays and gamma rays . High LET: rad ia t i on c h a r a c t e r i s t i c 
of p ro tons , fas t neutrons and alpha p a r t i c l e s . 

** rem is the un i t o f r a d i a t i o n dose equ iva lent = absorbed dose ( in rads j 
times q u a l i t y f ac to r times d i s t r i b u t i o n fac to r times any other necessary 
mod i fy ing f a c t o r s . 
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and at high dose ra tes (most f r equen t l y greater than 50 rems per minute) ( 1 , 3 ) . 

There are no compel l ing s c i e n t i f i c reasons to appy these values of r i s k per rem 

der ived from high doses and high dose ra tes to the very low doses and low dose 

rates o f concern in human r a d i a t i o n p r o t e c t i o n , in the absence o f r e l i a b l e 

human data f o r c a l c u l a t i n g r i s k est imates at very low doses and low dose r a t e s , 

ne i the r the ONSCEAR nor BE 1R Committees fe l t , conf ident to p red ic t the 

r e l l a b i l i t y o f such e x t r a p o l a t i o n ( 1 - 1 ) . 

Cer ta in general p r i n c i p l e s of r a d i a t i o n carcinogenesis have now emerged 

based on the r e l a t i v e l y large number o f ep idemio log ica l surveys s t u d i e d . 

F i r s t l y , the younger the exposed i n d i v i d u a l , from jin u tero exposure through 

adu l t l i f e , the higher is the r i s k per rem for induct ion o f most tumors. 

Secondly, the incidence of leukemia in exposed populat ions r i ses above normal 

w i t h i n 3 to 5 years o f exposure, and decl ines w i t h i n lb to 20 years , but 

p e r s i s t s fo r 25 years or more a f te r exposure. The elevated induc t ion ra te for 

s o l i d tumors becomes apparent a f t e r a l a ten t per iod of 10 to 15 years f o l l o w i n g 

exposure in a d u l t s , and then pe rs i s t s for an unknown p e r i o d , in some cancers 

fo r over 30 to 35 years . Few i r r a d i a t e d populat ions have, as y e t , been s tud ied 

fo r more than 30 yea rs . T h i r d l y , whereas i n i t i a l l y leukemia was considered the 

most s e n s i t i v e index o f r a d i a t i o n carcinogenesis in man, the excess of s o l i d 

tumors in i r r a d i a t e d populat ions now exceeds that Lit leukemias by a s i g n i f i c a n t 

f ac to r ( 1 ) . And l a s t l y , comparison of ep idemio log ica l data obtained from human 

populat ions exposed to very d i f f e r e n t dose ra tes to ascer ta in whether there is 

a reduc t ion in r i s k per rem at low dose ra tes can no t , as y e t , be r e l i a b l y made 

fo r D i f f e r e n t types of neoplasms. In the case of leukemia and fo r r a d i a t i o n -

induced breast cancer, the evidence suggests tha t there may be l i t t l e or no 

dose-rate e f f e c t . F rac t iona t ion of the to ta l dose given over several years 
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thus fa r y i e l ds excess leukemia and breast cancer r i s k estimates tha t are not 

s i g n i f i c a n t l y d i f f e r e n t from those obtained from s ing le-dose ep idemio log ica l 

surveys ( 1 , 2 ) . 

What Can We Learn from Dose-Incidence Data in Animals for Extrapo1at ion to Man ? 

Benign and mal ignant tumors o f almost any type or s i t e may be induced by 

i r r a d i a t i o n in animals. Susceptab i l i t y to r a d i a t i o n carcinogenesis var ies 

widely among c e l l s , t i s s u e s , organs, and organisms, depending on the in f luences 

of species d i f f e r e n c e s , genet ic compos i t ion , age, sex, phys io log ica l s t a t e , ana 

other c o n s t i t u t i o n a l and environmental f a c t o r s . Although a l l i on i z i ng 

r a d i a t i o n s are q u a l i t a t i v e l y s i m i l a r in carcinogenic a c t i v i t y , they vary con­

s iderab ly in carc inogenic e f fec t i veness per r a d , * depending on the dose and on 

the d i s t r i b u t i o n of the r a d i a t i o n in time ana space ( 1 - y ) . 

The dose- incidence r e l a t i o n s h i p fo r cancer induct ion nas not been 

charac te r i zed s u f f i c i e n t l y over a wide range or r a d i a t i o n uoses, close r a t e s , 

and LET to enable r i s k es t imat ion at doses, say, below 25 rerrs. Wide v a r i a ­

t ions occur in the srapes of the dose-response curves for Cancers of d i f f e r e n t 

types and fo r cancers of the same type. The incidence of tumors to be expected 

under determined exposure cond i t ions cannot be pred ic ted r e l i a b l y to e x t r a ­

po la t i on from observat ions in animals or in man in oth • neoplasms or othei 

exposure condi t ions ( 1 - / ) . 

In sp i te of the unce r ta i n t i es in dose- incidence re la t ionsh ip*" tue 

f o l l o w i n g important genera l i za t ions emerge from the extensive laboratory animal 

data a v a i l a b l e . The incidence of cancer is increased by i r r a d i a t i o n ; the uose-

response curve r i ses wi th dose up to a ce r ta i n dose l e v e l , above which i t may 

reach a plateau and turn downward w i th fu r the r increase in oose. In the nose 

rad is the un i t of absorbed dose of r a d i a t i o n s ]()i; i - rus/g. 



5 

range over which the incidence increases wi th dose, low-LET r a d i a t i o n s are 

usua l l y more e f f e c t i v e at h igh doses and high dose ra tes than at low doses and 

low dose r a t e s . In the same dose range, high-LET r a d i a t i o n s are usua l l y more 

e f f e c t i v e low-LET r a d i a t i o n s . For nigh—LET r a d i a t i o n s , the e f fec t i veness is 

in f luenced less by dose and dose r a t e , and in some instances, p r o t r a c t i o n may 

increase t h e i r e f f e c t i v e n e s s . The r e l a t i v e b i o l o g i c a l e f f e c t i v e n e s s * (RBE) o f 

high-LET r a d i a t i o n s tends to increase w i th decreasing dose and dose ra te 

(1 -10 ) . Because of wide species d i f fe rences in response in labora tory animals, 

the cancer dose- incidence response fo r any species cannot provide a r e l i a b l e 

basis f o r d i r e c t q u a n t i t a t i v e r i s k est imates fo r cancer - induc t ion in man. 

Furthermore, v a r i a t i o n s in the shapes o f dose- incidence curves fo r d i f f e r e n t 

r ad ia t i on - i nduced neoplasms in labora to ry animals confound e x t r a p o l a t i o n from 

one type of neoplasms to another, from any one set of exposure cond i t ions to 

another , or from any one animal species to another , and p a r t i c u l a r l y to man. 

What Can We Learn from High Dose Data fo r Ex t rapo la t i on to Low Doses? 

Because o f the d i f f i c u l t y o f ob ta i n i ng r e l i a b l e cancer- inc idence data in 

labor.- ory animals and in humans for low doses, f o r purposes o f r i s k es t imat ion 

dose-response r e l a t i o n s h i p s observed at high doses must necessar i l y be e x t r a ­

polated in to the low-dose r e g i o n , where r e l i a b l e human ep idemio log ica l data are 

not a v a i l a b l e . I t is impossible to ascer ta in the t rue shape ot the dose-ef fec t 

curve at low dose l e v e l s , and there fo re the mechanism o f r a d i a t i o n ac t ion in 

the low-dose region (1 ) . Considerat ion of the s p a t i a l and temporal d i s t r i b u ­

t i on o f i on i za t i ons suggests tha t at very low dose l e v e l s , the p r o b a b i l i t y of 

i n t e r a c t i o n of i o n i z i n g events is n e g l i g i b l e . Here, the molecular and c e l l u l a r 

r e l a t i v e b i o l o g i c a l e f fec t i veness (abbr. kbL) is def ined as the r a t i o ot 
the absorbed r a d i a t i o n dose o f high-LET r a d i a t i o n which produces the same 
b i o l o g i c a l ef fecL as tha t due tu a dose ot low-!.FI rauia l i o n . 
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response to r a d i a t i o n at very low doses must be l i near w i th dose, i r r e s p e c t i v e 

of the shape of the dose-response curve at higher doses. I t is reasonable, as 

w e l l , t ha t the dose-response r e l a t i o n s h i p fo r cancer- inc idence at very low 

doses w i l l be l i n e a r , i r r e s p e c t i v e of the complexi ty of the carc inogenic 

process. 

Tne recent conclusion of the BEIR Committee ( 1 ) , ana those of the NCRP* 

( 9 , 1 1 ) , the ICRP** ( 1 2 ) , and the UNSCEAR (2) Committees, is tha t i t is 

reasonable to assume fo r low-LET r a d i a t i o n a l i n e a r - q u a d r a t i c dose-response 

r e l a t i o n s h i p fo r c a n c e r - i n d u c t i o n , w i th l i n e a r i t y predominating at the very low 

doses, and to assume l i nea r e x t r a p o l a t i o n at very low doses tor the purpose of 

human r i s k es t ima t i on . This leads to conservat ism, tha t i s , an overes t imat ion 

of r i s k . Such ex t rapo la t i ons depend on e x i s t i n g epiueiiiio log ica l uata from much 

higher doses, which are the lowest doses that have been est imated and r e l i a b l y 

t e s t e d . 

Because of these u n c e r t a i n t i e s and l i m i t a t i o n s in the epidemiologica l 

s t u d i e s , experimental animal s tud ies must provide essent ia l i n fo rma t i on ; how­

ever , numan r i sk es t imat ion cannot be based u i r e c t l y on laboratory animal uata. 

Nevertheless, the evidence suggests tha t mechanisms of cancer induct ion in man 

are s im i l a r to those in labora tory animals. I t f o l l o w s , t he re fo re , tha t wni le 

experimental animal data are not q u a n t i t a t i v e l y or d i r e c t l y app l i cab le to man, 

dose-response r e l a t i o n s h i p s in animal s tudies may be consiuerea for app l i ca t i on 

to human populat ions exposed to low- leve l r a d i a t i o n ( 5 , 7 , 9 , 1 3 ) . 

* National Council on Radiat ion P ro tec t i on and Heasurements (abbr. NCKP) 

* * I n t e r n a t i o n a l Commission on Rad io log ica l Pro tec t ion ( i bb r . ICRP). 



In recent years , a general hypothesis for es t imat ion o f excess cancer r i s k 

in i r r a d i a t e d human popu la t ions , based on t h e o r e t i c a l cons ide ra t ions , on 

extens ive labora to ry animal s t u d i e s , and on l i m i t e d ep idemio log ica l surveys, 

suggests var ious and complex dose-response r e l a t i o n s h i p s Detween r a d i a t i o n dose 

and observed cancer incidence (7 ,13-16) . One of the most w ide ly considered 

moaels f o r cancer - induc t ion by r a d i a t i o n , based on tne ava i l ab l e in format ion 

and cons is ten t w i th both knowledge and theory , takes the complex quadrat ic 

form: 1(D) = ( a Q + cjD + c ^ Q ^ e x n f - B j D - e ^ 2 ) , where I is the 

cancer incidence in the i r r a d i a t e d popula t ion at r a d i a t i o n dose D in r i d , and 

a n > a , , a 7 , B, and a , are non-negat ive constants (F ig . l i . This 

multicomponent dose-response curve contains (1) i n i t i a l upward-curving l i near 

and quadrat ic func t ions of dose, which represent the process of cancer-

induct ion by r a d i a t i o n ; and (2) a modi fy ing exponenl ia l func t ion of dose, which 

represents the competing e f f e c t of c e l l - k i l l i n g at high doses. .t r, is trie 

o rd ina te i n t e r c e t at 0 dose, and def ines the natura l incidence of c-mcer in the 

popu la t i on , a, is the i n i t i a l slope of the curve at u dose, and uefi iu-s the 

l i nea r component in the low-dose range, a., is the curvature near u oo .« , and 

def ines the upward-curving quadrat ic func t ion of uose. t , dnu e., are the 

slopes o f the downward-curving func t ion in the high-uose range, and uef ine the 

c e l l - k i l l i n g f u n c t i o n . Analysis of a number o f uose-incir ience curves for 

cancer - induct ion in i r r a d i a t e d popu la t ions , both in humans and in animals, has 

demonstrated tha t for d i f f e r e n t r a d i a t i o n - i n d u i e o cancer 1 on ly ce r ta i n ol the 

parameter values o f these constants can be t h e o r e t i c a l l y determined. There­

f o r e , i t has become necessary to s i m p l i f y the model by reducing the number of 

parameters and e l i m i n a t i n g these which would have the least e f f e c t on the form 

of the uose-response r e l a t i o n s h i p in the- dose range of low- leve l r a d i a t i o n . 

Such simpler models, w i th increasing complex i ty , include the l i n e a r , the pure 
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quad ra t i c , the quadrat ic (quadrat ic func t ion wi th a l i r e a r term in the low-dose 

r e g i o n ) , and f i n a l l y , the mul t i -component quadra t ic form w i th a l i near term 

and w i th an exponent ia l mod i f ie r f 1,3,7 , y , 13-15) ( F i g . ?). 

What Have He Learned from the Epidemiological Studies of Human Populat ions? 

Nuclear Explosions 

The most valuable human data . ' .vai lable fo r eva luat ion ot the la te e f f e c t s 

o f r a d i a t i o n come from the s tud ies o f the Atomic Bomb Casualty Commission, now 

in the Raaiat ion Ef fec ts Research Foundat ion,* on the Japnese A-bomb surv ivo rs 

in Hiroshima and Nagasaki (17 ) . The con t inu ing eva la t ion of t h i s popula t ion 

provides the most comprehensive assessment of r i s k estimates for the c a r c i n o ­

genic e f f e c t o f r a d i a t i o n . The study populat ion is the la rgest o f any ep idemi ­

o l og i ca l survey (over 100,OUO persons) , and these persons were i r r a d i a t e d for 

other than medical reasons. The A-bomb surv ivors were exposed at a l l ages and 

the r a a i a t i o n doses ranged from a few rads to nea r - l e tna l l eve l s . 

What are the important questions concerning the m o r t a l i t y experience of the 

atomic bomb surv ivors? Is r a d i a t i o n carcinogenesis the only important !aie 

e f f e c t from the s tandpoint of m o r t a l i t y ? Is the carcinogenic e f f e c t a general 

one, a f f e c t i n g a l l t issues and h i s t o l o g i c types? Arc there r t - l i ab l i - c i i y 

d i f fe rences from which r e l a t i v e b i o l o g i c a l e f fec t i veness estimates an be made? 

Are Nagasaki data numerous enough to permit any close e l i m i n a t i o n of the 

func t i ona l form of the gamma dose-response curve for s p e c i f i c cancers? Can 

f u r t h e r i ns igh t be gained in to the ro ie of age i; 1 ya b at the time or the bomb 

upon the carc inogenic e f f e c t of i on i z i ng r a d i a t i o n ? 

Radiat ion Ef fec ts Research Foundation (abbr. RIRr) . ..apanese Foundation 
char tered by the Japanese Welfare M i n i s t r y under an agreement between the 
United States and Japai . 
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These s tud ies are a t tempt ing to answer the important quest ions w i th d i r e c t 

bear ing on es t imat ion of the cancer r i s k in human populat ions exposeo to low-

dose l e v e l s . The magnitude o f r i s k o f induct ion of a l l types o f s o l i d tumors 

in r e l a t i o n to dose and time since exposure requ i re care fu l e v a l u a t i o n . The 

excess r i s k o f leukemia f o l l o w i n g i r r a d i a t i o n increased w i th dose; a f t e r high 

doses i t was evident w i t h i n 3 to n years a f te r r a d i a t i o n and decl ined w i t h i n 

15 years , but pe rs is ted fo r 25 yet.rs or mort a f t e r exposure (17-19) . At 

p r e s j n t , there continues to be a large increase in the rad ia t i on - induced Cance-' 

death r a te dur ing the 10-year per iod 1965 to 1971, up to 30 years a f t e r 

exposure. This increase is in s o l i d tumor i nduc t i on ; th- re is p resen t l y no 

i n d i c a t i o n o f a r e tu rn to normal leve ls o f the m o r t a l i t y ra tes from these 

cancers. Other types of cancer dre occu r r i ng in o>fe:.-, u the s u r v i v i n g 

i r r a d i a t e d p o p u l a t i o n , due mainly to ex t re i re ly long la ten t periods a f t e r 

exposure before these s o l i d tumors are de tec ted . Recent ly , c e r t a i n cancers 

not p rev ious ly thought to be rad ia t i on - i nduced are appearing in excess in the 

i r r a d i a t e d popu la t i on . And f i n a l l y , the method of r a d i a t i o n act ion — a e t h e r 

to m u l t i p l y or to add tc spontaneous leve ls ot the cancer death ra te — is 

essen t ia l in format ion tu r p r o j e c t i n y the lomi - i er.N i J . L inugeiiiL e t i e c t s in 

persons i r r a d i a t e d as ch i l d ren or young a d u l t s . 

Present cancer r i sk est imates pred ic ted tu occur as a r e s u l t o f low-dose 

exposure o f human populat ions to r a d i a t i o n r e l y on assumptions about these 

important quest ions and on assumptions on the me thou of e x t r a p o l a t i o n trom 

human data obtained at high doses to low doses. At tne present t ime, est imated 

excess cancer rates are derived trom observat ions on Japanese A-bomb surv ivors 

of Hiroshima and Nagasaki averaged over the per iod 1950 to 1971. The excess 

cancer death ra te of these surv ivo rs could r ise, remain the sane, or decrease 

during the coming years. For leukemia indue l i on in the Nagasaki s u r v i v o r s , the 
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L i f e ^pan Study* (LSS) death c e r t i f i c a t e data appear cons is ten t w i th a 

quadrat ic dose- incidence r e l a t i o n s h i p (F i g . 3 ) . The shape of the Nagasaki 

curve is considered a s t rong determinant of the value fo r the RBE fo r neutrons 

der ived from the Hiroshima (neu t ron - r i ch ) and Nagasaki ( n e u t r o n - d e f i c i e n t ) 

exoosure (17 ,19 ) . 

The leukemia dose-response curves in the L5S sample and tne Leukemia 

Regis t ry in t!ie two c i t i e s are compared in F i g . 3 (17) . An apparent 

c u r v i l i n e a r r e l a t i o n s h i p in the low-dose region r e s u l t s from ti ie s p a r s i t y o i 

leukemia cases in the Nagasaki LSS sample below 100 rads kerma; t h i s r e l a t i o n ­

ship is much less marked when a l l the Regis t ry cases are used. The leukemia 

incidence in the NagasaKi LSS sample is less than in the Hiroshima surv ivors 

at a l l doses except in the 0-9 rads group. This increased incidence in trie 

Hiroshima surv ivors impl ies a greater RBE fo r neutrons for leukemia- induct ion 

than gamma rays , and the neutron RBE is greater than one. The c u r v i 1 i n e a r i t y 

in the Nagasaki sample ind ica tes tha t the neutron RBE increases as the dose 

diminishes ( l a , 1 9 ) . This is bel ieved to oe ciue to y rpa te r repa i r capac i ty of 

e f f e c t s o f low dose, low-LET gamma r a d i a t i o n , ra ther than increased damage per 

u n i t o f h i gh—LET neutron r a d i a t i o n (18) . 

Another popula t ion tha t rece ived i r r a d i a t i o n as a r e s u l t of a nuclear 

explos ion was tne Marshall I s l ande rs , who were exposed to f a l l o u t from an 

H-bomb tes t explos ion in I J J O (?0) . In t h i s popu la t i on , the nuin hea l th 

e f f e c t s came from s h o r t - l i v e d f i s s i o n iodine rad io i so topes ; t h i s has 

con t r ibu ted to our knowledge o f r i s k estimates fo r t h y r o i d cancer f o l l o w i n g 

i r r a d i a t i o n . However, the d=ita on the .arshal lese arc d i f f i c u l t to analyze, 

L i f e Span Study (abbr. LSS) o f the Japanese atomic-bomo su rv i vo rs ; sample 
cons is ts o f 109,000 persons, of whom 82,000 were exposed to the bombs, 
most ly at low doses. 
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p r i m a r i l y because t h e i r r a d i a t i o n exposures were to a mix ture o f h igh dose 

ra te ex terna l and i n te rna l gamma photons, as wel l as to beta r a d i a t i o n . 

Medical Radiat ion Exposures 

The i n i t i a l repo r t s o f Stewart and her col leagues (21j descr ibed an excess 

o f leukemia and a l l other cancers among ch i l d ren i r r a d i a t e d vn u tero when t h e i r 

mothers received d iagnos t i c pe l v i c X - i r r a d i a t i o n aur ing the pregnancy. The two 

la rges t s tud ies (22,23) ind ica ted that d iagnost ic pe lv i c X-ray examinations 

dur ing pregnancy resu l t ed in an increase of approximately 50 percent in cancer 

m o r t a l i t y among the ch i l d ren dur ing the f i r s t 10 years of l i f e . Because the 

doses involved an average close of about 1 rad to the f e t u s , these surveys are 

extremely important to r a d i a t i o n p ro tec t i on of the general popu la t i on . How­

ever , f a i l u r e to conf i rm these r e s u l t s in the ch i l d ren of the Japanese w. .en 

who were exposed to atom-bomb r a d i a t i o n in Hiroshima and Nagasaki, and the 

i n a b i l i t y to reproduce the r e s u l t in labora tory animals, has leo to the 

ques t ion ing o f whether r a d i a t i o n alone is the e t i o l o g i c agent in the human 

surveys (38) . 

Several other human populat ions exposed to d iagnost ic X-rays have neon 

s t u d i e d . M u l t i p l e d iagnos t i c exposure to adu l t males appears to be associates! 

w i th the increased r i s k of developing leukemia (23) . The r i s k est imates ror 

leukemia- induct ion from th i s study are s im i l a r to tnose obtained from data at 

high uoses of r a d i a t i o n . 

Studies tha t increase the p rec is ion of r i sk est imates for induct ion ot 

breast cancer are those of a fo l l ow-up of pulmonary tubercu lus is pa t ien ts f o r 

whom the treatment of choice p r i o r to 1y50 was a r t i f i c i a l pneumothorax, which 

was associated w i t l i repeated f luoroscop ic exp'.sures. The i n i t i a l surveys of 

female pa t i en ts t reated in a Nova Scotia sanatorium between 194(J and 1949 

(24,25) ind icated that despi te the uncer ta in ty of the r a d i a t i o n dose est imates 
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and the extreme f r a c t i o n a t i o n o f the t o t a l dose, the r i s k per rad fo r breast 

cancer - induct ion is large and very s i m i l a r to s ing le-exposure s t u d i e s , in whicn 

high doses were absorbed by the breast t i ssue (17) . These data appear con­

s i s t e n t w i th a l i nea r dose- incidence r e l a t i o n s h i p (16) (F i g . a ) . 

Important in fo rmat ion has been obtained from persons who have been 

i r r a d i a t e d e i t h e r e x t e r n a l l y or by i n t e rna l em i t te rs fo r the rapeu t i c reasons. 

Court-Brown and Doll (26) analyzed the data on leukemia and a l l other cancers 

in over 11,000 pa t i en ts w i th a i ^ y l o s i n g s p o n d y l i t i s who received ex terna l 

i r r a d i a t i o n from 1935 to 1954 in the United Kingdom. The leukemia data in 

these pa t i en ts are in reasonably good agreement w i th those trom the Japanese 

A-bomb s u r v i v o r s . Another study of pa t ien ts i r r a d i a t e d to r ankylsoing 

s p o n d y l i t i s and o ther diseases is tha t o f bpiess and Mays ( 2 / , 2 8 ) ; nere , the 

pa t i en t s rece ived intravenous i n j e c t i o n s o f the bone-seeking a lpha-emi t te r 

rad ium-221. The evidence ind ica tes tha t the younger pa t ien ts are s l i g h t l y more 

suscept ib le to the induct ion o f bone sarcomas for equal p r o t r a c t i o n periods 

ana tha t the data are cons is ten t w i th a quadrat ic dose- incidence r e l a t i o n s h i p . 

I r r a d i a t i o n fo r medical reasons o l t en introduces unce r ta in t i es in to the 

i n t e r p r e t a t i o n of aata from p a t i e n t s , p a r t i c u l a r l y the po ten t i a l in f luence uf 

the disease fo r which the pa t ien ts were t r e a t e d . Furthermore, analysis of the 

dose- incidence r e l a t i o n s h i p s for carcinogenesis by i n te rna l emi t te rs is 

complicated by several • jurces o f unce r ta in t y r e l a t i n g to va r i a t i on? in the 

s p a t i a l and temporal d i s t r i b u t i o n of the dose, which ire, in t u r n , dependent 

on the uptake, d i s p o s i t i o n , metabol ism, and e l im ina t i on of the rad ionuc l i de 

( 1 - 8 , 2 9 ) . In most p a t i e n t s , the i n i t i a l dose, nose r a t e , and pat terns or 

• id ionuc l ide excre t ion are unknown. Furthermore, the r a d i o a c t i v i t y in these 

i nd i v i dua l s may be deposited nonuni formly in bone, and concentrated in hot 

spots where the dose at the center is very much higher Irian that in 

surrounding bone (29) . 
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Occupational Exposures 

Valuable ep idemio log ica l surveys e x i s t on populat ions of workers exposed 

as a r e s u l t o f t h e i r occupat ions ; these inc lude , fo r example, uranium and 

f l uo rspa r miners , r a d i o l o g i s t s , rad ium-d ia l p a i n t e r s , and workers in the 

processing o f p lutonium ( 1 - 4 ) , Some of these groups have been fo l lowed f o r 

many years . Important ata are ava i l ab le in sp i te of the complex i t ies of 

long-term ep idemio log ica l s t u d i e s , such as m o b i l i t y of popu la t ions , non-

u n i f o r m i t y o f occupat ional h i s t o r i e s , and inadequacy o f dos imet ry . These 

s tud ies w i l l be discussed a t length by my col leagues in t h i s symposium. 

High Natural Background Areas 

There are populat ions exposed to l i f e t i m e doses ut very high natura l 

background r a d i a t i o n ; two are those l i v i n g in the monazite sands regions o f 

B raz i l and I n d i a , where they have res ided for many generat ions. Attempts to 

ob ta in r e l i a b l e ep idemio log ica l data from these populat ions have f a i l e d due 

p r i m a r i l y to the compl icat ions of c o l l e c t i n g human ep idemio log ica l data ano 

f u r t h e r confounded by local c u l t u r a l , r e l i g i o u s , and p o l i t i c a l p r a c t i c e s . 

Natural background r a d i a t i o n may vary from one geographic region to the 

next ( 1 ) . Attempts to c o r r e l a t e background dose w i th human ep idemio log ica l 

data are confounded by errors and lack of u n i l o r m i t y i r me dos imet r ic 

est imates o f r a d i a t i o n l e v e l s , and by va ry ing q u a l i t y of v i t a l s t a t i s t i c s 

in fo rmat ion among the var ious communities, s t a t e s , r eg i ons , and count r ies ( 1 - 4 ) . 

The sources of bias introduced by these f ac to r s have thus far been greater 

than d i f fe rences tha t are l i k e l y to be of any va lue . 

what Are the Sources of Epidemiological Data fo r the Est imation of Excess 

Cancer Risk in Exposed Human Populat ions? 

The t issues and organs about which we have the most r e l i a b l e 

ep idemio log ica l data on rad ia t i on - induced cancer in man, obtained from a 
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v a r i e t y of sources from which co r robora t i ve r i s k c o e f f i c i e n t s have been 

es t imated , include the bone narrow, the t h y r o i d , the b reas t , and the lung 

( 1 , 2 ) . The data on bone and the d iges t i ve organs a re , at bes t , p r e l i m i n a r y , 

and do not approach the p rec is ion of tne o the rs . For several of these t issues 

and organs, r i s k estimates are obtained from very d i f f e r e n t ep idemio log ica l 

surveys, some fo l lowed for over 30 yea rs , and w i th adequate cont ro l groups. 

There is good agreement when one considers the lack o f p rec is ion inherent in 

the s t a t i s t i c a l analyses of the case - f i nd ing and cohort study popu la t i ons , 

v a r i a b i l i t y in ascertainment and c l i n i c a l periods of obse rva t ion , age, sex and 

r a c i a l s t r u c t u r e , and d i f f e r e n t r a d i a t i o n dose l e v e l s , and c o n s t r a i n t s on data 

from con t ro l groups. 

The most r e l i a b l e data have been those of the r i s k ot leukemia, which come 

from the Japanese atomic bomb surv ivors (17 ,18 ,38 ) , the ankylosing s o n d y l i t i s 

pa t i en t s t rea ted w i th x - ray therapy in England and wales (26) , the metropathia 

pa t ien ts t rea ted w i th rad io therapy fo r benign u te r i ne bleeding ( 30 ) , the t inea 

c a p i t i s pa t ien ts t rea ted w i th r a d i a t i o n fo r ringworm of the scalp (31) , and 

the ea r l y r a d i o l o g i s t s (32 ,33) . There is evidence of an age-dependence and a 

dose-dependence, a r e l a t i v e l y shor t l a t e n t per iod o f a matter of a tew years , 

and a r e l a t i v e l y short per iod o f express ion , some 10 years . This cancer is 

un i f o r m l y f a t a l . 

The uata on thy ro id cancer are more complex. These surveys include the 

large ser ies of ch i l d ren t rea ted w i th r a d i a t i o n to the neck and mediastinum fo r 

enlarged thymus ( 3 " ) , ch i l d ren t reated to the saclp fo r t inea c a p i t i s (31) , arid 

the Japanese atomic bomb surv ivors (17) and Marshall Is landers (20) exposed to 

nuclear exp los ions . Here, tnere is an aye-dependence and sex-aependence— 

ch i l d ren and females appear more s e n s i t i v e . Although the induct ion ra te is 

h i g h , the l a t en t per iod is r e l a t i v e l y sho r t , and i t is probable that no 
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increased r i s k w i l l be found in fu tu re fo l l ow-up of these study popu la t i ons . 

In a d d i t i o n , most tumors are e i t h e r t hy ro id nodules or benign or t r ea tab le 

tumors, and only a few are f a t a l . 

Much in format ion has beco.ne ava i l ab le on rad ia t i on - induced breast cancer 

in women (35 ,39 ) . The surveys include p r ima r i l y women w i th tuber-ruins is who 

received requent f luoroscopic, examinations for a r t i f i c i a l pneumothorax (25 ) , 

postpartum m a s t i t i s pa t ien ts t rea ted w i th rad io therapy (36 ) , and the Japanese 

atomic bomb surv ivo rs in Hiroshima and Nagasaki (17) . Here, 'here is an 

age-dependence and dose-dependence, as wel l as a sex-dependen e. The l a ten t 

per iod is long, some 20 to 30 yea rs . Perhaps about h a l f or these neoplasms 

are f a t a l . 

Another r e l a t i v e l y s e n s i t i v e t i s s u e , and a complex one as regards r a u i a t i o n 

dose i nvo l v i ng parameters o f the specia l physical and b i o l o q i c a charac ter ­

i s t i c s of the r a d i a t i o n q u a l i t y , is the ep i t ne 1 i a l t issue of tne bronchus and 

lung. These surveys include the Japanese atomic-bomb surv ivors (17 ) , the 

uranium miners in the United States and Canada (37) , and the ankylos ing 

s p o n d y l i t i s pa t ien ts in England and Wales (26 ) . There is some evidence of 

age-dependence from tne Japanese exper ience, arid a r e l a t i v e l y long la tent 

p e r i o d . This cancer is un i fo rmly f a t a l . 

The r i s k of rad ia t i on - induced bone sarcoma, based p r i m a r i l y on surveys of 

the radium and thorium pa t ien ts who had received the r ad ioac t i ve substances fo r 

medical t rea tment , or persons who ingested tnese mater ia ls in tne course of 

t he i r occupationc ( 2 8 ) , is low. For a l l other tumors a r i s i n g in var ious organs 

d t issues of the body, values are extremely crude and estimates are, at bes t , 

p r e l i m i n a r y . 

What Can We Conclude? 

Of var ious somatic e f f e c t s that mighL ne pi- 'duceii by i on / i ng r a d i a t i o i at 

low leve ls o f dose and dose r a t e , cancer - induct ion is p resent ly considered to 
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be the most important p o t e n t i a l hazard to heal th in exposed human popu la t i ons . 

Studies of i r r a d i a t e d human populat ions ind ica te a uose-dependent increase in 

the incidence o f most types o f cancer. The dose-response r e l a t i o n s h i p s fo r 

these cancers are cons is ten t w i tn a range of l i n e a r , l i n e a r - q u a d r a t i c , and 

quadra t ic r e l a t i o n s h i p s between cancer incidence and dnse. The data on the 

in f luence c f dose ra te in man are l i m i t e d and at present f a i l to ind ica te a 

reduc t ion o f r i s k per rad w i th decreasing dose r a t e . The ava i l ab le dose-

incidence data suggest an age-dependency and a sex-dependency; the ove ra l l 

s u s c e p t i b i l i t y appears higher in ch i l d ren than --n a d u l t s . 

A l l t i ssues of the body are suscept ib le to cancer - induct ion by r a d i a t i o n . 

The ep idemio log ica l data are inadequate to def ine the dose-response r e l a t i o n ­

ships at ooses below 25 to 50 rems. Uata for hiyh-LET r a d i a t i o n are only 

f ragmentary; these suggest a hign RBE wi th l i t t l e change in e f fec t i veness per 

rad w i th decreasing and dose r a t e . Data lo r low-LET r a n i a t i o n , on the otner 

11anrl; genera l l y show a decrease in the e f fec t i veness per rad w i th decreasing 

dose :nd aose r a t e . 

Numerical es t imat ion of the r i sk of rad ia t i on - induced cancer in man must 

necessar i l y be based p r i m a r i l y on human dose-incidence data. However, r i sk 

es t imat ion at very low doses and low dose ra tes at present must also 

necessar i l y depend on ex t rapo la t i on from observat ion at higher doses and 

higher dose r a t e s , based on assumptions about the dose-innicence r e l a t i o n s h i p s 

and the mechanisms o f carc inogenesis . Improvements in our knowledge o f the 

carcinogenic e f fec t iveness o f i o n i z i n g r a d i a t i o n w i l l aept-nd .• ., e l uc i da t i on 

of mechanisms of carc inogenes is , espec ia l l y at the very e a r l i e s t stages of 

mal ignant t rans fo rmat ion , ana on the prov is ion ot empi r ica l dose-incidence 

data for low doses both in human populat ions and in laboratory animals 

exper iments, insofar as t h i s is poss i b l e . 
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And f i n a l l y , we must conclude tha t the es t imat ion o f the carc inogenic r i s k 

of low-dose, low-LET r a d i a t i o n is subject to numerous u n c e r t a i n t i e s . The 

greates t o f these concerns is the shape of the dose-response curve. Others 

include the length o f the l a t e n t p e r i o d , the RBE fo r f a s t neutrons and alpha 

r a d i a t i o n r e l a t i v e to gamma and x - r a d i a t i o n , and the per iod dur ing which the 

r a d i a t i o n r i s k is expressed, the model used in p r o j e c t i n g r i s k beyona the 

per iod o f obse rva t i on , the e f f e c t o f dose r a t e or dose f r a c t i o n a t i o n , and the 

in f luence o f d i f f e rences in the na tu ra l incidence of s p e c i f i c types ot cancer. 

In a d d i t i o n , unce r t a i n t i es are introduced by the b i o l o g i c a l r i s k charac te r ­

i s t i c s o f humans, f o r example, the e f f e c t o f age at i r r a d i a t i o n , the in f luence 

o f any disease fo r which the r a d i a t i o n was given t h e r a p e u t i c a l l y , and the 

in f luence o f length o f observat ion or f o l l ow -up of the study popu la t ions . The 

c o l l e c t i v e in f luence o f these unce r ta in t i es is such as to deny great 

c r e d i b i l i t y to any est imates of human cancer r i s k that can be maae l o r 

low-dose, low-LET r a d i a t i n n . Nevertheless, despi te a l l the u n c e r t a i n t i e s I 

have chosen to d iscuss , there is greater knowledge of the r i s k s of r a d i a t i o n 

than of any other p o t e n t i a l l y hazardous physical or chemical agent in the 

env i ronment. 
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FIGURE LEGENDS 

Figure 1 . General dose-response ..odd lo r utija t i un cui c JnugenLns is buaui on 

r a d i o b i o l o g i c a l experiments and ep idemio log ica l s t u d i e s . I , cancer 

inc idence; U, r a d i a t i o n dose; a,,, spontaneous incidence of cancer 

in the popu la t i on ; a , , a , , Bi , 6? are p o s i t i v e c o e f f i c i e n t s . 

Figure 2. Shapes o f var ious Jose-r ?sponse r e l a t i o n s h i p s o f r ad ia t i on - i nduced 

cancer in mammal ian radiobio logy and in ep idemio log ica l surveys. 

These are der ived from the general dose-respcnse model, and inc lude 

the l i n e a r , the 1 inear -quaora t i c, and the pure quadrat ic 

dose-response curves. 

Figure 3. Lej"^: k e l a t i v e r i s k of rad ia t i on - i nuuced leukemia in Japanese 

atomic bomb surv ivors in Hiroshima p l o t t e d against T65 dose (perma) 

(17) . Comparison of the L i f e Span Study (LbS) ueatn c e r t i f i c a t e 

data ( s o l i d l i n e ) and the t o t a l Leukemia Regist ry (dash l i n e ) da ta . 

The hiroshima atomic bomb contained a r e l a t i v e l y large f r a c t i o n 

(approximately 19 percent) o f neut rons. 

Ri gh t : Re la t ionsh ip of r ad ia t i on - i nduceu leukemia in Japanese 

atomic-bomb surv ivors in Nagasaki p l o t t e d against F65 dose (kerma) 

(17). Comparison of the LSS death c e r t i f i c a t e ual.a ( s o l i d l i n e ) and 

the t o t a l Leukemia Regis t ry data (dash l i n e ) . The Nagasaki atomic 

bomb contained a r e l a t i v e l y smali f r a c t i o n {approximately 1 percent) 

of neutrons. 

Figure 4 . Incidence of excess breast cancer in i r r ad ia ted women p lo t ted aya inst 

r a d i a t i o n dose. Upper Le^t : Japanese atomic bomb su rv i vo rs . Upper 

Ri ght: women f luoroscoped in Massachusetts ti,0ur< ales is sanator ium. 

Lower Le f t : post-partum m a s f i t i L i s p a t i e n t s . Lower Right : women 

f luoroscoped in Nova Scotia tunerculos is sanator ium. ihe i xc ess 

incidence is expressed in terms ot women-years (WY) at r i s k . 
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SHAPES OF DOSE RESPONSE CURVES 
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