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INTRODUCTION 

My assignment this morning is to try to give you some general 

background for an understanding of the potential health effects "in 

popiJations exposed to low-level radiation. To do this, I have decided 

to place our discussions within the framework of the scientific 

deliberations and the scientific controversies that arose during the 

preparation of the current Report [1] of the Committee on the 

Biological Effects of Ionizing Radiation of the National Academy of 

Sciences-National Research Council (the 1980 BE IR-III Report). I shall 

try to explain how certain of the areas addressed by the present BEIR 

Committeel have attempted to deal with the scientific basis for 

establishing appropriate radiation protection guides, and what effect 

this ...:y have on evaluation of radiation risks and on decision making 

for the regulation of societal activities concerned with the health 

effects in human populations exposed to ion-level radiation. What I 

may consider important in these discussions, I speak cnly as an 

individual, and in no way do I speak for the BLIR Committee, or for any 

of its members, whose deliberations are now availalb; as a comprehen

sive report: "The Effects on Populations of Exposure to Low. Levels of 

Ionizing Radiation: 1980." [1] It would be difficult for me not to be 

somewhat biased in favor of the substance of the BEIR Reports [1-3], 

since as an individual I have been sufficiently close 

1 Committee on the Biological Lffpcts of Ionizing Radiation, National 
Academy of Sciences National Research Council, Washington, D.C., 
USA 
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to the ongoing s c i e n t i f i c d e l i b e r a t i o n s o f agreement and disagreement 

as these have developed over the past 10 y e a r s . 

I t h i nk i t would be bes t f o r me t o r e v i e w , very b r i e f l y , why we 

have adv iso ry commit tees on r a d i a t i o n , and why the BEIR Committee, and 

i t s c u r r e n t Report [ 1 ] , may be somewhat d i f f e r e n t than the o t h e r s . I 

_,i,ull d i s c o s what we know and what we do not know about the hea l t h 

e f f e c t s o f l o w - l e v e l r a d i a t i o n . F u r t h e r , I s h a l l comment on how the 

r i s k s of r a d i a t i o n - i n d u c e d cancer and g e n e t i c a l l y - r e l a t e d i l l - h e a l t h 

in man may be e s t i m a t e d , the sources o f the s c i e n t i f i c and ep idemio

l o g i c a l d a t a , and the dose-response models used, and the u n c e r t a i n t i e s 

which l i m i t p r e c i s i o n o f e s t i m a t i o n o f excess r i s k s from r a d i a t i o n . 

And f i n a l l y , I shou ld l i k e to c o n j e c t u r e w i t h y o u , on what lessons we 

have learned from the B E I R - I I I Committee e x p e r i e n c e , and e s p e c i a l l y on 

what the i m p l i c a t i o n s might be o f numer ica l r i s k es t ima t i on f o r 

r a d i a t i o n p r o t e c t i o n and dec is ion -mak ing f o r p u b l i c hea l t h p o l i c y . 

WHAT IS THE PURPOSE OF ADVISORY COMMPTEES ON RADIATION AND HEALTH? 

For more than t h r e e - f o u r t h s o f a c ; n t u r y , s c i e n t i f i c and medical 

observa t ions have led t o r espons ib l e p u b l i c awareness of the p o t e n t i a l 

h e a l t h e f f e c t s o f i o n i z i n g r a d i a t i o n s , i n i t i a l l y from medical and 

i n d u s t r i a l exposure, then f rom nuclear weapons and weapons t e s t i n g , and 

now from the p r o d u c t i o n o f nuc lear e n e g y . Such awareness has c a l l e d 

f o r exper t s c i e n t i f i c adv ice and guida ce f o r p r o t e c t i o n of the p u b l i c 

h e a l t h . And, a d v i s o r y committees on r d i a t i o n o f i n t e r n a t i o n a l and 

n a t i o n a l s c i e n t i f i c compos i t ion have f i r these many years met and 
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served faithfully and effectively to discuss, to review, to evaluate 

and to report on three important matters of societal concern: (1)) to 

place into perspective the actual and potential harm to the health of 

man and his decendants to be expected in the present and in the future 

from those societal activities involving the use of ionizing radia

tions; (2) to develop quantitative indices of harm based on dose-

response ' elationships to provide a scientific basis for the evaluation 

of somatic and genetic risk and protection of human populations exposed 

to low-level radiation; and (3) to identify the sources and levels of 

radiation which could cause harm, to assess their relative importance, 

and to provide a framework on how to reduce unnecessary radiation 

exposure to human populations. 

To a greater or lesser extent, each advisory committee on 

radiation -such as the UNSCEAR,? the ICRP.3 the NCRP,4 the NRPB, 5 and 

others in France, Canada, and elsewhere in Europe and Japan, and the 

BEIR Committee--have dealt with these matters. But significant differ

ences occur in the scientific reports of these various bodies, and we 

should expect differences to occur, because of the charge, the s^ope, 

and the composition of each committee, and probably most important, 

because of public attitudes existing at the 

2 United Nations Scientific Committee on the Effects of. Atomic 
Radiation, United Nations, New York, U.S.A. 

3 International Committee on Radiological Protection, Sutton, 
Surrey, England. 

4 National Council on Radiation Protection and Units, Washington, 
D.C., U.S.A. 

5 National Radiological Protection Board, United Kingdom, Harwell, 
Oxon, England. 
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time of the del iberat ions of that par t icu lar committee, and at the time 

of the w r i t i ng of that par t icu lar repor t . The BEIR Report [ 1 ] is 

d i f f e ren t . However, the main difference is not so much from new 

experimental or epidemiological data or new interpretat ions of exist ing 

data, but rather from a philosophical approach and appraisal of ex i s t 

ing and future radiat ion protect ion resu l t ing from an atmosphere of 

constantly changing societal rendit ions and public a t t i tudes . 

WHY IS THE 198U 3F1R-HI REPORT [ 1 ] DIFFERENT? 

The Report [ 1 ] of the Committee on the Biological Effects of 

Ionizing Radiation is tht; record of the del iberat ions of an expert 

s c i en t i f i c advisory committee of the National Academy of Sciences-

National Research Council, and deals with the s c i e n t i f i c basis of the 

health ef fects in human populations exposed to low levels of ionizing 

rad ia t ion . 7ne 1980 Rsport [ 1 ] broadly encompasses two areas. (1) I t 

reviews the current s c i e n t i f i c knowledge—epidemiological surveys and 

laboratory animal experiments—relevant to radiat ion exposure of human 

populations and to the delayed or late health effects of low-level 

rad ia t ion . (2) I t evaluates and analyzes these late hea l th-e f fec ts- -

both somatic and genetic ef fects — in re la t ion to the r isks to health 

from exposure to low-level rad ia t ion . The Committee consisted of 22 

members, selected for their s c i e n t i f i c expertise in areas,of biology, 

biophysics, b i o s t a t i s t i e s , epidemiology, genetics, mathematics, 

medicine, physics, public heal th , and the radio logical sciences. The 

reports [ 1 - 3 ] of the BEIR Committee have, in the past, become valuable 
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texts for the s c i e n t i f i c bas is f o r development o f a p p r o p r i a t e and 

p r a c t i c a l r a d i a t i o n p r o t e c t i o n s tandards and f o r dec i s i on -mak ing f o r 

p u b l i c hea l t h p o l i c y . 

The 1972 BEIR-I Repor t [ 2 ] and the 1980 BE1R- I I I Report [ 1 ] may 

d i f f e r from one or more o f the o the r r a d i a t i o n adv i so ry committee 

repo r t s o f the UNSCEAR [ 4 , 5 ] , the ICRP [ 6 , 7 ] , the NCRP [ 8 , 9 ] , and of 

other na t i ona l c o u n c i l s and commi t tees, i n a number o f impor tan t ways. 

f i r s t , the BEIR Repor ts [ 1 - 3 ] are fash ioned and w r i t t e n as 

readab le , usable s c i e n t i f i c documents f o r those s o c i e t a l a c t i v i t i e s 

concerned w i t h r a d i a t i o n h e a l t h . The conc l us i ons , recommendations, and 

d e t a i l e d appendices are w r i t t e n in a s t r a i g h t f o r w a r d s c i e n t i f i c manner, 

to be read and unders tood by s c i e n t i s t s , by p h y s i c i a n s , and government 

decis ion-makers a l i k e . 

Second, the BE1R romni i t tee [ 1 - 3 ] does not set r a d i a t i o n standards 

or pub l i c h e a l t h p o l i c y . The Committee's r e p o r t s are p resen ted , how

ever , to be use fu l to those respons ib l e f o r the e v a l u a t i o n of r i s k s and 

f o r dec is ion-mak ing conce rn ing r e g u l a t o r y programs and p u b l i c hea l t h 

p o l i c y i n v o l v i n g r a d i a t i o n . There i s no i n t e n t to make the task any 

easier or to set the d i . c t i o n f o r those decis ion-makers who must i.nn-

s ide r the s t reng ths and l i m i t a t i o n s of sc ience and t n - f i no l ogy , and the 

re levan t s o c i e t a l and economic c o n d i t i o n s , in the development and 

execut ion o f such r e g u l a t o r y programs. In t h i s r e g a r d , the BEIR 

Reports [ 1 - 3 ] suggest t h a t those respons ib le f o r s e t t i n g r a d i a t i o n 

p r o t e c t i o n standards must take i n t o account s o c i e t a l needs at t h a t 

t ime , so tha t such s tandards are es tab l i shed on l e v e l s o f r a d i a t i o n 
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exposure which are not necessarily absolutely safe, but rather those 

which are considered to be appropriately safe for exist ing circum

stances at the time to f u l f i l l society 's needs, par t i cu la r ly fo r 

general population and occupational exposure from medical applications 

and from nuclear energy. 

Third, avai lable epidemiological surveys and laboratory animal data 

are reviewed and assessed for their value in estimating numerical r isk 

coefTicients for the late health e f fec ts , and par t i cu la r l y cancer and 

genet ica l ly- re lated i l l - h e a l t h , in human populations exposed to low-

level rad ia t ion . Therefore, the BEJR Reports [1 ,2 ] use a pract ical 

format for decision-makers, namely, the numerical r isk coeff ic ients 

estimated are presented in p robab i l i s t i c terms, wi th in most l i k e l y 

upper and lower boundaries, derived solely from the sc ien t i f i c f ac t s , 

the epidemiological and experimental data, and the sc ien t i f i c 

hypotheses and assumptions on which they are based. 

And f i n a l l y , the BEIR Reports [1 -3 ] address the continued need to 

assess and evaluate the benef i ts from tnose a c t i v i t i e s involving 

radiat ion as well as the r i s k s . In our resource-l imited society, such 

benef i t - r isk assessment is essential for societal decision-making for 

establ ishing appropriate and achievable radiat ion protection standards 

based on evaluation of r i s k . Decisions can and must be made on the 

value and costs of technological and societal programs foj- the reduc

t ion of r isk by reducing the levels of radiat ion exposure. This would 

include societal choices centered, as we l l , on al ternat ive methods 

involving nonradiation a c t i v i t i e s avai lable through a comparison o ' the 

costs to human health and to the environment [3_, 
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WHAT ARE THE IMPORTANT BIOLOGICAL EFFECTS OF LOW-LEVEL RADIATION? 

Here, I shal l d iscuss p r i m a r i l y those delayed or l a t e h e a l t h 

e f f e c t s i n humans f o l l o w i n g exposure to low-LET r a d i a t i o n , X-rays and 

to gamma rays f rom r a d i o a c t i v e sources, and to a much lesser ex ten t to 

high-LET neu t ron and alpha r a d i a t i o n s , s ince these are the i o n i z i n g 

r a d i a t i o n s most o f t e n encountered in the nuc lea r i n d u s t r y and in 

med ic ine . B r i e f l y , l o w - l e v e l r a d i a t i o n can a f f e c t the c e l l s and 

t i s sues of t he body i n th ree impor tan t ways. F i r s t , i f the macro-

molecular l e s i o n occurs in one or a few c e l l s , such as those of the 

b l o o d - f o r m i n g t i s s u e s , the i r r a d i a t e d c e l l can o c c a s i o n a l l y t rans fo rm 

i n t o a cancer c e l l , and a f t e r a pe r i od o f t i m e , there i s an increased 

r i s k o f cancer deve lop ing i n the exposed i n d i v i d u a l . Th is b i o l o g i c a l 

e f f e c t is c a r c i n o o e n e s i s ; and the hea l t h e f f e c t , cancer . Second, i f 

the embryo or f e tus are exposed du r ing g e s t a t i o n , i n j u r y can occur to 

the p r o l i f e r a t i n g and d i f f e r e n t i a t i n g c e l l s and t i s s u e s , l ead ing to 

abnormal g row th . This b i o l o g i c a l e f f e c t i s t e r a t o g e n e s i s ; and the 

h e a l t h e f f e c t , developmental abnorma l i t y i n the newborn. T h i r d , i f the 

mac ro ra l ecu la r l e s i o n occurs in the r e p r o d u c t i v e c e l l of the t e s t i s or 

the ovary , the h e r e d i t a r y genome of the germ c e l l can be a l t e r e d , and 

the i n j u r y can be expressed in the descendants of the exposed 

i n d i v i d u a l . This b i o l o g i c a l e f f e c t is mutrigones i s ; and the h e a l t h 

e f f e c t , g e n e t i c a l l y - r e l a t e d i 1 1 - h e e l t h . 

There &re a number o f o ther impor tant b i o l o g i c a l e f f e c t s o f 

i o n i z i n g r a d i a t i o n , such as i n d u c t i o n of c a t a r a c t s in the lens of the 

eye , or impairment of f e r t i l i t y , but these th ree impor tant l a t e 
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e f f e c t s — c a r c i n o g e n e s i s , t e ra togenes i s and mutagenesis—stand out as 

those o f g r e a t e s t concern . This i s because a cons iderab le amount o f 

s c i e n t i f i c i n f o r m a t i o n i s known frora e p i d e m i o l o g i c a l s t ud ies o f exposed 

human p o p u l a t i o n s and from l a b o r a t o r y animal exper iments . Fur thermore , 

we b e l i e v e t h a t any exposure to r a d i a t i o n , even a t low l e v e l s of dose, 

c a r r i e s some r i s k o f such d e l e t e r i o u s e f f e c t s . And, as the dose of 

r a d i a t i o n inc reases above very low l e v e l s , the r i s k o f these 

d e l e t e r i o u s h e a l t h e f f e c t s increases in exposed human p o p u l a t i o n s . I t 

is these l a t t e r observa t ions t ha t have been c e n t r a l to the p u b l i c 

concern about the p o t e n t i a l hea l t h e f f e c t s of l o w - l e v e l r a d i a t i o n , and 

to the task o f e s t i m a t i n g r i s k s and o f e s t a b l i s h i n g standards f o r 

p r o t e c t i o n o f the h e a l t h o f exposed p o p u l a t i o n s . Indeed, a l l repo r t s 

of exper t a d v i s o r y committees on r a d i a t i o n are in c lose agreement on 

the broad and s u b s t a n t i v e issues o f such h e a l t h e f f e c t s . 

WHAT IS KNOWN ABOUT THE IMPORTANT HEALTH EFFECTS OF LOW-iEVF.L 

RADIATION? 

A number o f very impor tant obse rva t i ons on the l a t e hea l t h e f f e c t s 

o f l o w - l e v e l r a d i a t i o n have now c o n v i n c i n g l y emerged, and about which 

the re i s reasonab ly good general agreement. Thpse observa t ions are 

based p r i m a r i l y on e v a l u a t i o n of e p i d e m i o l o g i c a l surveys of exposed 

human p o p u l a t i o n s , on ex tens ive research in l a b o r a t o r y an ima ls , on 

ana l ys i s of dose-response r e l a t i o n s h i p s of c a r c i n o g e n i c , t e r a t o g e n i c 

and genet i c e f f e c t s , and on known mechanisms of c e l l and t i s sue i n j u r y 

in v i v o and i n v i t r o . 



9 

F i r s t , c a n c e r - i n d u c t i o n i s cons idered t o be the most impor tant l a t e 

somatic 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 . S o l i d cancers a r i s i n g 

in the va r ious organs and t i ssues o f the body, such as the female 

b reas t and the t h y r o i d g l and , r a t h e r than leukemia, are the p r i n c i p a l 

! a te e f f e c t s in i n d i v i d u a l s exposed to r a d i a t i o n . The d i f f e r e n t 

t i ssues appear t o va ry g r e a t l y in t h e i r r e l a t i v e s u s c e p t i b l i t y to 

c a n c e r - i n d u c t i o n by r a d i a t i o n . The most f r e q u e n t l y o c c u r r i n g 

r a d i a t i o n - i n d u c e d cancers in man i n c l u d e , in decreasing order o f 

s u s c e p t i b i l i t y : the female b r e a s t ; the t h y r o i d g land , e s p e c i a l l y i n 

young c h i l d r e n and i n females; the b l o o d - f o r m i n g t i s s u e s ; the l ung ; 

c e r t a i n organs o f the g a s t r o i n t e s t i n a l t r a c t ; and the bones. There 

are in f luences o f age at the time of i r r a d i a t i o n , and at the time of 

expression o f the d i sease , of sex, dnd o f the r a d i a t i o n f a c t o r s and 

types -LET and RBL" - a f f e c t i n g the cancer r i s k . 

Second, the e f f e c t s of growth and development in the i r r a d i a t e d 

embryo and fe tus are r e l a t e d to the g e s t a t i o n a l stage at which exposure 

occurs . I t appears t ha t a t h resho ld l e v e l o f r a d i a t i o n dose and uuse 

ro te may e x i s t below which gross t e r n t o y e n i c e f f e c t s w i l l not be 

o l s i i v e d . However, these dose l e v e l s would vary g r e a t l y depending on 

the p a r t i t u l a r developmental abno rma l i t y and on the r a d i a t i o n types and 

coa l i t i e s . 

T h i r d , e s t i m a t i o n of the r a d i a t i o n r i s k s of g e n e t i c a l l y - r e l a t e d 

i l l hea l th are based main ly on l a b o r a t o r y animal o b s e r v a t i o n s , 

p r i m a r i l y from l d b o r a t o r y rouse r x p e r i m - n t s , because of the pauc i t y of 

data on exposed human p o p u l a t i o n s . Our knowledge of fundamental 
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mechanisms of r a d i a t i o n i n j u r y at the g e n e t i c l e v e l i s f a r more 

complete t h a n , for example, o f mechanisms o f r a d i a t i o n ca rc i nogenes i s , 

thereby p e r m i t t i n g g rea te r assurance in e x t r a p o l a t i n g i n f o r m a t i o n on 

gene t i c mutagenesis f rom l a b o r a t o r y animals t o man. With new in fo rma

t i o n on the broad spectrum and inc idence o f g e n e t i c a l l y - r e l a t e d i l l -

h e a l t h in man, such a r -Rental r e t a r d a t i o n and d i a b e t e s , the r i s k of 

r a d i a t i o n mutagenesis in man a f f e c t i n g f u t u r e genera t ions takes on new 

and spec ia l c o n s i d e r a t i o n . 

WHAT IS NOT KNOWN ABOUT THESE HEAtTH EFFECTS Of LOW-LEVEL RADIATION? 

In s p i t e o f a thorough unders tand ing o f these l a t e hea l th e f f e c t s 

in exposed human p o p u l a t i o n s , the re i s s t i l l a cons iderab le amount we 

do not know about the p o t e n t i a l h e a l t h e f f e c t s o f l o w - l e v e l r a d i a t i o n . 

F i r s t , we do not know what the h e a l t h e f f e c t s are at dose ra tes as 

low as a few hundred m i l l i r e m per y e a r , t h a t i s , a few f a c t o r s above 

n a t u r a l background r a d i a t i o n exposure. I t i s p robab le t h a t i f any 

h e a l t h e f f e c t s do o c c u r , they w i l l be masked by envi ronmenta l or o the r 

competing f a c t o r s t h a t produce s i m i l a r h e a l t h e f f e c t s . 

Second, the e p i d e m i o l o g i c a l surveys o f exposed human popu la t i ons 

are h i g h l y u n c e r t a i n in regard to the forms o f the dose-response 

r e l a t i o n s h i p s f o r r a d i a t i o n - i n d u c e d cancer Jr man. This i s e s p e c i a l l y 

the case f i r l o w - l e v e l r a d i a t i o n . T h e r e f o r e , i t has been necessary to 

es t imate human cancer r i s k f rom low r a d i a t i o n doses p r i m a r i l y from 

observa t ions a t r e l a t i v e l y h igh doses, f r e q u e n t l y g rea te r than 100 rads 

or more. Est imates o f the cancer r i s k a t low doses appears to depend 
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more on what is assumed about the mathematical form of the dose-

response function than on the available epidemiological data them

selves. However, it is not known whether the excess cancer risk 

observed ai. high-dose levels also applies to the excess cancer risk at 

low-dose levels. 

Third, we do not have reliable methods for estimating the repcir 

of injured cells and tissues of the body exposed to very low doses and 

dose rates. And further, we do not know how to identify those persons 

who may be particularly susceptible to radiation injury, perhaps on 

the basis of genetic predisposition. 

Further, we have only very limited epidemiological data on the 

precise radiation doses absorbed by the tissues and organs of persons 

in irradiated populations exposed in the past. Furthermore, we do not 

know the complete cancer incidence in each study population, since new 

cases of cancer contirue to appear with the passing of time. ACLOrd-

ingly, any estimation of excess cancer risk based on such limited 

dose-incidence information must necessarily be incomphte, until the 

entire study population has died from natural or other causes. 

And finally, we do now know the role of competing environmental and 

other host factors-biological, chemical or physical factors -existing 

at the time of exposure, or following exposure, which may influence arid 

affict the carcinogenic, teratogenic, or geneitc effects of low-level 

rau iation. 
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WHAT ARE THE UNCERTAINTIES IN Ti'F DOSE-RESPONSE RELATIONSHIPS FOR 

RELATION-INDUCED CANCER? 

In recent years, a general hypothesis for estimation of excess 

cancer risk in irradiated human populations, based on theoretical 

considerations, on extensive laboratory animal studies, and on limited 

epidemiological surveys, suggests various and complex dose-response 

relationships between radiation dose and observed cancer 

incidence [10-15]. Among the most widely considered models for 

cancer-induction by radiation, based on the available information and 

consistent with both knowledge and theory, takes the complex Quadratic 
? ? 

form: 1(D) = (a Q + a.D + a.D )exp(-B,D-B2
n ), where I is the cancer 

incidence in the irradiated population at radiation dose D in rad, and 

a 0, a,, a ?, 6, and B ? are non-negative constants (Figure 1). 

This multicomponent dose-response curve contains (1) initial upward-

curving linear and quadratic functions of dose, which represent the 

process of cancer-induction by radiation; and (2) a modifying 

exponential function of dose, which is generally considered to repre

sent the competing effects of biochemical and molecular processes at 

the subcellular level, leading to cell-killing at high doses. n n is 

the ordinate intercept at 0 dose, and defines the natural- incidence of 

cancer in the population, a, is the initial slope of the curve at 0 

dose, and defines the linear component in the low-dose range. a? is 

the curvature near 0 dose, and defines the upward-curving quadratic 

function of dose. B, and B ? are the slopes of the downward-curving 

function in the high-dose range, and define the processes involved in 

the cell-killing function. 
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Ana lys i s o f a number o f dose- inc idence curves f o r c a n c e r - i n d u c t i o n 

in i r r a d i a t e d p o p u l a t i o n s , both in humans and in an imals , has demon

s t r a t e d t ha t f o r d i f f e r e n t r a d i a t i o n - i n d u c e d cancers only c e r t a i n of 

t he parameter va lues o f these c o n s t a r t s can be t h e o r e t i c a l l y determ

ined [ 1 ] . However, the e x t e n t o f the v a r i a t i o n s in the shapes of the 

dose-response curves de r i ved from the ep idem io log i ca l or exper imenta l 

data does not pe rm i t d i r e c t de te rm ina t i on o f any of these p rec ise 

parameter v a l u e s , or even of assuming t h e i r va lues , or o f assuming any 

f i x e d r e l a t i o n s h i p between two or more of these parameters. Fu r the r 

more, i n the case o f t he e p i d e m i o l o g i c a l surveys , t h i s complex general 

dose-response form cannot be u n i v e r s a l l y a p p l i e d . The re fo re , i t has 

become necessary t o s i m p l i f y the node! by reduc ing the number of para

meters which have the l eas t e f f e c t on the form of the dose-response 

r e l a t i o n s h i p i n the low-dose range . Such s impler models, w i t h 

i nc reas ing c o m p l e x i t y , i n c l u d e the l i n e a r , the pui e q u a d r a t i c , the 

q u a d r a t i c ( w i t h a l i n e a r t e r m ) , and f i n a l l y , the mult icomponent 

quad ra t i c fo rm w i t h a l i n e a r term and w i t h an pxponent ia l m o d i f i e r 

( f i g u r e ?.). 

Three l i m i t a t i o n s c o n s t r a i n p rec i se numer ical es t ima t i on of excess 

cancer r i s k s o f l o w - l e v e l r a d i a t i o n i n exposed human p o p u l a t i o n s . 

T i r s t , we lack an unders tand ing o f the fundamental nv^chanisms of 

c a n c e r - i n d u c t i o n by r a d i a t i o n . Second, the dose-response data from 

e p i d e m i o l o g i c a l surveys are h i g h l y u n c e r t a i n , p a r t i c u l a r l y at low 

l eve l s of dose. T h i r d , exper imenta l and t h e o r e t i c a l cons ide ra t i ons 

suggest t h a t va r i ous and d i f f e r e n t dose-response r e l a t i o n s h i p s may 
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exist for d i f fe ren t radiation-induced cancers in exposed human popula

t ions. Nevertheless, these l im i ta t ions do not re l ieve decision-makers 

of the respons ib i l i t y for guiding publ ic health pol icy based on appro

pr iate radiat ion protection standards. Accordingly, not only is i t 

essential that quant i ta t ive r isk estimation be calculd-ec", based on the 

available epidemiological and radiobio logical data, but in addi t ion, 

for any author i ta t ive committee repor t , such as for the current 

BEIR-III Report [ 1 ] , i t is equally essential that precise explanations 

and qua l i f i ca t ions of the assumptions, procedures, and l imi ta t ions 

involved in the calculat ion of such r isk estimates must be c lear ly 

provided. This has been done e x p l i c i t l y , but not without much discus

sion and disagreement among the Committee members, in the current 

BEIR-III Report [ 1 ] containing the estimates of excess cancer r i s k . 

In i t s f i na l analyses, the major i ty of the members of the BEIR Com

mittee preferred to emphasize that some experimental and human data, 

as well as theoret ical considerations, suggest that for exposure to 

low-LET rad ia t i on , such as X rays and gamma rays, at low doses, the 

l inear model probably leads to overestimates of r isk of most rad ia t ion-

induced cancers in man, but that the model can be u red to define the 

upper l im i ts of r i s k . S imi la r l y , a major i ty of the members of the 

Committee believed that the pure quadratic model may be used to define 

the lower l im i t s of r isk from low-dose, low-LET radiation.. The 

Committee generally agreed, that for exposure to high-LET rad ia t ion , 

such as neutrons and alpha p a r t i c l e s , l inear r isk estimates for low 

doses are less l i k e l y to overestimate the r isk and may, in fac t , 

underestimate the r i s k . 
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WHAT IS THE CONTROVERSY OVER LOW-LEVEL RADIATION? 

The e s t i m a t i o n o f the cancer r i s k o f exposure to l o w - l e v e l 

r a d i a t i o n i s sa id to be c louded by s c i e n t i f i c d i s p u t e . In p a r t i c u l a r , 

t he re appears t o be disagreement among some s c i e n t i s t s as t o the 

e f f e c t s o f very low l e v e l s o f r a d i a t i o n , even as low as our n a t u r a l 

r a d i a t i o n background. Some say t h i s was the c e n t r a l issue o f c o n t r o 

versy w i t h i n the B E I R - I I I Committee, which had been h i g h l i g h t e d i n 

s c i e n t i f i c p e r o d i c a l s , such as Nature and Sc ience, and in the news 

media, such as The _New York Times_. 

While t h e r e i s no p rec i se d e f i n i t i o n o f l o w - l e v e l exposure, many 

s c i e n t i s t s would g e n e r a l l y agree t n a t l o w - l e v e l r a d i a t i o n is tha t wh'Ch 

f a l l s w i t h i n the dose range cons idered p e r m i s s i b l e f o r occupat iona l 

exposure. Accord ing to accepted s tandards [ 1 6 ] , 5 rem per year to the 

whole body would be an a l l owab le rpper l i m i t o f l o w - l e v e l r a d i a t i o n 

dose f o r the i n d i v i d u a l r a d i a t i o n wo rke r . In t h i s c o n t e x t , and w i t h 

t h i s as the boundary c o n d i t i o n f o r occupa t i ona l exposure, then i t could 

very w e l l be concluded tha t most o f the es t ima ted delayed cancer cases 

which rr,;« be assoc ia ted w i t h a s o - c a l l e d h y p o t h e t i c a l nuclear reac to r 

a c c i d e n t , or even a f t e r long per iods o f occupa t i ona l exposure among 

r a d i a t i o n w o r k e r s , f o r example, are t h e r e f o r e cons idered by some 

s c i e n t i s t s t o !.° caused by exposures we l l below these a l l owab le occu

p a t i o n a l l i m i t s . Fur thermore , i f i t is assumed t h a t any e x t r a r a d i a 

t i o n above n a t u r a l background, however s m a l l , causes a d d i t i o n a l cancer, 

then i f m i l l i o n s o f people are exposed, some e x t r a cancers w i l l 

i n e v i t a b l y r e s u l t . Other s c i e n t i s t s s t r o n g l y d i spu te t h i s , and f i r m l y 
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believe that low-level rad ia t ion is.nowhere near as dangerous as the i r 

adversarial colleagues would contend. Central to th is d ispute, i t must 

be remembered that cancers induced by radiat ion are indist inguishable 

from those occurring na tu ra l l y ; hence, thei r existence can be inferred 

only on the basis of a s t a t i s t i c a l excess above the natural incidence. 

Since such health e f fec ts , i f any, are so rarely seen under low-level 

radiat ion because the exposures are so small, the issue of th is dispute 

may never be resolved—it may be beyond the a b i l i t i e s of science a < 

mathematics to decipher. 

I t is jus t th is type of controversy that was at the root of the 

d iv is ion among sc ien t i s ts w i th in the 1980 BEIR-III Committee [17 ,18 ] . 

There is l i t t l e doubt that the Committee's most d i f f i c u l t task was to 

estimate the carcinogenic r isk of low-dose, low-LET, whole-body 

rad iat ion. Here, to the disquiet of some of the members of the 

Committee, emphasis was placed almost en t i re ly on the l im i ted number 

of human epidemiological s tudies, since i t was f e l t by the major i ty of 

the members that l i t t l e information from laboratory animal and b io 

physical studies could be applied d i rec t l y tn man. Therefore, as tne 

earier 1972 BE1R-I Report [ 2 ] had done, some sc ient is ts o f - the 1980 

BEIR-III Committee considered i t necessary to adopt a l inear hypothesis 

of dose-response to estimate the cancer risk at very low-level rad ia

t ion exposure . ere no human epidemiological data are avai lab le . Here, 

i t is assumed Lhe same proport ional r isks are present at low levels as 

at high levels of r ad ia t i on . This posit ion implied that even very 

small doses of rad ia t ion are carcinogenic, a f inding that , for example, 
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could f o r c e the U.S. Envi ronmental P r o t e c t i o n Agency to adopt s t r i c t e r 

h e a l t h s tandards to p ro tec t aga ins t occupa t i ona l and general popu la t i on 

exposure. Other s c i e n t i s t s i n the Committee d i d not accept t h i s 

p o s i t i o n , and b e l i e v e d t h i s was an a l a r m i s t approach. When there is 

no human e p i d e m i o l o g i c a l evidence a t low doses o f low-LET r a d i a t i o n , 

these s c i e n t i s t s p r e f e r r e d to assume t h a t the r i s k s o f caus ing cancer 

are p r o p o r t i o n a l l y lower . 

Let us look at some of the p rob l i s . In i t s d e l i b e r a t i o n s , the 

BE1R-I I I Committee concluded two important, o b s e r v a t i o n s . (1) I t was 

not ye t poss i b l e to make p rec i se low-dose es t imates f o r cancer -

i n d u c t i o n by r a d i a t i o n because the l e v e l o f r i s k was so low tha t i t 

cou ld be observed d i r e c t l y in man. (2) There was great u n c e r t a i n t y as 

to the dose-response f u n c t i o n most a p p r o p r i a t e f o r e x t r a p c l a t i n g to the 

low-dose r e g i o n . In s tud ies o f exposed animal and human p o p u l a t i o n s , 

the shape o f the dose-response r e l a t i o n s h i p s f o r c a n c e r - i n d u c t i o n at 

low doses may be p r a c t i c a l l y imposs ib le to a s c e r t a i n s t a t i s t i c a l l y . 

This i s because the popu la t i on sample s i zes r e q u i r e d to es t ima te or 

t e s t a smal l abso lu te cancer excess are ex t remely l a r g e . S p e c i f i c a l l y , 

the r e q u i r e d sample s izes are app rox ima te l y i n v e r s e l y p r o p o r t i o n a l to 

r a o i a t i o n dose, and i f ] , 000 exposed and 1,000 c o n t r o l persons are 

requ i red i,i each group to t e s t t h i s cancer excess adequate ly a t 

100 r a d s , then about 100,000 i n each p o p u l a t i o n group are r equ i r ed at 

10 r a d s , and about 10,000,000 in each group are r e q u i r e d ' a t 1 r a d . 

Thus, i t appears tha t exper imenta l evidence and t h e o r e t i c a l cons ide ra 

t i o n s are much more l i k e l y than e m p i r i c a l e p i d e m i o l o g i c a l data to guide 
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the choice of a dose-response funct ion for cancer-induction. In th is 

delemma and af ter nuch disagreement among some of i t s members, the 

majority of the members of the 1980 BE1R-III Committee chose to adopt 

as a working model for low-dose, low-LET radiat ion and carcinogenesis 

the l inear quadratic ( i . e . , a quadratic funct ion with a l inear term in 

the low-dose region) dose-response form with an exponential term to 

account for the f requent ly observed turndown of the curve in the h igh-

dose region. However, in applying th is milticomponent model, only 

certain of i t s der iva t i ves , including the l inear , the l inear-quadrat ic , 

i . e . , the quadratic wi th l inear term, and the pure quadratic funct ions, 

could prove prac t ica l for purposes of estimation of cancer r isk 

(Figure 2) . For the f i na l repor t , in estimating the excess cancer r isk 

from low-dose low-LET rad ia t i on , a majori ty of the BEIR —111 Committee 

members preferred the l inear-quadrat ic dose-response model f e l t to be 

consistent with epidemiological and radiobiological data in preference 

to more extreme l inear or pure quadratic dose-response models. 

In the 1972 BEIR-I Report [ 2 ] the cancer r isk estimates for whole-

body radiation exposure were derived from l inear model average excess 

cancer r isk per rad observed at doses generally of a hundred or more 

rads. These r isk estimates were generally c r i t i c i zed on the grounds 

that the increment in cancer r isk per rad may well depend on rad ia t ion 

dose, and that the true cancer risk at low doses may therefore be lower 

or higher than the l inear model predicts [ 9 ] . In laboratory animal 

experiments, the dose-response curves for radiation-induced cancer can 

have a variety of shapes. As a general r u l e , for low-LET rad ia t ion , 
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the slope o f the curve inc reases w i t h i n c r e a s i n g dose. However, at 

h igh doses, the s lope o f t e n decreases and may even become n e g a t i v e . 

Dose-response curves may a lso va r y w i t h the k i n d of cancer , w i t h animal 

spec ies , and w i t h dose r a t e . On the bas is of the exper imenta l evidence 

and c u r r e n t m i c r o d o s i u i e t r i c t h e o r y , t h e r e f o r e , the c u r r e n t B E I R - H I 

Committee cou ld q u i t e reasonab ly adopt as the basis f o r i t s cons ide ra 

t i on of dose-response models the q u a d r a t i c f rom w i t h a l i nea r term in 

the low-dose r e g i o n , and w i t h an exponen t ia l terra f o r a nega t i ve s lope 

in the h igh-dose r e g i o n ( F i g u r e 1 ) . 

On the o the r hand, i n l a rge p a r t , the a v a i l a b l e human data from the 

large body o f e p i d e m i o l o g i c a l s t u d i e s f a i l to suggest any s p e c i f i c 

dose-response i r ode l , and are not s u f f i c i e n t l y r e l i a b l e to d i s c r i m i n a t e 

among a p r i o r i models suggested by the exper imenta l and t h e o r e t i c a l 

s t u d i e s . However, t he re appears , a t p resen t , to be c e r t a i n except ions 

from the human e x p e r i e r ^ e ( F i g u r e 3 ) . f o r example, cancer of the sk in 

i s not observed at low r a d i a t i o n doses [ 1 9 ] . Dose-response r e l a t i o n 

ships f o r the Nagasaki leukemia data appear to have p o s i t i v e c u r v a 

t u r e [ 2 0 ] . The inc idence o f b reas t cancer induced by r a d i a t i o n seems 

to be adequate ly descr ibed by a l i n e a r dose-response m o d e l ' [ 1 1 , 2 1 ] . 

In the Commit tee's a t tempts to apply d e r i v a t i v e s of the m u l t i -

component, l i n e a r - q u a d r a t i c dose-response model to the e p i d e m i o l o g i c a l 

da ta , s i m p l i f i c a t i o n was necessary t o ob ta in s t a t i s t i c a l l y s t a b l e r i s k 

est imates in many cases. C e r t a i n members of the BE IR—III Committee 

were p a s s i o n a t e l y d i v i d e d on t h i s ma t t e r ; some s t r o n g l y favored the 

l i nea r model , o the rs favo red the pure quadra t i c form [ 1 7 , 1 8 ] . A 
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f u r t h e r m o d i f i c a t i o n o f the l i n e a r - q u a d r a t i c fo rm was assumed w i t h the 

l i n e a r and q u a d r a t i c components t o be equ i va l en t a t some dose, which 

was c o n s i s t e n t w i t h the e p i d e m i o l o g i c a l data and the r a d i o b i o l o g i c a l 

ev idence, and avoided dependence on e i t h e r o f the two extreme 

forms [ 1 4 - 1 6 ] . 

WHAT ARE THE UNCERTAINTIES IN ESTIMATION OF THE CARCINOGENIC RISK IN 

HAN OF LOW-LEVEL RADIATION? 

The q u a n t i t a t i v e e s t i m a t i o n o f the ca rc inogen ic r i s k of low-dose , 

low-LET r a d i a t i o n i s s u b j e c t t o numerous u n c e r t a i n t i e s . The g rea tes t 

o f these concerns the shape o f the dose-response cu rve . Others inc lude 

the length o f the l a t e n t p e r i o d , the RBE f o 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 , the pe r i od du r i ng which 

the r a d i a t i o n r i s k i s exp ressed , the model used in p r o j e c t i n g r i s k 

beyond the pe r i od o f o b s e r v a t i o n , t he 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 i n f l u e n c e o f d i f f e r e n c e s i n the n a t u r a l 

inc idence o f s p e c i f i c types o f cancer . In a d d i t i o n , u n c e r t a i n t i e s are 

in t roduced by the b i o l o g i c a l r i s k c h a r a c t e r i s t i c s o f humans, f o r 

example, t he e f f e c t o f age a t i r r a d i a t i o n , t he i n f l u e n c e of. any d isease 

f o r which the r a d i a t i o n was g iven t h e r a p e u t i c a l l y , and the i n f l u e n c e 

o f length o f obse rva t i on or f o l l o w - u p o f the study p o p u l a t i o n s . The 

c o l l e c t i v e i n f l u e n c e o f these u n c e r t a i n t i e s i s such as to deny g rea t 

c r e d i b i l i t y t o any es t ima tes o f human cancer r i s k t h a t can be made f o r 

low-dose, iow-LET r a d i a t i o n . 
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WHAT ARE THE SOURCES OF EPIDEMIOLOGICAL DATA FOR THE ESTIMATION OF 

EXCESS CANCER RISK IN EXPOSED HUMAN POPULATIONS? 

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

e p i d e m i o l o g i c a l data on r a d i a t i o n - i n d u c e d cancer in man, ob ta ined frotr, 

a v a r i e t y o f sources f rom which c o r r o b o r a t i v e r i s k c o e f f i c i e n t s have 

been e s t i m a t e d , i nc lude the bone marrow, the t h y r o i d , the b r e a s t , and 

the lung . The data on bone and the d i g e s t i v e organs are, at b e s t , 

p r e l i m i n a r y , and do not approach the p r e c i s i o n of the o t h e r s . For 

several of these t i s sues and o rgans , r i s k est imates are ob ta ined from 

very d i f f e r e n t e p i d e m i o l o g i c a l su rveys , some fo l lowed fo r over 

?S yea rs , and w i t h adequate c o n t r o l groups. There is impress i ve 

agreement when one cons ide rs the lack o f p r e c i s i o n inherent in the 

s t a t i s t i c a l analyses of the c a s e - f i n d i n g , ;nd cohor t study popula t ior' , 

v a r i a b i l i t y i n ascer ta inment and c l i n i c a l per iods of o b s e r v a t i o n , c ;ie, 

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 dose l e v e l s , and c o n s t r a i n t ' 

on data f rom c o n t r o l g roups. 

By f a r , the most r e l i a b l e and c o n s i s t e n t ri«ta have br^n th rx r i.t 

the r i s k o f leukemia, which come from the .lapanese atomic ! omb 

s u r v i v o r s [ ? 0 ] , the a n k y l o s i n g s p o n d y l i t i s p a t i e n t s t i ra ted w i t h ;' ' a y 

therapy in fng land and Wales [ ? ? , ? 3 ] , the met ropath ia p a t i e n t s t r ea ted 

w i t h r ad io the rapy fo r benign u t e r i n e b leed ing [ ? 4 ] , the t inea c a p i t i s 

p a t i e n t s t r e a t e d w i t h r a d i a t i o n f o r r ingworm of the "-calp ^'/[,7't}, :'.d 

the e a r l y r a d i o l o g i s t s [ 3 S ] . There i s evidence of an aye dependent c 

dnd a dose -de pendence, a r e l a t i v e l y shor t l a ten t pe r iod of a n .a t t i r of 

a few y e a r s , and a r e l a t i v e l y s h o r t pe r i od of exp ress ion , some 10 

yea rs . This cancer is almost always f a t a l . 
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The epidemiological data on thyroid cancer are more complex. These 

surveys include the large series of children treated with radiation to 

the neck and mediastinum for enlarged thymus [27], children treated to 

the scalp for tinea capitis [25,26], and the Japanese atomic bomb 

survivors [20] and Marshall Islanders [28] exposed tc nuclear 

explosions. There is an age-dependence and a sex-dependence-children 

and females appear more sensitive. Although the induction rate is 

high, the latent period is relatively short, and it is probable that 

no increased risk, will be found in future follow up of these study 

populations. In addition, most tumors are either thyroid nodules, or 

benign or treatable tumors, and only about 5 percent of the radiation-

induced thyroid tumors are fatal . 

The epidemiological surveys on radiation-induced breast cancer in 

women [13,21] include primarily women with tuberculosis who received 

frequent fluoroscopic examinations for artificial pneumothorax [29], 

postpartum mastitis patients treated with radiotherapy [30], and the 

Japanese atomic bomb survivors in Hiroshima and Nagasaki [20]. There 

is an age-deper:ue:.ce and a dose-dependence, as well as a sex dependence, 

and the latent period is long, some 20 to 30 years. Perhaps about half 

of these neoplasms are fatal. 

A complex tissue as regards radiation dose involving parameters of 

the special physical and biological characteristics of the radiation 

quality, is the epithelial lining of the bronchus and lung. The 

epidemiological surveys include the Japanese atomic uuinb sui v ivo. s jyOJ, 

the uranium miners in the United States and Canada [31,32], and the 



23 

ankylosing spondyl i t is pat ients in England and Wales j . 2 ? , 2 3 ] . There 

i s some ev idence of an age-dependence from the Japanese exper ience , and 

a r e l a t i v e l y long l a t e n t p e r i o d . Th is cancer is almost always f a t a l . 

The r i s k of r a d i a t i o n - i n d u c e d bone sarcoma, based p r i m a r i l y on 

surveys o f the radium and thor ium p a t i e n t s who had rece ived the r a d i o 

a c t i v e substances f o r medical t r e a t m e n t , or ingested them in the course 

o f t h e i r occupa t ions [ 3 3 , 3 4 ] , i s low. For a l l o the r tumors a r i s i n g in 

var ious organs and t i s sues of the body, values are ex t remely cruue and 

est imates dre, at b e s t , p r e l i m i n a r y . 

There is now a la rge amount of e p i d e m i o l o g i c a l data from the 

var ious comprehensive surveys from a v a r i e t y of sources. These data 

i n d i c a t e tha t leukemia is now no longer the major cancer induced by 

r a d i a t i o n , and that s o l i d ca-.ccrs are exceeding the r e l a t i v e inc idence 

of r a d i a t i o n - i n d u c e d leukemia [ b ] . That i s , in view of the long l a t e n t 

pe r i od a f t e r some ?0 years or more f o l l o w i n g r a d i a t i o n o p o s u r e , the 

r i s k of excess s o l i d cancers is many t imes the r i s k of excess leukemia. 

But these r i s k est imates must remain very crude at the present t ime, 

s ince they do not take i n t o account any lack of p r e c i s i o n in c e r t a i n 

of the e p i d e m i o l o g i c a l s t u d i e s , p a r t i c u l a r l y d< regards r a d i a t i o n ciose 

d i s t r i b u t i o n , asce r ta inmen t , l a tency p e r i o d s , and other phys i ca l and 

b i o l o g i c a l | .urometers. l b - br IR [ 1 , ? ] , the Uf.SCl AR [ 4 , 5 ] and the 

1CRP [ 6 , 7 ] Reports have es t imated the r i s k from l o w - U T , whole body 

exposure in d i f f e r e n t ways arid based on the e p i d e m i o l o g i c a l surveys 

c a i e f u ' l y l o l l o p e d , w i t h adequate c o n t r o l study p o p u l a t i o n s , a crude 

f i g u r e of the t o t a l l i f e t i m e abso lu te r i s k of r a d i a t i o n induced cancer 
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deaths can be d e r i v e d . Th is es t ima te f o r low-LET r a d i a t i o n , d e l i v e r e d 

a t low doses, would be less than about 100 excess cases per m i l l i o n 

persons exposed per r a d . Bu t , t h i s f i g u r e cou ld very we l l be an over 

es t ima te o f the t r u e r i s k , and the ac tua l number o f excess cancer cases 

may be much lower [ 1 , 5 ] , A l though any such numer ica l es t ima te must be 

cons idered u n r e l i a b l e , i t does p rov ide a very rouc;h f i g u r e f o r compar

ison w i t h o the r es t imates o f avo i dab le r i s k ' ^ v i . i n t a r v ; ^ u ^ 

encountered i n everyday l i f e . 

WHAT ARE THE RISK ESTIMATES OF RADIATION-INDUCED CANCER IN MAN? 

The c h i e f sources o f e p i d e m i o l o g i c a l data c u r r e n t l y f o r r i s k 

e s t i m a t i o n o f r a d i a t i o n - i n d u c e d cancer in man are the Japanese atomic 

bomb s u r v i v o r s exposed to whole-body i r r a d i a t i o n i n Hiroshima and 

Nagasaki [ 2 0 ] , the p a t i e n t s w i t h anky l os i ng s p o n d y l i t i [ 2 2 , 2 3 ] and 

o the r p a t i e n t s who were exposeo to p a r t i a l body i r r a d i a t i o n t he rapeu t 

i c a l l y [ 2 5 - 2 7 , 2 9 ] , or t o d i a g n o s t i c x - rays and the va r ious occupa-

t i o n a l l y - e x p o s e d popu la t i ons [ 3 1 - 3 5 ] , such as uranium miners and radium 

J i a l p a i n t e r s . Most e p i d e m i o l o g i c a l data do not s y s t e m a t i c a l l y cover 

the range o f low to moderate r a d i a t i o n doses f o r which the Japanese 

atomic bomb s u r v i v o r data appear t o be f a i r l y r e l i a b l e . Ana lys is in 

terms of dose-response, t h e r e f o r e , n e c e s s a r i l y r e l y g r e a t l y on the 

Japanese d a t a . The s u b s t a n t i a l neu t ron component o f dose in Hiroshima 

and i t s c o r r e l a t i o n w i t h gamma dose l i m i t the va lue o f the more 

numerous Hi roshima data f o r the e s t i m a t i o n of cancer r i s k from low-LET 

r a d i a t i o n . The Nagasaki d a t a , f o r which the neu t ron component of dose 

is s m a l l , are less r e l i a b l e f o r doses below 100 r a d s . 
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The 1980 B E I R - I I I Report [ 1 ] chose three exposure s i t u a t i o n s f o r 

i l l u s t r a t i v e computa t ions o f t he l i f e t i m e cancer r i s k o f low-dose, 

luw-LET whole-body r a d i a t i o n : (1 ) a s i n g l e exposure o f r e p r e s e n t a t i v e 

( l i f e - t a b l e ) p o p u l a t i o n to 10 r a d s ; (2) a con t i nuous , l i f e t i m e exposure 

of a r e p r e s e n t a t i v e ( l i f e - t a b l e ) popu la t i on to 1 rad per yea r ; and 

(3) an exposure to 1 r a d per year over several age i n t e r v a l s exemp l i 

f y i n g c o n d i t i o n s o f o c c u p a t i o n a l exposure. These three exposure 

s i t u t a t i o n s were not chosen to r e f l e c t any c i rcumstances t h a t would 

normal ly o c c u r , bu t embrace the areas of c o n c e r n - g e n e r a l popu la t i on 

and occupa t i ona l exposure and s i n g l e and cont inuous exposure. These 

do?e l e v e l s were s u b s t a n t i a l l y d i f f e r e n t from the on ly exposure s t a 

t i o n chosen f o r t he i l l u s t r a t i v e computat ion by the 1972 BFIR-I 

Committee, where 100 mrem per year was the l eve l s e l e c t e d [ ? ] . Some 

members o f the c u r r e n t B t J R - I I J Committee s t r o n g l y f e l t that below 

these th ree dose l e v e l s , which were a r b i t r a r i l y chosen f o r the 1980 

Report [ 1 ] , the u n c e r t a i n t i e s o f e x t r a p o l a t i o n to very low dose leve ls 

w i re too g rea t t o j u s t i f y any a t tempt a t r i s k e s t i m a t i o n . Other 

members f e l t j u s t as s t r o n g l y t h a t r i s k est imates f o r cancer i nduc t i on 

by r a d i a t i o n cou ld be r e l i a b l y c a l c u l a t e d at dose l e v e l s o f 1 rad or 

even much l e s s . These d i f f e r e n c e s were never s a t i s t f a c t o r i l y s e t t l e d . 

The se lec ted annual l e v e l of ch ron i c exposure o f 1 rad per yea r , 

a l though on l y o n e - f i f t h the maximal pe rm iss ib le dose f o r occupat iona l 

exposure, is n e v e r t h e l e s s c o n s i s t e n t w i t h the occupa t iona l exposure 

exper ience in the nuc lea r i n d u s t r y . The U.S. 1969-1971 l i f e - t a b l e was 

used as the bas is f o r the c a l c u l a t i o n s . The express ion t ime was taken 
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as 25 years f o r leukemia and the rema in ing years o f l i f e f o r o the r 

cancers . Separate r i s k es t imates were made f o r cancer m o r t a l i t y and 

f o r cancer i n c i d e n c e . 

In the absence o f any increased r a d i a t i o n exposure, among one 

m i l l i o n persons o f l i f e - t a b l e age and sex compos i t ion in the Un i ted 

S t a t e s , about 164,000 persons would be expected to d ie from cancer , 

accord ing to present cancer m o r t a l i t y r a t e s . For a s i t u a t i o n in which 

t h e s e o n e m i l l i o n persons are exposed t o a s i n g l e dose increment of 10 

rads o f low-LET r a d i a t i o n , the l i n e a r - q u a d r a t i c dose-response model 

p r e d i c t s inc reases o f about 0.5 percen t and 1.4 percent over the normal 

e x p e c t a t i o n o f cancer m o r t a l i t y , a c c o r d i n g t o the p r o j e c t i o n model 

used. For con t inous l i f e t i m e exposure to 1 rad per yea r , the increase 

in cancer m o r t a l i t y , accord ing to the l i n e a r - q u a d r a t i c mode], ranges 

from about 3 pe rcen t t o 8 percent over t he normal e x p e c t a t i o n , depend

ing on the p r o j e c t i o n model (Table 1 ) . Table 2 compares the cancer 

r i s k f o l l o w i n g exposure to 10 r a d s , c a l c u l a t e d accord ing to th ree 

d i f f e r e n t dose-response models, v i z . , the l i n e a r - q u a d r a t i c , the l i n e a r , 

and the q u a d r a t i c . The upper and lower l i m i t s o f these cancer 

m o r t a l i t y r i s k es t ima tes suggest a ve ry wide range or envelope o f 

va lues which may d i f f e r by as much as an o rder o f magni tude, or more. 

The u n c e r t a i n t y de r i ves main ly f rom the dose-response models used, f rom 

t h e a l t e r n a t i v e abso lu te and r e l a t i v e p r o j e c t i o n n o d e l s , and from the 

sampl ing v a r i a t i o n in the source d a t a . The lowest r i s k es t ima tes—the 

lower bound o f the envelope—are ob ta ined f rom the pure quadra t i c 

mode l ; the h i g h e s t — t h e upper bound o f the envelope - f rom the l i n e a r 
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model; and the l i n e a r - q u a d r a t i c model provides es t imates i n te rmed ia te 

between these two ex t remes. 

Table 3 compares the 1980 BEIR-111 Report [ 1 ] cancer m o r t a l i t y r i s k 

es t imates with those of the 1972 BEIR-I Report [ 2 ] and the 1977 UNSCEAR 

Report [ 5 ] . To do t h i s , i t was most conven ient to express them as 

cancer deaths per m i l l i o n persons per rad o f cont inuous l i f e t i m e 

exposure. For cont inuous l i f e t i m e exposure to 1 r ad per y e a r , .he 

l i n e a r - q u a d r a t i c dose-response model f o r low-tET r a d i a t i o n y i e l d s r i s k 

es t imates c o n s i d e r a b l y below the comparable l i near -mode l est imates in 

the 1972 BEIR- I Report [ 2 ] ; t h e d i f f e r e n c e s ma in l y r e f l e c t changes in 

the assumptions made by the two BE1R Committees almost a decade a p a r t . 

The 1980 B E I R - I I I Committee p r e f e r r e d a l i n e a r - q u a d r a t i c r a t h e r than 

l i n e a r dose-response model f o r low-LET r a d i a t i o n , and d id not assume a 

f i x e d r e l a t i o n s h i p between the e f f e c t s o f h igh-LET and low-I.ET r a d i a 

t i o n (which was based on the Japanese atomic bomb s u r v i v o r s t u d i e s ) . 

Fur thermore , the 1980 B E I R - I I I Report [ I ] cancer r i ' 1 - es t imates .... n o t , 

as in the 1972 BEIR-I Report [ 2 ] , c a r r y through t o the end o f l i f e the 

very h igh r e l a t i v e - r i s k c o e f f i c i e n t s ob ta ined w i t h respect to ch i ldhood 

cancers induced in u t e r o by r a d i a t i o n . 

There is a good deal o f r e l u c t a n c e by some s c i e n t i s t s to in t roduce 

cance r - i nc idence data f o r purpo jes of r a d i a t i o n induced cancer r i s k 

e s t i m a t i o n . Cancer m o r t a l i t y data are cons idered fa r more r e l i a b l e 

than comparable inc idence d a t a , and thus , cancer inc idence r i s k e s t i 

mates are less f i r m than m o r t a l i t y e s t i m a t e s . However, the inc idence 

o f r a d i a t i o n - i n d u c e d cancer i s cons idered by many s c i e n t i s t s and by 
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decision-makers a l i k e , to provide a more complete expression of the 

to ta l social cost of radiation-induced cancer in man than does 

mor ta l i t y . The 1980 BE1R-II1 Committee chose to introduce cancer-

incidence data, fo r the f i r s t time in any repor t , for estimation of 

r i s k , and also applied a var ie ty of dose-response models and several 

data sources. For continuous l i fe t ime exposure low-LET, whole-body, 

to 1 rad per year, for example, and based on the l inear-quadrat ic 

model, the increased r isks expressed as percent of the normal incidence 

of cancer in mfles were about 2 percent to 6 percent, depending on the 

projection model. The various dose-response models produced estimates 

that d i f fered by more than an order of magnitude, whereas the d i f fe rent 

data sources gave broadly s imi lar resu l ts . Risks for females were 

substant ia l ly higher than those for males, "iue pr imar i ly to the 

re la t ive importance of radiation-induced breast and thyro id cancer. 

Estimates of excess cancer r isk for indiv idual organs and tissues 

depend in large part on part ial-body i r rad ia t i on and use a much wider 

variety of epidemiological data sources. Except for leukemia and bone 

cancer, estimates for indiv idual sites of cancer can be made only on 

the basis of the l inear model, and a l l r i sk coef f i c ien ts are estimated 

as the number of excess cancer cases per year per m i l l i on persons 

exposed per rad. For leukemia, the l inear-quadrat ic model yielded 

aboiit 1.0 to 1.4 excess leukemia cases, for ''"males and males, 

respect ively. For so l id cancers, linear-model estimates were, for 

example: fo r thyro id in males, about 2, and in females, about 6; for 

female breast, about 6; and for lung, about 4. These r isk coef f ic ients 
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derive largely from epidemiological data in which exposure was at high 

doses, and these values may, in some cases, overestimate risk at low 

doses. 

WHAT IS KNOWN ABOUT THE TERATOGENIC EFFECTS OF LOW-LEVEL RADIATION? 

Developing mammals, including man, are particularly sensitive to 

radiation during their intrauterine and early postnatal life. The 

developmental effects of radiation on the embryo and fetus are strongly 

related to the stage at which exposure occurs. Host information comes 

mainly from laboratory animal studies, but the human data are suf

ficient to indicate qualitative correspondence for developmentally 

equivalent stages [1,37-41]. 

Radiation during preimplantation stages probably produces no 

abnormalities in survivors, owing to the great developmental plasticity 

of very early mammalian embryos. Radiation at later stages may, how

ever, produce morphologic abnormalities, general or ljcal growth 

retardation, or functional impairments, if doses are sufficient. 

Obvious malformations are particularly associated with irradiation 

during the period of major organogenesis, which in man extends approx

imately from the second through the ninth week conception. More 

restricted morphologic and functional abnormalities and growth retard

ations dominate the spectrum of radiation effects produced during the 

fetal and early postnatal periods. Some of these effects can be 

apparent at birth, and others may show up later; and subtle functional 

damage cannot be adequately measured with available techniques. 
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Because the central nervous system is formed during a relatively long 

period in huma.. uevelopment, such abnormalities as microcephaly and 

mental retardation figure prominently among the list of radiation 

effects reported in man. 

In laboratory animals, developmental abnormalities (CNS injury and 

occyte killing) have been observed at doses below 10 rads [40]. The 

experimental data can be used with some -confidence to fill in gaps in 

the human experience, particularly with respect to extrapolations to 

low exposure levels, where it is very difficult to obtain direct 

evidence in human populations. Atomic-bomb data for Hiroshima show 

that the frequency of small head size was increased by acute air do^es 

in the range of 10-19 rads kerma (average fetal dose, gamma rays at 

5 rads plus neutrons at 0.4 rad) received during the sensitive period, 

and suggest that it was also increased in the 1-9 kerma range (average 

fetal dose, 1.3 rads gamma plus 0.1 rad neutrons). At Nagasaki, where 

almost the entire kerma was due to gamma rays, there was no increase 

in the frequency of small head size at air doses below 150 rads 

kerma [38]. 

Because a given gross malformation or functional impairment 

probably results from damage to more than a single target, the 

existence of a threshold radiation dose below which that effect is not 

observed may be predicted. There is evidence of such thresholds, but 

they vary widely, depending on the abnormality. Lowering of the dose 

rate dimenishes the damage. Furthermore, exposure protraction can 

reduce dose effectiveness by decreasing to below the threshold the 

portion of the dose received during a particular sensitive period. 
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WHAT IS KNOWN ABOUT THE GENETIC EFFECTS OF LOW-LEVEL RADIATION? 

Because radiation-induced transmitted genetic effects have not been 

demonstrated in man and because of the likelihood that adequate 

information will not soon be forthcoming, estimation of genetic risks 

must be based on laboratory animal data. This entails the uncertainty 

of extrapolation from the laboratory mouse to man. However, there is 

information on the nature of the basic lesions, which are believed to 

be similar in all organisms. Some of the uncertainties in the evalua

tion of somatic effects are absent in the estimation of genetic 

risk [1,42-45]. 

The genetic disorders that can result from radiation exposure are 

(1) those which depend on changes in individual genes (gene mutations 

or small deletions) and (2) those which depend on changes in chromo

somes, either in total number or in gene arrangement (chromosomal 

aberralions). Gene mutations are expected to have greater health con

sequences than chromosome aberrations. At low levels of exposure, the 

effects of radiation in producing either kind of genetic change is 

proportional to dose. Risk estimates are based either on experimental 

findings at the lowest doses and dose rates for which reliable data 

have been obtained or on adjustment of the observed data obtained at 

high doses and dose rates by a o'ose-rate reduction factor. For low 

iiuses and dose rates, a linear extrapolation from fractionated dose 

and low-dose-rate laboratory mouse data continues to constitute the 

basis for estimating genetic risk to the general population [1,2]. 

Genetic-risk estimates are expressed as effects per generation per 
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rem, with appropriate corrections for special situations, such as 

exposures of small groups to high-LET radiation. 

Two methods may be used to estimate the incidence of disorders 

caused by gene mutations [1]. One method estimates the incidence 

expected after the continuous exposure of the population over a large 

number of generations. The other method estimates the incidence of 

disorders expected in a single generation after the exposure of the 

parents. By the first method, it is estimated that about 1-6 percent 

of all spontaneous mutations that occur in humans is due to background 

radiation. A small increase in radiation exposure above background 

leads to a correspondingly small relative increase in the rate of 

mutation. The numerical relationship of rates of induced and spon

taneous mutation is relative-mutation-risk factor, that is, the ratio 

of the rate of mutations induced per I em to the spontaneous rate. The 

reciprocal of the relative-mutation-risk factor is the "doubling 

dose," or the amount of radiation required to produce as many 

mutations as are already occurring spontaneously. The estimated 

relative mutation risk for humans is 0.02-0.004 per rem (or a doubling 

dose of 50-250 rem). After many generations of increased exposure to 

radiation, it is expected that human hereditary disorders that arc 

maintained in the population by recurrent gene mutation would show a 

similar increase in incidence. 

Table 4 lists the current 1980 BEIR-III Report [1] risk estimates 

of the potential genetic effects of an average population exposure of 

1 rem per 30-year generation. In the first generation, it is estimated 
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that 1 rem of parental exposure throughout the general population will 

result in an increase of 5-75 additional serious genetic disorders per 

million liveborn offspring. Such an exposure of 1 rem received in each 

generation is estimated to genetic disorders per million liveborn off

spring. Such an exposure of 1 rem received in each generation is 

estimated to result, at genetic equilibrium, in an increase of 60-1,100 

serious genetic disorders per million liveborn offspring. The ranges 

of the risk estimates emphasize the limitations of current understand

ing of genetic efi'ects of radiation on human populations. Within this 

range of uncertainty, however, the risk is nevertheless small in 

relation to current estimates of the incidence of serious human 

disorders of genetic origin -roughly 11 percent of liveborn offspring, 

that is, approximately 107,000 cases per million liveborn. 

Genetic risk estimates are based on induced disorders judged to 

cause serious genetic ill health at some time during life. So'ne 

disorders are obviously more important than others. In contrast with 

somatic effects, which occur only in the persons exposed, genetic 

disorders occur in descendants of exposed persons, and tan often be 

transmitted to many futur" generations. The major somatic risk 

estimates are concerned with induced cancers. Although many of these 

are fatal, some, such as most thyroid cancers, are curable, but entail 

the risk and costs of radical Care did disability. Soii.atic effects 

also include development a] Abnormalities of varied severity caused by 

fetal or embryonic exposure. ( o:;:por i sons of genetic and somatic 

effects must take into account ethical or socioeconomic judyments. It 

is extremely difficult to compare the socie'al impact of a cnncer with 

that of a serious genetic disorder [jj. 
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WHAT ARE THE IMPLICATIONS OF NUMERICAL RISK ESTIMATION AND DECISION

MAKING FOR RADIATION PROTECTION AND PUBLIC HEALTH POLICY? 

In its evaluation of the epidemiological surveys and the laboratory 

animal data, the national and international committees on radiation 

carefully review and assess the value of the available scientific 

evidence for estimating numerical risk coefficients for the health 

effects in human populations exposed to low-level radiation. Such 

devices require scientific judgment and assumptions based on the 

available data only, and necessarily and understandably lead to some 

disagreement not only outside the committee room, but among committee 

members, as well. But such disputes and disagreements center not on 

the scientific facts and not on the existing epidemiological or 

experimental data, but rather on the assumptions, interpretations, and 

analyses of the available facts and data. 

The present scientific evidence and the interpretation of available 

epidemiological data can draw some firm conclusions on which to base 

scientific public health policy for radiation protection standards. 

The setting of any permissible radiation level or guide for low-level 

exposure remains essentially an arbitrary procedure. Based on the 

radiation risk estimates derived, any lack of precision does not 

minimize either the need for setting responsible public health 

policies, nor the conclusion that such risks are extremely small when 

compared with those available of alternative options, and those 

normally accepted by society as the hazards of everyday life. When 

compared with the benefits that society has established as goals 

derived from the necessary activities of energy production and radical 
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care, it is apparent that society must establish appropriate standards 

and seek appropriate controlling procedures which continue to assure 

that its needs and services are being met with the lowest possible 

risks. 

In a third century of inquiry, embodying among the most extensive 

and comprehensive scientific efforts on the health effects of an 

environmental agent, much of the important information necessary for 

determination of radiation protection standards is now becoming avail

able to decision-makers for practical and responsible public health 

policy. It is now assumed that any exposure to radiation at low levels 

of dose carries some risk of deleterious health effects. However, hnw 

low this level may be, or the probability, or magnitude of the risk, 

at very low-levels of dose, still dre not known and may remain so. 

Radiation and the public health, when it involves the public health, 

becomes a broad societal problem and not solely a scientific one, and 

to be decided by society, most often by men and women of law and 

government. Our best scientific knowledge ana our best scientific 

advice are essential for the protection of the public health, for the 

effective application of new technologies in medicine and industry, and 

for guidance in the production of nuclear Energy. Unless man wishes 

to dispense with those activities which inevitably involve exposure to 

low-levels of ionizing radiations, he must recognize that some degree 

of risk to health, however small, exists. Ir the evaluation of r.uch 

risks from radiation, it is necessary to limit the radiation exposure 

to a level at which the risk is acceptable both to the individual and 
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to society. A pragmatic appraisal of how man wishes to continue to 

derive the benefits of health and happiness from such activities 

involving ionizing radiation, in times of everchanging conditions and 

public attitudes in our resource-limited society, is the task which 

lies before each expert advisory committee on the biological effects 

of ionizing radiation concerned with risk assessment and decision

making, now and in future years. 
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Table 1 . Est imated Excess M o r t a l i t y per M i l l i o n Persons from A l l Forms 
of Cancer, L i n e a r - Q u a d r a t i c Dose-Response Model f o r Low-LET 
R a d i a t i o n [ 1 ] 

Abso lu te -R i sk 
P r o j e c t i o n Model 

Re la t i ve -R i sk 
P r o j e c t i o n Model 

S ing le exposure^ to 10 r a d s ^ 
RbTmaT expecTa t fon 
Excess cases : number 

% of normal 

163,800 
766 

0.17 

163,800 
2,255 

1.1 

Continuous exposure t o 
1 r a d / y r , l i f e t i m e ^ 

Normal e x p e c t a t i o n 
Excess cases: number 

% of normal 

167,300 
1,751 

2.8 

167,300 
12,920 

7.7 
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Table 2. Estimated Excess Mortality per Million Persons from All Forms 
of Cancer, Single Exposure to 10 rads of Low I ET Radiation, 
by Dose-Response Model [1] 

Dose-Response Absolute-Risk Relative-Risk 
Model Projection Model Projection Mode2 

Luekemia Other 
And Bone Cancer 

Normal expectation 
of cancer deaths 163,800 163,800 

LQ-L LQ-L Excess deaths: number 766 2,255 
% of normal 0.47 1.4 

L-L L-L Excess deaths: number 1,671 5,014 
% of normal 1.0 3.1 

Q-L Q-L Excess deaths: number 95 276 
% of normal 0.058 0.17 



Table 3. Cc~pa'_ative Estimates of tne Lifetime fiis< of Cancer Mortal i ty Induced by Low-LET 
Radiation—Escess Deaths per Million, Average Value pe r Rad Dy Projection Model, 
Dose-Response Mooel, ana Type of Exposure [1] 

Source of Estimate 

Dose-
Response 
Models 

Single Exaousre to 
10 Rads 

Projection Model 

Absolute Relative 

Continuous Lifetime 
Exposure to 1 rad/yr 
Absolute Relative' 

BEIR, 1980- LQ-;., LQ-L 77 226 
1972 BEIR report factors Linear 117 621 
u.N'SCEAR 1977 i. i n e a r 

67 

115 

75-175 

182 

568 

a) For BEIR 1980 [1", tne first model is used fo- leu<emia, the second for other forms of cancer. 
The corresponding estimates wnen tne other models are usea (thereby providing an envelope of 
risk estimates) are: 

167 501 158 430 

Q - L , Q-l 10 28 

b) Tne values are average values per rad, and are not to be ta*en as estimates at only 1 rad 
of dose. 
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Table 4. Genetic Effects of an Average Population Exposure of ] rem 
per 30-Year Generation [1] 

Current Incidence Effect of 1 rem per Generation 
Type of Genetic in 1 Million Live- per Million Liveborn Offspring 

Disorder 3 born Offspring first Generation 0 Equilibrium^ 

Autosomal dominant 10,000 40-?00 
and X-linked 
Irregularly 5-65 
inherited 
Recessive 

Chromosomal 
aberrations 
(congenital 
malformations) 

90,000 ?0-900 

1,100 Very few Slowly 
increases 

6,000 Less than 10 Increases 
siightly 

a) Includes diseases that cause serious handicap at some time during 
1 ifetime 

b) Estimated directly from measured phenotypic damage or from observed 
cytogenetic effects 

c) Estimated by the relative-mutation-risk method 
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Dose-response model for 
radiation carcinogenesis 

Dose, D (rod) 

Fig. ] 
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