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ABSTRACT

The present review provides an understanding uf our current knuowledge of
the rarcinogenic effect of Jow-dose radiation in man, and surveys the epidemi-
ological studies of human populations exposed to nuclear explosions and medical
radiation. Discussion centers on the contributions of quantitative epidemi-
ology to present knowledage, the reliability of the dose-incidence data, and
those relevant epidemiological studies that provide the most useful information
for risk estimation of cancer-induction in man. Reference is made to dose-
incidence relationships from laboratory animal experiments where they may
obtain for problems and difficulties in extrapolation from data obtained at
high doses to low doses, and from animal data to the human situation. The
paper describes the methods ot application of such epidemiological uate for
estimation of excess risk of radiation-induced cancer in exposed human
populations, and discusses the strengths and limitations of epidemiolugy in

gui.ing radiation protection philosophy and public health policy.



INTRODUCTION

Cancer-induction is the most important late somatic health effect of low-
dose ionizing radiation (1), and as the dose of radiation increases above low
levels, the risk of cancer increases in exposed human populations. It is these
observations that have been central to public concern about the potential
health effects of Tow-level radiation, and to the task of estimating risks and
establishing standards for protection of the health of the public. Epidemi-
ological surveys on exposed human populations presently provide the scientific
basis for risk estimation, but the data are highly uncertain in regard to the
forms of the dose-response relationships for radiation-induced cancer, and this
is especially the case for low-level radiation. Therefore, it has been
necessary to estimate human cancer risk at low radiaticn doses primarily from
observations at relatively high doses in human populations exposed to nuclear
explosions and medical radiation. Since it is not known whether the cancer
incidence observed as such high dose levels alsc applies tc cancer-induction
at low dose levels, scientific disagreement can arise concer :ing the methous
to be used for estimating the carcinogenic risk from low-lev-1 radiation.

The present paper reviews the relevant epidemiological s rveys on radiation
carcinogenisis in human populations exposed to nuclear explo ions or meaical
radiation, describes the methods of application of such epideniological uata
for estimation of excess cancer risk in these exposed popula rons, and
discusses the strengths and limitations of epidemiology in g 1ding raaiation

protection philosophy and public poticy.



What Do We Know About Radiation Carcinogenesis ?

The somatic effects of concern at low doses and low dose rates are those
that may be induced by mutation in individual cells, singly or in small
numbers. The most important of ihese is considered tu be cancer induction.
Current knowledge of the carcinogenic effect of radiation in man has been
reviewed to two recent reports: the 1977 Report of the United Natinns
Scientific Committee on the Effects of Atomic Radiation, the 1977 UNSCEAR
Report, and the 1980 Report of the National Academy of Sciences Cummittee on
the Biological Effects of lonizing Radiations, the BEIR-III Report (1,2). The
epidemiolugical gata analyzed in these reports derive mainly trom the epigemi-
ological studies of the Japanese atomic bomb survivers in Hiroshima and
Nagasak i, from patients in England and Wales treated with X irradiation for
ankylosing spondylitis, and from several other groups of people irradiated from
external or internal sources, either for nedical reasons or trom occupational
exposure. Both reports emphasize that cancers of the breast, thyroid, hemo-
poietic tissues, iung, and bone can be induced by radiation. Uther cancers,
including cancers of the stomach, pancreas, pharynx, lymphatic cancer, and
perhaps all tissues of the body, may also be induced by radiation. Both
reports derive risk estimates in absolute and relative terms for low-dose,
Tow-LET* whole bb .y expos :e, and fur leukemia, breast cancer, thyroid cancer,
lung .ancer, and other cancers. These estimates derive from exposure and

cancer incidence data at high doses (most frequently greater than 5U rems)**

*  Linear energy transfer (abbr. LET) 15 the average amount of energy lost
per unit of particle spur-track Tength. Low-LET: radiation characteristic
of electrons, X rays and yamma rays. High LET: radiation characteristic
of protons, fast neutrons and alpha particles.

** rem is the unit of radiation dose equivalent = absorbed dose (in 1ads)
times qualily factor times distribution factor times any olher necessary
modifyiny factors.



and at high dose rates (most frequently greater than 50 rems per minute) (1,3).
There are no compelling scientific reasons to appy these values ot risk per rem
derived from high doses and high dose rates to the very low doses and low dose
rates of concern in human radiation protection. [n the absence of reliable
human data for calculating risk estimates at very low doses and low dose rates,
neither the UNSCEAR nor BEIR Committees felt contiuent to predict the
reliability of such extrapolation (1-4).

Certain general principles of radiation carcinogenesis have now energed
based on the relatively large number of epidemiological surveys studied.
Firstly, the younger the exposed individual, froin in utero exposure through
adult 1ife, the higher is the risk per rem for induction of most tumors.
Secondly. the incidence of leukenia in exposed populations rises above normal
within 3 to 5 years of exposure, and declines within 14 to 20 years, but
persists for 25 years or more afler exposure. 1The elevated induction rate for
solid tumors becoines apparent after a Tatent period of 10 to 15 years following
exposure in adults, and then persists for an unknown period, in some cancers
for over 30 to 35 years. Few irradiated populations have, as yet, been studied
for more than 30 years. Thirdly, whereas initicily leukemia was considered the
most sensitive index of radiation carcinogenesis in man, the excess of solid
tumors in irradiaied populations now exceeds that ot leukemias by a4 significant
factor (1)}. And lastly, comparison of epidemioingical data obtained from human
populations exposed to very different duse rates to ascertain whether there is
a reduction in risk per rem at low duse rates c¢an not, as yet, be reliably made
fer different types of neoplasms. In the case ot leukemia and for radiation-
induced breast cancer, the evidence suggests that there may be little or no

duse-rate effect. fractionation of the tulal dose given over several yrars



thus far yields excess leukemia and breast cancer risk estimates that are not
significantly uifferent trom those obtained from single-dose epidemioloyical

surveys (1,2).

What Can We Learn from Dose-Incidence Uata in Animals for Extrapolation tu Man ?

Benign and malignant tumors of almost any type or site may be induced by
irradiation in animals. Susceptability to radiation carcinogenesis varies
widely among cells, tissues, organs, and organisms, depending on the influences
of species differences, genetic composition, age, sex, physiological state, dnu
other constitutional and environmental factors. Although all ionizing
radiations are qualitatively similar in carcinogenic dctivity, they vary con-
siderably in carcinogenic effectiveness per rad,* depending on the dose and on
the cistribution of Lhe radiation in tine and space {l-v}.

The dose-incidence reiationship for cancer induction nas not been
characterized sufficiently over a wide range or radiation uoses, uose rates,
and LET to enable rick estimation at doses, say, below 25 rems. Wide varia-
tions cccur in the srapes of the dose-response curves for cencers of difierent
types and for cancers of the same type. The incidence of tumors to be expected
under determined exposure conditions cannot be predicted relicbiy Lo exira-
polation from gbservations in animals ar in man in oth - negplasms or athe
exposure conditions (1-7}).

In spite of the uncertainties in dose-incidence relationships tue
following important generalizations emerge from the extensive laboratory animal
data availabie. The incidence of cancer is increased by irradiation; Lhe dose-
response curve rises with dose up to a certain dose level, above which it may

reach a plateau and turn downward with fturther increase in wose. In the uose

* rad is the unil of avbsorbed dose of radiation = 10U crus/qg.



range over which the incidence increases with dose, low-LET radiations are
usually more effective at high doses and high dose rates than at low doses and
low dose rates. In the same dose range, high-LET radiations are usually more
effective low-LET radiations. For nigh-LET radiations, the effectiveness is
influenced Tess by dose and dose rate, and in some instances, protraction may
increase their effectiveness. The relative biological effectiveness* (RBE) of
high-LET radiations tends to increase with decreasing dose and dose rate
(1-10). Because of wide species differences in response in laboratory aniwals,
the cancer dose-incidence response for any species cannot provide a reliable
basis for direct guantitative visk estimates for cancer-induction in man.
Furthermore, variations in the shapes of dose-incidence curves for different
radiation-induced neoplasms 1in laboratory animals confounu extripolation from
one type of neoplasms to another, from any one set of exposure conditions to
another, or from any one animal species to another, and perticularly to man.

What Can We Learn from High Dose Data for Extrapolation to Low Doses?

Because of the aifficulty of obtaining reliable cancer-incidence dala in
laboré ory animals and in humans for low doses, for purposes of risk estimation
dose-response relationships observed at high doses nmust necessarily be extra-
polated into the low-dose region, where reliable human epidemiological data are
not avaiiable. It is impossible to ascertain the true shdpe ot the dose-effect
curve at low dose levels, and therefore the mechanism of radiation action in
the low-dose region {1). Consideration of the spatial and temporal distribu-
tion of ionizations suggests that at very low dose levels, the probability of

interaction of jonizing events is negligible. Here, the molecular and cellutar

* relalive biologital effectiveness (abbr. kL) is detfined as the ratio ot
the absorbed radiation dose of high-LET radiation which produces the same
biotuqgical effect as that due tu a4 gose nt low-LET rauialion,



response to radiation at very low doses must be linear with dose, irrespective
of the shape of the dose-response curve at higher doses. It is reasonable, as
well, that the dose-response reiationship for cancer-incidence at very low
doses will be linear, irrespective ot the complexily of Lhe carcinogenic
process.

Tne recent conclusion of the BEIR Committee {1l), anc¢ those ot the NCRP*
19,11), the ICRP** (12), and the UNSCEAR (2) Committees, is that it is
reasonable to assume for low-LET radiation a linear-quadratic dose-response
relationship for cancer-induction, with linearity predominating at the very tow
doses, and to assume linear extrapolation at very low doses tor the purpcse ot
human risk estimation, This leads to conservatism, that is, an overestimation
of risk. Such extrapolations depend on existiny epidemiological adta fram much
higher doses, which are the lowest doses that have been estimated and reliably
tested.

Because of these uncertainties and limitations in the epidemioloyica
studies, experimental animal studies myst provide essential information; how-
ever, numan risk estimation cannot be based airectly on laboratory animal cata.
Nevertheless, the evidence suggests that mechanisms of cancer induction in man
are simifar to those in laboratory animals. It foliows, therefore, that wnile
experimental animal data are nol quantitatively or directiy applicable to man,
dose-response reiationsnips in animal studies may he considerca for application

to human populations exposed to low-level radiation (5,7,9,13).

* Hational Council on Radiation Protection and Measurements (abbr. NCKP)

** International Commission on Radiological Protcclion {abbr. ICRP).



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 petween radiation dose
and observed cancer incidence (7,13-16). One of the wost widely considered
moaels for cancer-induction by radiation, based on tne avaitable intormation
and consistent with both knowledge and theory, takes thec complex guadratic
form: 1(D) = (ao + ulD + aZDZ)exn(—BlD—szDz), where [ is the
cancer incidence in the irradiated population at radiation dose D in rad, and
ags s G By and B, are non-negative constants (Fig. 1). This
multicomponent dose-response curve contains (1) initial upward-curving Tinear
and quadratic functions of dose, which represent the process of cancer-
induction by radiation; and (2) a modifying expunential function of dose, which
represents the competing effect of cell-killing at high doses. LRE the
ordinate intercet at O dose, and defines the natural incidence of cancer in the
poputation. ay is the initial slope of the curve at u duse, dnd gefines the
Tinear component in the low-duse range. ay is the curvature near U do.e, and
defines the upward-curving quadratic function of uose. by ana 5., are the
slapes of the downward-curving function in the high-uose range, and cetine the
cell-killing function. Anatysis of a runber ot vose-incCidence curves ftor
cancer-induction in irradiated pcpulaticns, both in humans and in animals, has
demonstrrated that tor qifterent radiation-induceu cancers only certain of the
parameter values of these constants can be theoretically determined. There-
fore, it has become necessary to simplify the medel Ly reduting the nunber of
parameters and eliminating these which would have the least effect on the form

of the uose-response relationship in the duse range of Tow-level ragiation.

Such simpler models, with increasing complexity, include the linear, the pure



quadratic, the quadratic {quadratic function with a lirear term in the low-dose
region), and finally, the multi-componeril guadratic form with a linear term
and with an exponential modifier (1,3,7,9,13-15) (Fig. 2).

What Have We Learned from the Epidemiological Studies of Human Populations?

Nuclear Explosions

The most valuable human data .wvailable for evaluation ot the late effects
of radiation come from the studies of the Atomic Bomb Casualty Commission, now
in the Radiation Effects Research Foundation,* on the Japnese A-bomb survivors
in Hiroshima and Nagasaki (17). The continuing evalation of this population
provides the most comprehensive assessment of risk estimates for the caruvino-
genic effect of radiation. The study population is the largest of any epidemi-
ological survey (over 100,000 persons), and these persons were irradiated for
other than medical reasons. The A-bomb survivors were exposed at <1l dages and
the raciation doses ranged from a few rads tc near-letnal ievels.

What are the important gquestions concerning the mortalily experiencs of the
atomic bomb survivors? Is radiation carcinogenesis the only important late
effect from the standpoint of mortality? [Is the carcinogenic etfect a general
one, affecting all tissues and histologic types? Avc Lhere reliable city
differences from which relative biological effectiveness eslimales an be made?
Are Nagasaki data numerous enough Lo permit any ciose eruminatiun ot the
functional form of the gamma dose-response curve for specific cancers? (an
further insight be yained into the roie of age 1i. 1945 ot the Liwe or tie bomb

upon the carcinogenic effect of jonizing radiation?

*  Radiation Effects Research Foundation (abbr. RERE). Lapanese Founaation
chartered by the Japanese Welfare Ministry under an agreement belween the
United States and Japa .



These studies are attempting to answer the important questions with direct
bearing un estimation of the cancer risk in human pooulations exposea to low-
dose levels. The magnitude of risk of induction of all types of solid tumors
in relation to dose and time since exposure reguire careful evaiuation., The
excess risk of Teukemia following irradiation increased with dose; after high
doses it was evident within 3 to 4 years after racviaetion and declined within
15 years, but persisted for 25 yeurs or more after exposure (17-19). At
nresznt, there continues to be a large increase in the radigtion-induced cancer
death rate during the 10-year period 19635 to 1974, up to 30 years after
exposure. This increase is in solid tumor induction; b re is presencly no
indication of a return to normal Tevels of the mortality vates from these
cancers. Other types of cancer are ocCcurrinyg in cxfel, 1 the surviving
irradiated population, due mainly to extremwely long latenl periods after
exposur: before these solid lunors are detected. Recertly, certain lancers
not previously thought to be radiation-induced are appearing in excess in the
irradiated population. And tinally, the method of raoiation action--whether
to multiply or to add ta spontaneous levels ot the cancer death rate--1s
essenlial information tor projecting the Tong—rera tarctaugente efrects In
persons irradiated as children or young adults.

Present cancer risk estimales predictec to occur a8 a resalt of low-dose
exposure of human populations to radiation rely on assumptions about these
important questions anc on assuniptions on the methou of extrapoletion trom
human data obtained 4t high doses to low doses. AL tne present time, estimatec
excess cancer rates are derived trom observaticis on Japanese A-bumb survivors
of Hiroshima and Nagasaki averaged over the period 1960 to 1974, The excess
cancer death rate of these survivors could rise, remain Lhe sane, or decrease

during the coming years. For leukemia induction in the Nagasaki survivors, the
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Life zpan Study* (LSS) death certiticate data appear concistent with a
quadratic dose-incidence relationship (Fig. 3). The shape of the Nagasaki
curve is consider=d a strong determinant of the value for the RBE for neutrons
derived from the Hiroshima (neutron-rich) and Nagasaki (neutron-deficient)
exnosure {17,19).

The leukemia dose-response curves in the LSS sample and the Leukemia
Registry in the two cities are compared in Fig. 3 (17}. An apparent
curvilinear relationship in the low-dose region results from the sparsity of
levckemia cases in the Nagasaki LSS sample below 100 rads kerma; this relation-
ship is much Tess marked when all the Kegistry cases are used. The Jeukemia
incidence in the Nagasaxi LSS sampie is less than in the Hiroshima survivors
at all doses except in the 0-9 rads group. This increased incidence in tne
Hiroshima survivors implies a greater RBE for neutrons for leukemia-induction
than gamma rays, and the neutron RBE is greater than one. The curvilinearity
in the Nagasaki sample indicates that the neutron RBE increases as the dnse
diminishes (18,19). This is believed Lo ve aue to yreater repair capacity of
effects of low dose, low-LET gamma radiation, rather than increased damage per
ur it of high-LET neutron radiation (38).

Another population that received irradiation as a result of a nurlear
explosion was the marshall Islanders, who were exposed to rallout trom an
H-bomb test explosion in 1,34 (20). In this population, the main health
effects came from short-lived fission iodine radioisotopes; Lhis ias
contributed to our knowledge of risk estimates for thyroid cancer following

irradiation. Houwever, the data on the arshallese are difficult to analyze,

* Life Span Study (abbr. LSS) of the Japanese atomic-bomb survivors; sample
consists of 109,C00 persons, of whom 82,000 were ~xposed to the bombs,
mostly at low doses.
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primarily because their radiation exposures were to a mixture of high dose
rate external and internal gamma photons, as well as to beta radiation.

Medical Radiation Exposures

The initial reports of Stewart and her colleagues (2]) described an excess
of leukemia and all other cancers among children irradiated in utero when their
mothers received diagnostic pelvic X-irradiation uuring the pregnancy. The two
largest studies (22,23) indicated that diagnostic pelvic X-ray examinations
during pregnancy resulted in an increase of approximately 5C percent in cancer
mortality among the children during the first 10 years of life. Becausz the
duses involved an average dose of about 1 rad io the fetus, Lhese Surveys are
extremely important to radiation protection of the general population. How-
ever, failure to confirm these results in the children of the Japanese w. &n
who were exposed to atom-bomb radiation in Hiroshima and Nagasaki, and the
inability to reproduce the result in laboratory animals, has lea tv the
questioning of whether radiation alone is the etiologic agent in the human
surveys (38).

Several other human populatiouns exposed tc uragnostic X-rays have veen
studied. Multiple diagnostic exposure to adult males appears to be associateu
with the increased risk of deveioping leukemia (23). The risk estimatzs tor
Jeukemia-induction from this study are similar to those obtained from date at
high uoses of radiation.

Studies that increase che precision of risk estimales for induction ot
breast cancer are those of a follow-up of pulmonary tuberculousis patients for
whom the treatment of cihoice prior to 1950 was artticial pneumothorax, which
was associated with repeated fluoroscopic exp.sures. The initial surveys of
female patients ireatec in a Hova Scotia sanaturium between 1940 and 194y

(#8,25) indicated that despite the uncertainty of the radjalion dose estimates
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and the extreme fractionation of the total dose, the risk per rad for breast
cancer-induction is large and very similar to single-exposure studies, in whicn
high doses were absorbed by the breast tissue (17). These cata appear con-
sistent with a linear dose-incidence relationship (16) (Fig. a).

Important information has been obtained from persons who have been
irradiated either externally or by internal emitters for therapeutic reasons.
Court-Brown and Doll (26) analyzed the data on Jeukemia and all other cancers
in over 14,000 patients with ansylosing sporndylitis who received external
irradiation from 1935 to 1950 in the United Kingdom. The leukemia data in
these patients are in reasonably good agreement with those from the Japanese
A-bomb survivors. Another study of patients irradiated for ankylsoing
spondylitis and other diseases is that of Spiess and Mays (2/,28); nere, the
patients received intravenous injections of the bone-seeking alpha-emitter
radium-224. The evidence indicates that the younger patients are slightly nore
susceptivle to the induction of bone sarcomas for egual! protraction periods
anu that the data are consistent with a quadratic dose-incidence relationship.

Irradiation for medical reasons olten introduces uncertainties into the
interpretation of cata from patients, particiularly the potential inflience of
the disease for which the patients were treated. Furthermore, analysis of the
dose-incidence relationsnips for carcinogenesis by internal emitlers is
complicated by several ‘ surces of uncertainty relating to variations in the
spatial and temporal distribution of the dose, whicth are, in turn, dependent
on the uptake, disposition, metabolism, and elimination of the radionuclide
(1-8,29). In most patients, the initial dose, couse rate, and patterns or
»adionuclide excretion are unknown. Furthermore, the radioactivity in these
ingiviauals may be deposiled nonuniformly in bone, and concentrated in hol

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

surrounding bone (29}).
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Occupational Exposures

Valuable epidemiological surveys exist on populations of workers exposed
as a result of their occupations; these inciude, for example, uranium and
fluorspar miners, raciologists, radium-dial painters, and workers in the
processing of plutonium (1-4). Some of these groups have been followea for
many years. lImportant ata are available in spite of the complexities of
long-term epidemiological studies, such as mobility of populations, non-
uniformity of occupational histories, and inadequacy of dgosimetry. These
studies will be discussed at length by my colleagues in this symposium.

High Natural Background Areas

There are populations exposed to lifetime doses ut very high natural
backgiround radiation; two are those living in the monazite sands regions of
Brazil and India, where they have resided for many generations. Attempts to
obtain reliable epidemiological data from these populations have failed due
primarily to the complications of coliecting human epidemiological cata anu
further confounded by local cultural, religious, and pclitical practices.

Natural background radiation may vary from one geographic region to the
next (1). Attempts to correlate background dose with human epideniological
data are confounded by errors and Jack of unitormity ir the uosimetric
estimates of radiation levels, and by varying quality of vital statistics
information among the various communities, states, regions, and countries {l-4).
The sources of bias introduced by these factors have thus far been greater
than differences that are likely to be of any value.

What Are the Sources of Epidemiological Data for the Estimation of Excess

Cancer Risk in Exposed Human Populations?

The tissues and organs about which we have the most reliable

epidemiological data on radiativn-inducea cancer in inan, obtained from a
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variety oi sources from which corroborative risk coefficients have bheen
estimated, include the bone marrow, the thyruid, the breast, and the lung
(1,2). The data on bone anag the digestive organs are, at best, preliminary,
and do not approach tne precision of tne others. For several of these tissues
ard organs, risk estimates are obtained from very different epidemiological
surveys, some tollowed for over 30 years, and wilh adequate control groups.
There is good agreement when one considers the lack of precision inherent in
the statistical analyses of the case-finding and cohort study populations,
variability in ascertainment and clinical periods of observation, age, sex ana
racial structure, and different radiation dose levels, and constraints on data
from control groups.

The most reliable data have been those of the risk ot leukemia, which cone
from the Japanese atomic bomb survivors (17,18,38), the ankylosing sondylitis
patients treated with x-ray therapy in Etngland and wales (26}, the metropathia
patients treated with radiotherapy for benign uterine bleeding (30), the tinea
capitis patients treated with radiaticn for ringwori. of the scalp (31), 4nu
the early radiologists (32,33). There is evidence of an age-dependence and a
dose-dependence, a relatively short latent period of a watter of a tew years,
and a relatively short pericd of expression, some 10 years, This cancer is
uniformly fatat.

The uvata on thyroid cancer are more complex. These surveys include the
large series of children treated with radiation to the neck and mediastinum for
enlargea thymus (34), children treated to thie saclp for Linea capilis (31), and
the Japanese atomic bomb survivors (17) and Marshall Islanders {20) exposed to
nuclear explosions. Here, Llnere is an aye-dependence and sex-uependence-—-
children and females appear more sensitive. Although the induction rate is

high, the latent period is relatively shorl, and it is probablc liat no
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increased risk will be found in future follow-up of these study populations.
In addition, most lumors are either thyrvid nodules or benign or treatabie
tumors, and only a few are fatal.

Much information has becowne available on radiation-induced breast cancer
in women (35,39). The surveys include primarily women with tubercrulnsis who
received requent fluoroscopic examinations for artificial pneumothorax (25),
postpartum mastitis patients treated with radjotherapy (36), and the Japanese
atomic bomb survivors in Hiroshima and Nagasaki (17). Here, "here 1s an
age-dependence and dose-dependence, as well ds a sex-dependen 2. The latent
period is long, some 20 to 30 years. Perhaps abuut half ot these necoplasms
are fatal.

Another relatively sensitive tissue, and a complex une as r 2gards raviation
dose involving parameters of the speciai physical anc¢ biologica. character-
jstics of the radiation guality, is the epithelial tissue of the bronchus and
Tung. These surveys include tne Japanese atomic-bomb survivors (17), the
uranium miners in the United States and Canada (37), and the ankylosing
spondylitis patients in England and Wales (26). There is some evidence of
age-dependence from the Japanese experience, and a relatively long latent
period. This cancer 1s uniformly fatal.

The risk of radiation-induced bone sarcoma, based primarily on surveys of
the radijum and thoriun patients who had received the radioactive substances for
medical treatment, or persons who ingested tnese materials in thie course of
their occupationz (28), is Jow. For all other tumors arising in various organs

d tissues of the vody, values are extremely crude and vstimates are, at best,
preliminary.

What Can We Conclude?

0f various somatic effects that might pe » duced by ienzing radiatior at

lTow levels of dose and dose rate, cancer-induclion is presently considerea to
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be the most important potential hazard to health in exposed human populations.
Studies of irradiated human populations indicate a uwose-dependent increase in
the incidence of most types of cancer. The dose-response relationships for
these cancers are consistent witn a range of linear, linear-quadratic, and
quadratic relationships between cancer incidence and dose. The data on the
influence cf dose rate in man are limited and at present fail Lo indicate a
reduction of risk per rad with decreasing dose rate. The available dose-
incidence data suggest an age-dependency and « sex-dependency; the overall
susceptibility appears higher in children than *n adults.

A11 tissues of the body are susceptible to cancer-induction by radiation.
The epidemiclogical data are inadeguate to define the :dose-response relation-
ships at doses below 25 to 50 rems. Uata tor high-LET radiation are oniy
fragmentary; these suggest a hign RBE with littie change in effectiveness per
rad with decreasing and dose rate. Date tor low-LET raoiation, on the ouwner
nand, senerally show a decrease in the effectiveness per rad with decreasing
dose :znd ause rate.

fumerical estimation of the risk of radiation-inauced cancer in man st
necessarily be based primarily on human dose-incidence data. However, risk
estimation ¢t very low doses and low dose rates dai present must also
necessarily depend on extrapolation from uvbservation at higher doses and
higher dose rates, based on assumptions about the dose-innicence relationships
and the mechanisms of carcinogenesis. Improvements in our knowledge of the
carcinogenic effectiveness of ionizing radiation will uepend . elucidation
of mechanisms of carcinogenesis, especially at the very earliest stages of
malignant transformalion, and on the provision ot empirical dose-incidence
data for low doses hoth in human populations and in laboratory animals

experiments, insofar as tnis is possitile.
p
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And finally, we must conclude that the estimation of the carcinogenic risk
of low-dose, low-LET radiation is subject to numerous uncertainties. The
greatest of these concerns is the shape of the dose-response curve. Others
include the length of the latent period, the RBE for fast neutrons anc alpha
radiation relative to gamma and x-radiation, and the period during which the
radiation risk is expressed, the model used in projecting risk beyona the
period of observation, the effect of dose rate or dose fractionation, and the
influence of differences in the natural incidence of specific types at cancer.
In addition, uncertainties are introduced by the biological risk character-
istics of humans, for example, the effect of age at irraciation, the influence
of any disease for which the radiation was given therapeutically, and the
influence of length of observation or follow-up of the study populations. The
collective influence of these uncertainties is such as to deny great
credibility to any estimates of numan cancer risk that can be made ior
low-dose, low-LET radiation. Nevertheless, despite all the uncertainties [
have chosen to discuss, there is greater knowledge of the risks of radiation
than of any other potentially hazardous physical or chemical agent in the

environment,
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FIGURE LEGENDS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Genural dese-rusponse .ode! for adiation car cinugeliens is Lased on
radiobiological experiments and epidemiological studies. I, cancer
incidence; U, radiation duse; ays spontaneous incidence of cdancer
in the population; aps gy By, By AVe positive coefficients.

Shapes of various dose-r :sponse relationships of radiation-induced
cancer in mammalian vadiobiology and in epidemiological surveys.
These are derived from the general dose-respcnse model, and include
the linear, the linear-quaoratic, and the pure quadratic
dose-response curves.

Left: kelative risk of radiation-inauced Jevkemio in Jupanese
atomic bomb survivors in Hiroshima plotted against T65 dose (perma)
(17). Comparison of the Life Span Study (L5S) aeath certiticate
data {solid line) and the total Leukemia Registry (dJash line) data.
The hiroshima atomic bomb containea a relatively larye fraction

(approximately 19 percent) of neutrons.

Right: Relationship ot radiation-induced leukenia in Japanese

atomic-bomb survivors in MNagasaki plotted against T6% dose (kerma)
(17). Comparison of Lne LSS death certificate uwata (sulid line) aud
the total Leukemia Registry data (dash line). The Nagasaki atomic
bonity contained a relatively smali fraction {approxivately 1 percent)
of neutrons.

Incidence of excess bressl cancer in irradiatea women plucted against

radiation dose. Upper Le"t: Japsnese atomic houb survivors. Upper

Right: women fluoroscoped in Mussachuselis tuhercalosis sanatorium,
Lower Left: post-partum mastititis patienls. lower Righl: women
fluoroscoped in Hove Scotia tuverculosis sanaioriun.  The (xess

incidence is expressed in terms ot women-years (WY) at risk.
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SHAPES OF DOSE RESPONSE CURVES

@
D)= g5+ 9D 2 iD= agd a,D?
linear ; quadrotic
15
£
Dose, D (rod} Dose, D {rad)
2
D)= ag+a;D +a,D
linear-quodratic linear -quodrotic cell killing
—, ottenuates [
@
o
(=
@
Al
S
S

1D)= (ep+ a,o+aZDZ)e('BID‘ﬁzDZ)

Dose, D {rad}

ipuve

Dose, D{rod)



risk

Relative

Hiroshima

27

g

Nagasaki

————LSS death certificate
————— Total registry

0 200

Figure 3

400 O

T65 Dose {rad)

xBLBIS-379!



Breast cancer/I0°WY

Breas* concer/ 10° WY

Atomic Jomb

Survivors 1950-1974 I
200
150
100}
S50
0 1 1 | 1 1 1
0 200 400 600
Dose (rad)
Mastitis
i (1.210) {850)
(BOO)I l I
600
400
200

ob_ 1 1 1y
0 200 400 600
Dose {rod)

400}
300
200

3000

T

20001

1000}~

Massochusetts 67
Fluorascopy { O)I
o 1 I B G
200 400 600
Dose (rod}

Ncvo Scotio

Fluuroscopy

S U R B
200 400

Number of flucroscopies

TRLAIS ATu?



Phis eport swas e stk support (roam the

Depaatiiont of Tocrgs Ay cond Laons o opin o

IRIINITC RTINS

NNTESN] S h these ol Thy
cathon st pey eccssaris 1o ap 3 e Regents
b sy o1 Caliboes

the Taarency Herhdiey
Foahararors o e Dopaeetent o Foaera

Retcrenod o cor pany on deadue maine does
GUlOHDP  appnng el fecene

ERRTRIET
product by the Lnvers s af vantores oo tee |
Irpastmont o Lo

the
N

ot e e Lo b ethe s il
av he shahe



IrA
AHOLVHD
LN LAV





