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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
popuiations exposed to low-level }adiation. To do this, 1 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
Eiological Effects of Jonizing Radiation of the National Academy of
Sciences-National Research Council (the 1980 BEIR-111 Report). 1 shall
try to explain how certain of the areas addressed by the present BEIR
Committeel have aitempted to deal with the scientific basis for
estabiishing appropriate radialion protection quides, and what effect
this ..y have on evaluation of radiation risks and on decision making
for the regqulation of societal activities concerned with the health
effects in human populalions exposed to ‘ow-level radiation. What I
may consider important in these discussions, 1 speak cnly as an
individual, and in no way do 1 speak for the BLIR Cummittee, or for any
of its menbers, whose deliberations are now availalbz as a cumprehen-
sive report: "The Effects on Populations of Exposure to Low Levels of
lTonizing Radiation: 1980." [1] Tt would be difficult for me not to be
somewhat hiased in favor of the substance of the BEIR Reports [1-3],

since as an individual 1 have been sufficiently close

1 Committee on the Biological Lifects of Jonizing Radiation, National
Academny of Sciences National Research Council, Washington, D.C.,
USA



to the ongoing scientific deliberations of agreement and disagreement
as these have developed over the past 10 years.

1 think it would be best for me to review, very briefly, why we
have advisory committees on radiation, and why the BEIR Committee, and
jts current Report [1]}, may be somewhat different than the nthers. I
shad 1 discuss what we know and what we do not know about the health
effects of low-level radjation. Further, I shall comment on how the
risks of radiation-induced cancer and genetically-related 111-health
in man may be estimated, the sources of the scientific and epidemio-
logical data, and the dose-response models used, and the uncertainties
which limit precision of estimation of excess risks from radiation.
And finally, 1 should like to conjecture with you, cn what lessons we
have learned from the BEIR-III Committee experience, and especially on
what the implications might be of numerical risk estimation for

radiation protection and decision-making for public health policy.

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

For more than three—_fourths of a ¢ :ntury, scientific and medical
observations have led to responsible public awareness of the potential
health effects of ionizing radiations, initially from medical and
industrial exposure, then from nuclear weapons and weapons testing, and
now from the production of nuclear ene-gy. Such awareness has called
for experi scientific advice and guida ce for protection of the public
health. And, advisory committees on r diation of international and

national scientific composition have f r these many years met and



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-Tlevel radiation; and (3) to identify the sources and levels of
radiation which could cause harm, to assess their relative importance,
and to provide @ framework on how to reduc2 unnecessary radiation
exposure to human populations.

To a greater or lesser extent, each advisory committee on
radiation —such as the UNSCEAR,Z the ICRP,3 the NCRP,4 the NRPB,5 and
others in France, Canada, and elsewhere in turope and Japan, and the
BEIR Committee--have dealt with these matters. But significant differ-
ences occur in the scientific reports of lhese various bodies, and we
should expect differences to occur, because of the charge, the scope,
and the composition of each committee, and probably most important,

because of public attitudes existing at the

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

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

4 Nationa]SCoun(i1 on Radiation Protection and Units, Washington,
D.C., U.S.A.

5 national Radiological Protection Board, United Kingdum, Harwell,
Oxon, England.



time of the deliberations of that particular committee, and at the time
of the writing of that particular report. The BEIR Report [1] is
dicferent. However, the main difference is not so much from new
experimental or epidemiological daté or new interpretations of existing
data, but rather from a philosophical approach and appraisal of exist-
ing and future radiation protection resusting from an atmosphere of

constantly changing societal rcrnditions and public attitudes.

WHY 1S THE 1980 2FJR-111 REPORT [1] DIFFERENT?

The Report [1] of ihe Committee on the Biological Effects of
Ionizing Radiation is the record of the deliberations of an expert
scientific advisory committee of the National Academy of Sciences-
National Research Council, and deals with the scientific basis of the
health effects in human populations exposed to low levels of ionizing
radiation. ine 1980 Rzport [1] broadly encompasses iwo areas. (1) It
reviews the current scientific knowledye--epidemiological surveys and
laboratory animal experiments--relevant to radiation exposure of human
populations and to the delayed or late health effects of low-level
radiation. (2) It evaluates and analyzes these late health-effects—
both somatic and genetic effects--in relation to the risks to health
from exposure to low-level radiation. The Committee consisted of 22
members, se]ected'for their scientific expertise in areas.of bioloagy,
biophysics, biostatistics, epidemiology, genetics, mathematics,
medicine, physics, public health, and the radiclngical sciences. The

reports [1-3] of the BEIR Committee have, in the past, become valuable



texts for the scientific basis for development of appropriate and
practical radiation protection standards and for decision-making for
public health policy.

The 1972 BEIR-I Report [2] and the 1980 BEJR-I11 Report {1] may
differ from one or more of the other radiation advisory committee
reports of the UNSCEAR [4,5], the ICRP [6,7], the NCRP [8,9], and of
other national councils and commitiees, in a number of important ways.

First, the BEIR Reports [1-3] are fashioned and written as
readable, vusable scientific documents for those societal activities
concerned with radiation health. The conclusions, recommendations, and
detailed appendices are written in a straightforward scientific manner,
to be read and understood by scientists, by physicians, and government
decision—makers alike.

Second, the BEIR Committee [1-3] does not set radiation standards
or public health policy. The Committee's reports are presented, how-
ever, to be useful to those responsible for the evaluation of risks and
for decision-making concerning regulatory programs and public health
policy involving radiation. There is no intent to make the task any
easier or to set the di. ction for those decision-makers who must ron-
sider the sirengths and limitations of science and tcunnology, and the
relevant societal and economic coiditions, in the development and
¢xecution of such regulatory programs. 1In this regard, the BEIR
Reports [1-3] suggest that those responsible for setting radiation
prolection standards must take into account societal needs at that

time, 30 that such standards are established on leveis of radiation



exposure which are not necessarily absolutely safe, but rather those
which are considered to be appropriately safe for existing circum-
stanfes at the time to fulfill society's needs, particularly for
general population and occupational exposure from medical applications
and from nuclear energy.

Third, available epidemiological surveys and laboratory animal data
are reviewed and assessed for their value in estimating numerical risk
coefricients for the late health effects, and particularly cancer and
genetically-related i11-health, in human populations exposed to low-
level radiation. Therefore, the BEIR Reports [1,2] use a practival
format for decision-makers, namely, the numerical risk coefficients
estimated are presented in probabilistic terms, within most likely
upper and lower boundaries, derived solely {rom the scientific facts,
the epidemiological and experimental data, and the scientific
hypotheses and assumptions on which they are based.

And finally, the BEIR Reports [1-3] address the continued need to
assess and evaluate the benefits from those activities involving
radiation as well as the risks. In our resource-limited society, such
benefit-risk assessment is essential for societal decision-making for
establishing appropriate and acﬁievab]e radiation protection standards
based on evaluation of risk. Decisions can and must be made on the
value and costs of technological and societal programs for the reduc-
tion of risk by reducing the levels of radiation exposure. This would
include societal choices centered, as well, on alternative methods
involving nonradiation activities available through a comparison o“ the

costs to human health and to the environment [3,



WHAT ARE THE IMPORTANT BJOLOGICAL EFFECTS OF LOW-LEVEL RADIATION?
Here, I shall discuss primarily those delayed or late health
effects in humans following exposure to low-LET radiation, X-rays and
to gamma rays frem radioactive sources, and to a much lesser extent to

high-LET neutron and alpha radiations, since these are the ionizing
radiations most often encountered in the nuclear industry and in
medicine. Briefly, low-level radiation can affect the cells and
tissues of the body in three important ways. First, if the macro-
molecular lesion occurs in one or a fTew cells, such as those of the
blood -forming tissues, the irradiated cell can occasionally transform
into a cancer cell, and afier a period of time, there is an increased
risk of cancer developing in the exposed individual. This biological
effect is carcinoaenesis; and the health effect, cancer. Second, if
the embryo or fetus are exposed during gestation, injury can occur to
the proliferating and differentiating cells and tissues, leading to
abnormal growth. This biological effect is teratugenesis; and ihe
health effect, developmental abnormality in the newborn. Third, (f the
macremolecular lesion occurs in the reproductive cell of the testis or
the ovary, the hereditary genome of the germ cell can be altered, and
the injury can be expressed in the descendants of the exposed
individual. This bio:ogical effect is mulagenesis; and the health
cffect, genetically-related ill-heclth.

There arc a number of other important bioclegical «ffects of
ior.izing radiation, such as induction of catdracts in the Yens of the

eye, or impairment of fertility, but these fthree important late



effects—carcinogenesis, teratogenesis and mutagenesis--stand out as
those of greatest concern. This is because & considerable amount of
scientific information is known from epidemiological studies of exposed
human populations and from laboratory animal experiments. Furthermore,
we be]ievekthat any exposure to radiation, even at low levels of dose,
carries some risk of such deletericus effects. And, as the dose of
radiation increases above very low levels, the risk of these
deleterious health effects increases in exposed human populations. It
js these latter observations that have been central to the public
concern about the potential health effects of Jow-level radiation, and
to the task of estimating risks and of establishing stardards for
protection of the health of ¢xpased populations. Indeed, a1l reports
of expert advisory committees on radiation are in close agreement on

the broad and substantive issues of such health effects.

WHAT IS KNOWN ABOUT THE IMPORTANT HEALTH EFFECTS OF LOW-iEVEL
RADIATION?

A number of very important observations on the late healtih effects
of low-level radiation have now convincingly emerged, and about which
there is reasonably good general agreement. These observations are
based primarily on evaluatlion of epidemiclogical surveys of exposea
humen populations, on extensive research in laboratory animals, on
analysis of dose-response relationships of carcinogenic, teratogenic
and genetic effects, and on known mechanisms of cell and tissue injury

in vivo and in vitro.



First, cancer—induction is considered to be the most important late
somatic effect of Jow-dose ionizing radiatirn. Solid cancers arising
in the various organs and tissues of the body, such as the female
breast and the thyroid gland, rather than leukemia, are the principal
late effects in individuals exposed to radiation. The different
tissues appear to vary greatly in their relative susceptiblity to
cancer-induction by radiation. The mcst frequently occurring
radiation-induced cancers in man include, in decreasing order of
susceptibility: the female breast; the thyroid gland, especially in
young children and in femsles; the blood-forming tissues; the lung;
certain organs of the gastrointestinal tract; and the bones. There
are influences of age at the time of irradiation, and at the time of
expression of the discase, of sex, and of the radiation factors and
types -LET and RBE --affecting the cancer risk.

Second, the effects of growth and developmenl in the irradiated
embryo end fetus are related to the gestational stage at which exposure
occurs. It appears that a threshold level of radiation dose and uuse
raele ey exist below which gross terstogenic effects will not be
ot<irved.  However, these dose levels would vary greatly depending on
the particular developmental abnormalily and on the radiation types and
cualities.

Third, estimation of the radiation risks of genetically-related
111 health are based mainly on laboratory animal observations,
primarily from Jaboratory mouse experiments, becaeuse of the paucity of

data on exposed human populatiens. Our knowledge of fundamental
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mechanisms of radiation injury at the genetic level is far more
complete than, for example, of mechanisms of radiation carcinogenesis,
thereby permitting greater assurance in extrapolating information on
genetic mutagenesis from laboratory animals to man. With new informa-
tion on the broad spectrum and incidence of genetically-related ill-
health in man, such ar mental retardation and diabetes, the risk of
radiation mutagenesis in man affecting future generations takes on new

and specia’ consideration.

WHAT 1S NOT KNOWN ABOUT THESE HEALTH EFFECTS OF LOW-LEVEL RADIATION?

In spite of a thorough understanding of these late health effects
in exposed human populations, there is still a considerable smount we
do not know about the potential health effects of low-level radiation.

First, we do not know what the health effects are at dose rates as
low as a few hundred millirem per year, that is, a few factors above
natural background radiation exposure. It is probable that if any
health effects do occur, they will be masked by environmental or other
competing factors that produce similar health effects.

Second, the epidemiological surveys of exposed human populations
are highly uncertain in regard to the forms of the dose—resbonse
relationships for radiation-induced cancer i~ man. This is especially
the case /or Jow-level radiation. Therefore, it has been necessary to
estimate human cancer risk from low radiation doses primarily from
observations at relatively high doses, frequently greater than 100 rads

or more. Estimates of the cancer risk at low -oses 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 a. 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 irradisted populations exposed in the past. furthernrore, 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. Accord-
ingly, any estimation of excess cancer risk based on such limited
dose-incidence information must necessarily be incompl.te, until the
entire study population has died from natural or other causes.

And finally, we do now know the role of competing environmental end
other host factors--biological, chemical or physical factors--existing
at the time of cxposure, or following exposure, which may influence and
affcet the carcinogenic, teratogenic, or geneitc effects of low-level

racviation.
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WHAT ARE THE UNCERTAINTIES IN ¥ DOSE-RESPONSE RELATIONSHIPS FOR
RELATION-1NDUCED 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 cuadratic

form: I(D) = (uo + D+ aZDZ)exp(—alD—ezDz), where 1 is the cancer

1
incidence 1n the irradiated population at radiation dose D in rad, and
ags 015 aps By and 82 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. g is
the ordinate intercept at 0 dose, and defines the natural-incidence of

cancer in the population. 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. Bl and 32 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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Analysis of a number of dose-incidence curves for cancer-induction
in irradiated populations, both in humans and in animals, has demon-
strated that for different radiation-induced cancers only certain of
the parameter values of these constar®s can be theoretically determ-
ined {1]. However, the extent of the variations in the shapes of the
dose-response curves derived from the epidemiological or experimental
data does not permit direct determination of any of these precise
parameter values, or even of assuming their values, or of assuming any
fixed relationship between two or more of these parameters. Further-
more, in the case of the epidemiological surveys, this complex general
dose-response form cannot be universally anplied. Therefore, it has
berrome necessary to simplify ihe mode) by reducing the number of pare-
melers which-have the least effect on the form of the dose-response
relationship in the low.dose range. Such simpler models, with
increesing conplexity, include the linear, the pure quadratic, the
quadratic {with a linear term), and finally, the multicomponent
quadratic form with a linear term and with an exponential modifier
(Figure 2).

Three limitations constrain precise numerica) estimation of excess
cancer risks of Tow-level radiation in exposed human populations.
first, we lack an understunding of the fundamenta) mechanisms of
cancer-induction by radiation. Second, the dose-response data from
cpidemiological surveys are highly uncertain, particulariy at low
levels of dose. Third, experimental and theoretica)l considerations

suggest that various and different dose-response relationships may
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exist for different radiation-induced cancers in exposed human popula-
tions. Nevertheless, these limitations do not relieve decision-makers
of the responsibility for guiding public health policy based on appro-
priate radiation protection standards. Accordingly, not only is it
essential that quantitative risk estimation be calculc.e¢, based on the
available epidemiological and radiobiological data, but in addition,
for any authoritative committee report, such as for the current
BEIR-TIT Report [1], it-is equally essential that precise explanations
and qualifications of the assumptions, procedures, and limitations
involved in the calculation of such risk estimates must be clearly
provided. Tiais has been done explicitly, but not without much discus-
sion and disagreement among the Committee members, in the current
BEIR-IIT Report [1] containing the estimates of excess cancer risk.

In its final analyses, the majority of the members of the BEIR Com-
mittee preferred to emphasize that some experimental and human data,
as well as theoretical considerations, suggest that for exposure to
Tow-LET radiation, such.as X rays and gamma rays, at low doses, the
linrar model probably leads to overestimates of risk of most radiation-
induced cancers in man, but that the mocel can be ured to define the
upper limits of risk. Similarly, a majority of the members of the
Committee believed that the pure quadratic model may be used to define
the lower limits of risk from Tow-dose, low-LET radiation{ The
Commitiee generally agreed, that for exposure to high-LET radiation,
such as neutrons and alpha particles, linear risk estimates for low
doses are less likely to overestimate the risk and may, in fact,

underestimate the risk.
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WHAT 1S THE CONTROVERSY OVER LOW-LEVEL RADIATION?

The estimation of the cancer risk of exposure to low-level
radiation is said to be clouded by scientific dispute. In particular,
there appears to be disagreement among some scientists as to the
effects of very low levels of radiation, even as low as our natural

.radiation background. Some say this was the central issue of contro-
versy within the BEIR-IIT Committee, which had been highlighted in
scientific perodicals, such as Nature and.ququg, and in the news
media, such as The New York Times.

While there is no precise definition of low-level exposure, many
scientists would generally agree tnat low-level radiation is that which
falls within the dose range considered permissible for occupational
exposure. According to accepted standards [16], 5 rem per year to the
whole body would be an allowable vpper 1imit of low-level radiation
dose for lhe individual radiation worker. 1In this conlext, and with
this as the boundary condition for occupational exposure, then it could
very well be concluded that most of the estimated delayed cancer cases
which mzv be associated with a so-called hypothelical nuclear reactor
accident, or even after long periods of occupaticrnal exposure among
radiation workers, for example, are therefore considered by some
scientists 1o = caused by exposures well below these allowable occu-
pational limits. Furthermore, if it is assumed that any extra radia-
tion above nalural background, however small, causes addilional cancer,
then if millions of people are exposed, some cxtra cancers will

inevitably result. Other scientists strongly dispute this, and firmly
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believe that low-Tevel radiation is.nowhere near as dangerous as tneir
adversaria) colleagues would contend. Central to this dispute, it must
be remembered that cancers induced by radiation are indistinguishable
from those occurring naturally; hence, their existence can be inferred
only on the basis of a statistical excess above the natural incidence.
Since such health effects, if any, are so rarely seen under low-level
radiation because the exposures are so small, the issue of this dispute
may never be resolved—it may be beyond the abilities-of science & !
mathematics to decipher.

It is just this type of controversy that was at the root of the
division among scientists within the 1980 BEIR-III Committee [17,18].
There is 1ittle doubt that the Committee's most difficult task was to
estimate the carcinogenic risk of low-dose, low-LET, whole-body
radiation. Here, to the disquiet of some of the members of the
Committee, emphasis was placed almost entirely on the limited number
of human epidemiological studies, since it was felt by the majority of
the members that little information from laboratory animal and bio-

physical studies could be applied directlv tn man. Thereiure, as the

©

earier 1972 BEIR-1 Report [2] had done, some scientists of -the 1980
BEIR-IIT Committee considered it necessary to adopt a linear hypothesis
of dose-response to estimate the cancer risk at very low-level radia-
tion exposure . ere no human epidemiological data are avgilable. Here,
it is assumed ihe same proportional risks are present at low levels as
at high levels of radiation. This position implied that even very

small doses of radiation are carcinogenic, a finding that, for example,
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could force the U.S. Environmental Protection Agency to adopt stricter
health standards to protect againsi occupational and general population
exposure. Other scientists in the Committee did not accept this
position, and believed this was an alarmist approach. When there is

no human epidemiologicel evidence at low doses of low-LET radiation,
these scientists preferred to assume that the risks of causing cancer
are proportionally lower.

Let us look at some of the probl 1s. 1In its deliberatlions, the
BEIR-III Committee concluded twa important observations. (1) It was
not yet possible to make precise low-dose es*imales for cancer-
induction by radiation becavse the level of risk was so low that it
could be observed directly in man. (2) There was great uncertainty as
to the dose-response function most appropriate for extrapclaling to the
low-dose region. In studies of exposed animal and human populations,
lhe shape of the dose-response relationships for cancer-induction at
low doses may be practically impossible to escertain siatistically.
This is because the population sample sizes required to eslimate or
test a small absolute cancer excess are exlremely large. Specifically,
the required sample sizes are approximately inversely proportional to
raofation dose, and if 1,000 exposed and 1,000 control persons are
required ia each group to tlest this cancer excess adequately at
100 rads, then about 100,000 in cach populatlion group are required at
10 rads, and about 10,000,000 in each group are required at 1 rad.
Thus, it appears that experimental evidence and lheoretical considera-

tions are much more likely than empirical epidemiological data to guide
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the choice of a dose-response function for cancer-induction. 1In this
delemma and after mich disagreement among some of its members, the
majority of the members of the 1980 BEIR-1II Committee chose to adopt
as a working model for low-dose, low-LET radiation and carcinogenesis
the linear quadratic (i.e., a quadratic function with a linear term in
the low-dose region) dose-response form with an exponential term to
account for the frequentlv observed turndown of the curve in the high-
dose region. However, in applying this multicomponent model, only
certain of its derivatives, including the linear, the linear-quadratic,
i.e., the guadratic with linear term, and the pure quadratic functions,
could prove practical for purposes of estimation of cancer risk

{Figure 2). For the final report, in estimating the excess cancer risk
from low-dose low-LET radiation, a majority of the BEIR-1I1 Committee
members preferred the linear-quadratic dose-response model felt to be
consistent with epidemiological and radiobiological data in preference
to more extreme linear or pure quadratic dose-response models.

In the 1972 BEIR-I Report [2] the cancer risk estimates for whole-
body radiation exposure were derived from linear model average excess
cancer risk per rad observed at doses generally of a hundred or more
rads. These risk estimates were generally criticized on the grounds
that the increment in cancer risk per rad may well depend on radiation
dose, and that the true cancer risk at low doses may thergfore be lower
or higher than the linear model predicts {9]. In laboratory animal
experiments, the dose-response curves for radiation-induced cancer can

have a variety of shapes. As a general rule, for low-LET radiation,
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the slope of the curve increases with increasing dose. However, at
high doses, the slope often decreases and may even become negative.
Dose-response curves may also vary with the kind of cancer, with animal
species, and with dose rate. On the basis of the experimental evidence
and current microdosimetric theory, therefore, the current BEIR-111
Committee could quite reasonably adopt as the basis for its considera-
tion of dose-response models the quadratic from with a iinear term in
the low-dose region, and with an exponential term for a negative slope
in the high-dose region (Figure 1).

On the other hand, in large part, the available human data from the
large body oi epidemiological studies fail to suggest any specific
dose-response model, and are not sufficiently reliable to discriminate
arong a priori models suygested by the experimental and theoretical
studies. However, there appears, at present, to be certain exceptions
from the human expericroe (Figure 3). for examole, cancer of the skin
is not observed at low radiation doses [19]. Dose-response relation-
ships for the Nagasaki leukemia data appear to have positive curva-
tur~ [20]. The incidence of breast cancer induced by radiation seems
to be adequately described by a linear dose-response model-[11,21].

In the Committee's attempts to apply derivatives of the multi-
component, linear--quadratic dose-response model to the epidemiological
data, simplification was necessary to obtain <tatistically stable risk
estimates in many cases. Certain members of the BE]R—IfI Committee
were passionately divided on this matler; some strongly favored the

linear model, others favored the pure quadratic form [17,18]. A
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further modification of the linear-guadratic form was assumed with the
Tinear and quadratic components to be equivalent at some dose, which
was consistent with the epidemiological data and the radiobiological
evidence, and avoided dependence on either of the two extreme

forms [14-16}.

WHAT ARE THE UNCERTAINTIES IN ESTIMATION OF THE CARCINOGENIC RISK IN
MAN OF LOW-LEVEL RADIATION?

The quantitative estimation of the carcinogenic risk of low-dose,
low-LET radiation s subject to numerous uncertainties. The greatest
of these concerns the shape of the dose-response curve. Qthers include
the length of the latent period, the RBE for fast neutrons and aipha
radiation relative to gamma and X radiation, the period during which
the radiation risk is expressed, the model used in projecting risk
beyond the period of observation, the effect of dose rate or dose
fractionation, and the influence of differences in the natural
incidence of specific types of cancer. |In addition, uncertainties are
introduced by the biological risk characteristics of humans, for
example, the effect of age at irradiation, 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 human cancer risk that can be made for

low-dose, (ow-LET radiation.
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WHAT ARE THE SOURCES OF EPIDCMIOLOGICAL DATA FOR THE ESTIMATION OF
EXCESS CANCER RISK IN EXPOSED HUMAN POPULATIONS?

The tissues and organs about which we have the most reliable
epidemivlogical data on radiation-induced cancer in man, cbtained frum
a variety of sources from which corroborative risk coefficients have
been estimated, include the bone marrow, the thyroid, the breast, and
the Jung. The data on bone and the digestive organs are, at hest,
preliminary, and do not approach the precision of the others. For
several of these tissues and organs, risk estimates are obtained from
very different epidemiological surveys, some followed for over
25 years, and with adegquate control groups. There is impressive
cgrecment when one considers the lack of precision inherent in the
statistical analyses of the cese-finding und cchort study populaetiore,
variability in ascertainment and clinical periods of observation, «cue,
sex and racial structure, and diffcrent dose levels, and constrainte
on data from control groups.

By far, the most reliable and consistent data have Leen thnce of
the risk of leukemia, which come from the Japunese atomic ! omb
survivors [20], the enkylusing spondylitis petienils treeted with ¥ oray
therapy in [ngland and Wales [272,23], the metropathia patients treeted
with raediothecrapy for benign ulerine bleeding [24]1, the tinea cepitac
patients treated wilh radietion for ringeorm of the «calp T78, 061,
the carly radiologists [35]. There is evidence of an ave dependence
and a dose-dipendence, a relatively short lalent period of a nattler of
a few ycars, and a relatively short period of expression, <come 10

years. This cancer is almost always fatal.
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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-depencence--Children
and females appear more sensitive., Although the induction rate is
high, the jatent period is relatively short, and it is probable that
no increased risk will be fourd in future follow-up of these study
poputations. 1In addition, most tumors are either thyroid nodules, or
benign or treatable tumors, and only about 5 percent of the radiation-
induced thyroid tumors ace fatal.

The epidemiological surveys on radiatinn-induced breast cancer in
women {13,21) incluae primarily women with tuberculosis who received
frequent fluoroscopic examinations for artificial pneumothorax [?79],
rostpartum mastitis patients treated with radiotherapy {30], ond the
Japanese atomic bomb survivors in Hiroshima and Nsgesaki (20]. There
is an age-deperuri.ce and a dose-dependence, as well as a sex dependence,
and the latent period is long, some 20 to 30 years. Pcrhaps about half
of these neoplasms are fatal.

A cumplex tissue as regards radiation dose involving paremeters of
the special physical and biological characteristics of the radiation
quality, is the epithelial lining of the bronchus and lung. The
epidemiolog.cal surveys include the Japanese atomic bumb survive.s {70],

the uranium miners in the United States and Canada {31,372}, and the
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ankylocing spondylitis patients 3n England and Wales | 22,23]. There
is some evidence of an age-dependence from the Japanese experience, and
a relatively long lalent period. This cancer is almost always fatal.

The risk of radiation-induced bone serroma, based primarily on
surveys of the radium and thorium patients who had received the radio-
active substances for medical treatment, or ingesled them in the course
of their occupations [33,34], is low. For all other tumors arising in
various organs and tissues of the body, values are exlremely cruoce and
estimates are, at hest, preliminary.

There is now a large amounil of epidemiological data from the
various comprehensive surveys Trom a variety of sources. These data
indicate that lecukemia is now no longer the mzjor cencer induced by
rediation, and that <olid ca.cers are exceeding the relative incidence
of rediation-induced ‘teukemia [5]. That is, in view of Lhe long lelent
period after some 20 years or more following radiation e>posure, the
risk of excess solid cancers is nany times the risk of excess leubemia.
But these risk eslimates must remain very crude at the pre:ent time,
«ince they do not take into account any leck of precision in certain
of the epidemiological studies, particularly ec regards rediation dose
distribution, ascerteinment, latency perinds, and other physicel and
biological paremeters. The BEIR [1,2], the UNSCEAR [4,5] and the
ICKP [6,7] Feports have estimated the risk from low-ULT, whole body
expesure in different ways and based on the epidimiological surveys
carefully 1olloned, with cdequate control <tudy populations, a crude

figure of the total lifetime absolute risk of radiation induced cencer
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deaths can be derived. This estimate for low-LET radiation, delivered
at low doses, would be less than about 100 excess cases per million
persons exposed per rad. But, this figure could very well be an over-
estimate of the true risk, and the actual number of excess cancer cases
may be much lower [1,5]. Although any such numerical estimate must be
considered unreliable, it does provide a very rough figure for compar-
ison with other estimates of avoidable riskc n= weYuptary - Scke

encountered in everyday life.

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

The chief sources of epidemiological data currentiy for risk
estimation of radiation-induced cancer in man are the Japanese atomic
bomb survivors exposed to whole-body irradiation in Hiroshima and
Nagesaki [20], the patients with ankylosing spondyliti- [22,23] and
other patients who were exposes to partial! body irradiation therapeut-
ically [25-27,29], or to diagnostic x-rays and the various occupa-
tionally-exposed populations [31-35], such as uranium mi~ers and radium
dial painters. Host epidemiological data do not systematically cover
the range of low to moderate radiation doses for which the Japanese
atomic bomb survivor data appear to be fairly reliable. Analysis in
terms of dose-response, therefore, necessarily rely greatly on the
Japanese data. The substantial neutron component of dose in Hiroshima
and its correlaiion with gamma dose limit the value of the more
numerous Hiroshima data for the estimation of cancer risk from low-LET
radiation, The Nagasaki data, for which thc neutron component of dose

is small, are less reliable for doses below 100 rads.
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The 1980 BEIR-III Report [1] chose three exposure situations for
illustrative computations of the lifetime cancer risk of low-dose,
luw-LET whole-body radiation: (1) a singlie exposure of representative
(1ife-table) population to 10 rads; (2) a continuous, lifetime exposure
of a representative {life-table) population to 1 rad per year; and
(3) an exposure to 1 rad per year over several age intervals exempli-
fying conditions of occupational exposure. These three exposure
situtations were not chosen to reflect any circumstances that would
normally occur, but embrace the areas of concern--general population
and occupational exposure and single end continuous exposure. These
doce levels were substantially difierent from the only expesure situa-
tion chosen for the illustrative computation by the 1972 BFIR-]
Conmitiee, where 100 mrem per ycar was the level selected {2]. Some
members of the current BELJR-11]1 Committee strongly felt that below
these three dose levels, which were arbitrarily chosen for the 1980
Report [1], the uncertainties of extrapolation to very low dose levels
were too great to justify any attiempt at risk estimatior. Other
members felt just as strongly that risk estimates for cancer -induction
by radiation could be reliably calculated at dose levels of 1 rad or
even much less. These differences were never satistfactorily settled.
The selected annual level af chronic exposure of 1 rad per year,
although unly one-fifth the maximal permissible dose for occupational
exposure, is nevertheless consistent with the occupational exposure
expcrience in the nuclear industry. The U.S. 1969-1971 life-tcble was

used as the basis for the calculations. The expression time was taken
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as 25 years for leukemia and the remaining years of life for other
cancers. Separate risk estimates were made for cancer mortality and
for cancer incidence.

In the absence of any increased radiation exposure, among one
million persons of life-table age and sex composition in the United
States, about 164,000 persons would be expected to die from cancer,
according to present cancer mortality rates. For a situation in which
these one million persons are exposed to a single dose increment of 10
rads of low-LET radiation, the linear-quadratic dose-response model
predicts increases of about 0.5 percent and 1.4 percent over the normal
expeciation of cancer mortalily, according to the projection model
used. For continous lifetime exposure to 1 rad per year, the increase
in cancer mortality, according to the linear-quadratic model, ranges
from about 3 percent to 8 percent over the normal expectation, depend-
ing on the projection model {(Table 1). Table 2 compares the cancer
risk following exposure to 10 rads, calculated according to three
differe-t dose-response models, viz., the linear-quadratic, the linear,
and the quadratic. The upper and lower limits of these cancer
mortality risk estimates suggest a very wide range or envelope of
values which may differ by as much as an order of magnitude, or more.
The uncertainty derives mainly from the dose-response models used, from
the alternative absolute and relative projection models, and from the
sampling variation in the source data. The lowest risk estimates--the
lower bound of the envelope--are obtained from the pure quadratic

model; the highest--the upper bound of the envelope —from the linear
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model; and the linear-quadratic model provides estimates intermediate
between these two extremes.

Table 3 compares the 1980 BEIR-111 Report [1] cancer mortality risk
estimates with those of the 1972 BEIR-] Report [2] and the 1977 UNSCEAR
Report [5]. To do this, it was most convenient to express them as
cancer deaths per million persons per rad of continuous lifetime
exposure. For continuous lifetime exposure to 1 rad per year, .he
linear-quadratic dose-response model for low-LET radiation yields risk
estimetes considerably below the tomparable linear-model estimates in
the 1972 BEIR-1 Report [2]jthe differences mainly reflect chianges in
the assumptions made by the two BEJR Committees almost a decade apart.
The 1980 BEIR-1II Committee preferred a linear-quadratic rather than
lincar dose-response model for low-LET radiation, and did not assume a
fixed relationship between the effects of high-LET and low-lET radia-
tion (which was based on the Japanese atomic bomb survivor studies]).
Furthermore, the 1980 BEIR-111 Report [1] cancer ri-% ectimatcs oo not,
as in the 1972 BEIR-1 Report [2], carry through to the end of life the
very high relative-risk coefficients obtained with respect to childhood
cancers induced in utero by radiation.

There is a good deal of reluctance by some scientisls to introduce
cencer-incidence data for purposes of radiation induced cancer risk
estination. Cancer mortality data are cunsidered far more reliable
than comparahle incidence data, and thus, cancer incidence risk esti-
mates are less firm than mortzi .ty estimates. However, the incidence

of radiation-induced cancer is considered by many scientists and by
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decision-makers alike, to provide a more complete expression of the
total social cost of radiation-induced cancer in man than does
mortality. The 1980 BEIR-I1IT Committee chose to introduce cancer-
incidence data, for the first time in any report, for estimation of
risk, and also applied a variety of dose-response models and several
data sources. For continuous lifetime exposure low-LET, whole-body,
to 1 rad per year, for example, and based on the linear-quadratic
model, the increased risks expressed as percent of the normal incidence
of cancer in méles were about 2 percent to 6 percent, depending on the
projection model. The various dose-response models produced estimates
that differed by more than an order of magnitude, whereas the different
data sources gave broadly similar results. Risks for females were
substantially higher than those for males, -ue primarily to the
relative importance of radiation-induced breast and thyroid cancer.
Estimates of excess cancer risk for individual organs and tissues
depend in large part on partial-body irradiation and use a much wider
variety of epidemiological data sources. Except for leukemia and bone
cancer, estimates for individual sites of cancer can be made only on
the basis of the linear ﬁode], and all risk coefficients are estimated
as the number of excess cancer cases per year per million persons
exposed per rad. For leukemia, the }inear-quadratic model yielded
about 1.0 to 1.4 excess leukemia cases, for “2males and males,
respectively. For solid cancers, linear-model estimates were, for
example: for thyroid in males, about 2, and in females, about 6; for

female breast, about 6; and for lung, about 4. These risk coefficients
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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. Most 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 local growll
retardation, or functional impairments, if duses are sufficient.
Obvious malformations are particularly associated with irradiation
during the period of major organogenesis, which in man cxtends approx-
imately from the second through the ninth week conception. More
restricted morphologic and functional abnormalities and growth retard-
ations dominate fhe 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. .evelopment, 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
experimen}a] data can be used with some <onfidence 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 freguency of small head size was increased by acute air dozes
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 bredicted. 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

poriion of the dose received during a particular sensitive period.
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WHAT 1S 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 likilihood 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 Lhe 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 ~hanges in chrome-
somes, either in total number or in gene arrangement (chromosomal
aberrations). Gene mutations are cxpected 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 dese. Risk estimates are based either on experimental
findings at Lhe Jowest doses and dose rates for which reliable data
have been obtained or on adjustiment of the observed data obtained at
hiyh deses and dose rates by a dose-rate reduclion factor. For low
duses «nd dose rates, a lincar exirapolation from fractionated dnse
and low-dose-rale laboralory mouse data continues to constitute the
basis for estimaling gyenetic risk to the general population [1,2].

Genetic-risk estimates are expressed as effects per generation per
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rem, with appropriate carrections 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 genevation 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 rale of
mutation. The numerical relationship of rates of induced and spon-
taneous mutation is relative-mutation-risk factor, that is, lhe ratio
of the rate of mutations induced per 1em to the spontaneous rate. The
reciprocal of the relative-mutation-risk factor is the "doubling
dose," or the amount of radiation required ‘o produce as many
mutations as are already occurring spontaneously. The estimaled
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 are
maintained in the population by recurrent gene mutation would show a
similar increase in incidence.

Table 4 lists the current 1980 BLIR-111 Report [1] risk estimates
of the poiential genetic eff~cts 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 efiects of radiation on human populations. Within this
range of uncertainty, however, the risk is nevertheless small in
relation 1o current estimates of the incidence of serious human
disorders of genetic origin -roughly 11 percent of lYiveborn offspriog,
that is, approximately 107,000 ceses per million liveborn.

Genetic risk estimates are hased on induced disorders judged to
cause serious genetic 111 health at some time during life. Somne
disorders are obviously more important than others. In contrest with
somatic effecte, which occur only in the persons exposed, genetic
dicorders occur in descendants of exposed persons ond can often be
trensmitted to many futures generations. The major somalic risk
estimates are concerned with induced cencers. Although many of these
are fatal, <ome, such as most thyroid cancers, are curable, but entail
the risk and costs of redical care end dicability. Sonatic effects
also include developmental chnormalities of varied severity caused by
felal or embryonic crposure. Camparisens of genetic end somatic
effects must take into account ethical or socioeconomic judgments. It
is extremely difficult to compare the socie*al impact of a canter with

thal of a scrious genetic disorder (}].
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WHAT ARE THE IMPLICATIONS OF NUMERICAL RISK ESTIMATION AND DECISICN-
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 rzdiation
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 judgmeni 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 oun the existing epidemialogical or
cxperimental data, but rather on the assumptions, interpretations, and
analyses of the available facts and data.

The present scientific evidence and the interpretaticn 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 quide 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 medical
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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 impourtant information necessary for
determination of radiation protectlion standards s now becoming avail-
able to decision-makers for practical and responsible public health
policy. t is now assumed that any exposure to radiation et low levels
of dose carries some risk of deleterious health effects. However, how
low this level may be, or the probability, or magnitude of the risk,
at very low-levels of dose, still are not known and may remain so.
Radiation and the public health, when 1t invslves the public health,
becomes a broad societal problem and not solely a scientific ane, and
to be decided by society, most often by men 2nd women of law and
governmeni. Qur best scientific knowledae 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 nuclcar cnergy. Unless man wishes
to dispense with those activities which inevitably imolve exposure Lo
low-tevels of ionizing radiations, he must recognize that some degree
of risk to health, however small, exists. [r the evaluation of :uch
risks from radiation, it is necessary to Timit the radiation exposure

to a level at which the risk is acceptable both to the individual and



36

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 attitodes in our resource-limited society, is the task which
lies before each expert advisory committee on the biclogical effects

of ionizing radiation concerncd with risk asse<tment and decision-

making, now and in future years.
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Table 1.

43

Estimated Excess Mortality per Million Persons from A1l Forms
of Cancer, Linear-Quadratic Dose-Response Model for Low-LET
Radiation [1]

Absolute-Risk Relative-Risk
Projection Madel  Projection Model
Single exposure to 10 rads:
TKormal expectation 163,800 163,800
Excess cases: number 766 2,255
o of normal 0.47 1.4
Continuous exposure to
"1 radfyr, Tifetime:
Normal expectation 167,300 167, 300
Excess cases: number 4,751 12,920

a

% of normatl 2.8 7.7



Table 2.

44

Estimated Excess Mortality per Million Persons from Ail Forms
of Cancer, Single Exposure to 10 rads of Low | ET Radiation,
by Dose-Response Model [1]

Dose-Response

Absolute-Risk

Relative-Risk

Projection Model Projection Model

Model
Luekemia Other
And Bone Cancer
Normal expectation
of cancer deaths
LQ-L LQ Excess deaths: number
% of normal
L-L L-L Excess deaths: number
% of normal
QL Q-L Excess deaths: number
% of normal

163,800 163,800
766 2,255
0.47 1.4
1,671 5,014
1.0 3.1

95 276
0.058 0.17



Tabie 3. {emparative Estimates of the Lifetime 2is« of Cancer Mortality Induced by Low-LET
Radiation—Escess Deaths per Miliion, Average Vaiue per Rad by Projection Model,
Dose-Response Mogei, and Type of Exposure [1]

Projection Model

Dose- Singie Exoousre to Continuous Lrfetime
Resconse 10 Ragds txposure to 1 rad/yr
Source of tstimate Mocels Absoiute Reiative Absolute Retative
BEIR, 1980F G-,y LQ-L 77 226 67 182
1972 BEIR report factaors Linear 117 £21 115 568
uNSCEAR 1977 Linear 75-175

a) tor BEIR 1980 (1), tne first mode’ 1s used for leuxemia, the second for other forms of cancer.

The corresponding estimates wnen tne other mcoels are usead (thereby providing an envelope of
risk estimates) are:

L-L, L-L i67 501 158 430
Q-v, G-C i0 28

b) Tne values are average vaiues per rad, and are not to be taken as estimates at only 1 rad
of dose.

St



Table 4. Genetic Effects of an Average Population Exposure of 1 rem

per 30-Year Generation [1]

Current Incidence
Type of Genetic in 1 Million Live-
born Offspring

Disorder @

Effect of 1 rem per Generation
per Million Liveborn Offspring

First Generationb

Equilibriumc

Autosomal dominant 10,000 40-200

and X-linked

Irregularly 5-65

inherited 90,000 20-900

Recessive 1,100 Very few Slowly
increases

Chromosomal 6,000 Less than 10 Increases

aberrations slightly

{congenital
malformations)

a) Includes diseases that cause serious handicap at some

lifetime

time during

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

c) Estimated by the relative-mutation-risk method
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