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Introduction

My assignment this evening'is to try to provide you with some background
to the current National Academy of Sciences' Report of the Committee on the
~ Biological Effects of Ionizing Radiations, the BEIR-III Report (1), and in
doing so, to help you understand why certain disagreements or controversies
arose among the Committee members, and how they were or were not resolved.
[ think the best thing {‘can do is to set out to discuss the structure of
the Report (1) and certain principles dealing with mathematical models and
epidemiological surveys which were addressed in it. I will emphasize only
one controversy, that leading to the problem of estimating numerical risk
coefficients for radiation-induced cancer in human populations exposed to
low-level radiation. Finally, I will briefly review certain of the important
BEIR-III conclusions bearing on radiation-induced cancer in man, and cite
only a lTimited number of risk estimtes derived from the available dose-response
models and the epidemiological data. This is not to be construed as a summary
of the BEIR-III Report (1)---I shall deal only with certain features of the

Report (1), and in a manner which I view them.

The Charge to Advisory Comittees on Radiation
From the outset, the charge to the BEIR-III Committeé and the composition

of the membership of the Committee may have proven incompatible---hindsight
tells us controversy was inevitable. It is important to realize that this

was a so-called "balanced" committee of the National Academy of Sciences-

~--a group of men and women selected for their expert knowledge and mature
judgement, but also a scientific committee constituted so that different
disciplines and thus different points of view would be brought to, voiced,

and discussed in the committee forum (2). When different points of view

fail to compel unified conclusions based not on the scientific facts and
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experimentai data, but rather on the interpretation, assessment'and app]itation
of the facts and data, then disagreement and controversy are inevitable.

Take, for examp]é, the'charge to tne BEIR-IIT Committee. The BEIR-III
" Committee had a good deal to do---to explain the terms of reference for
preparation of the report, which was to.bring the BEIR-III Report i3) up
to date, to define its role, and tolprovide the réport in a timeiy and appro-
priate fashion and written so that it might be understood by an informed -
public. But, the Nationa]IAcademy of'ScienCes was also given some very specific.
and knotty charges to deliberate. First, what was the state of radionioiogicéi

science to permit the use of laboratory animal data relevant to man for asséssing

the somatic hazards and genetic hazards to health of low-dose radiation in
human populations? Second, based on theoretical radiobiology, microdosimetric
theory, and rédiobioiogica] experimentation, what new‘knowiedge_was available

for assessing dose-response relationships, both for high-LET and low-LET -

radiations, concerned with thoserhea]th effecté'whose probabi]ity of occdrrénce,
rather than severity, depended on dose---that is, somatic and genetié effects?
Third, what new information was available on dose-rate effects covering high—‘
and lTow-LET radiations and somatic and genetic effects, which could be app]ied
to risk estimation in man? Fourth, what statistical models couid.be used

from existing data to project into the future the potentiai'riské fo health

of radiation‘exposure-——both somatic and genetic heéith effects in human

populations exposed'at thevpresent time? Specifica]Ty, how best to appiy

these risk projection models to radiation~induced cancer in man? Finally,

to what extent can we identify additive or multiplicative effects among

carcinogenic agents in man when one agent is jonizing radiation?
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There were a number of additional charges, but these were the major -
ones to which the BEIR-III Committee was expected to respond after a respeétab]e
period of deliberation. In doing so, the problems were confounded by the
| request to bring to the Academy a report which would represent a consensus
on the effects on popu]étions of exposure to low levels of ionizing radiation
relevant to current radiation protection philosophy. 'it included doses and
dose rates of concern---what are the rahges of doses and dose rates in which
various risk estimates for somatiE andvgenetic harm are appropriate? It
included practical considerations for human exposure---what are the differences
in risks from acute and chronic exposure in man? It included numerical risk
estimation based on the experimental data and epidemiological surveys---what
are the numerfca] risk coefficients for somatic effects, that is, cancer-
induction, and genetic effects, in humans exposed to low-dose radiation?

To carry out this broad charge the BEIR-III Committee, comprised of
24 scientists, provided a five-chapter report, with a few additional fringes
(1). Chapter II concerned selected scientific principles employed in the
analysis of radiation effects. Chapter III dealt with the sources and rates
of natural and artificial man-made radiation exposure in the United States.
Chapter IV was the report of the Subcommittee on Genetic Effects. Chapter
V was the report of the Subcommittee on Somatic Effects dealing specifically:
with cancer-induction. Chapter IV was the report of certain members of the
Subcommittee on Somatic Effects dealing specifically with those effects other
than cancer. The Report is introduced with a couprehensive summary of the
scientific considerations which led to the main conclusions of the BEIR-III

Committee's deliberations.
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Some Principles of Concern

Insofar as the Subcommittee on Genétic Effects” is concerned, the scientists
found,ain 1arge'measure; that Tittle new knowledge had*becbmev50a11ab1e since
the 1972 BEIR-I Report (3) tovaTter the existing méthods, approach, and assessment
of genetic harm in.human populations exposed fo iOaning radiations. Thus,
the paucity of human data compelled these scientists to dégendrprimarj1y '
on jaboratory anfma1 data and doselrespdnse modé]s'for deriving'numerical
risk coefficients for genetically-related ill-health in hﬂmans exposed to
low-dose radiation. ~Some.c0ntfdversy arose_concerning the'rd1é bf-germ CeI]’
popu1ation’kinetics»in the mouse, both iﬁ'sperﬁafagoniaT;“éﬁd’mbﬁe.fﬁpdrtaht1y
in oogonial cell reneWa1, But this did:not defér the Subcoﬁmittee fromvreaChing’
some consensus in its deliberations 1n'$pite of the fact-that these impbrtaht
disagreements have yet to be satisfactorily resolved'(4);- In’genera], therefore,
the sections dea]fhg with_genetit health effects ‘do not $ug§e$t”any substantiye
new knowledge to require significant revision of that so well docuhented.
in the BEIR—I-Répbrt (3). ‘The conclusion to be drawn is that current radiation
protection-phi1osophy of dose limitation (5) adequately deéTé with the risks
of genetic i111-health in exposed human populations at the present time.

It is in the matter of somatic risks, notably cantér—fndutfion,'that
'difficu1ties arbse within the Subcommittee on'Somatic;Effeéts.' Because
there are no adequate or unifjing theories or a full underStahding of the
fundamental mechanisms of carcinogenesis, the risks of cancer-induction due
to radiation must be derived from bﬁophysica] theory, from mathematics,vfkbm
experimental daté, and from statistical methods in quantitative epidemiology. "
To understand why the Subcommittee chose to review 1nfdetai1vthe scientific

principles for numerical risk estimation for cancer-induction, three important

areas should be considered. First is the relative biological effectiveness,
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or RBE, particularly in the matter of neutron RBE, since this proves to be
of importance in risk estimation at low doses. Second is the theoretical

and radiobiological evidence relating dose to response. "Third is the use

of projection models, the absolute risk model and the relative risk model,

which helps provide the framework for estimation of numerical risk coefficients
utilizing statistical tools of quantitative epidemiology.

Relative biological effectivness may be defined as the ratio of the
radiation dose of a high-LET radiation which produces the same bio1bgica1
effect as that due to a dose of a Tow-LET Eadiation. In general, the larger
the amount of radiant energy debosited in a cell, the greater is the biological
effect per unit dose, and the pattern of energy deposited.depends strongly
on the quality of radiation (6). Different LET radiations are known to cause
different numbers of biological effects for the same absorbed dose. Therefore,
the microdosimetric distribution of energy absorption in a defined Tocalized
volume within a vital structure, say DNA or perhaps the nucleus of the cell,
becomes a very important factor. A microdosimetric quantity may be assigned
to a theoreticai linear-quadratic dose-response relationship which relates
the microscopic distribution of energy or dose-absorption within a localized
volﬁme_within the cell to LET (6). For low-LET radiation, this quantity
is re]atively small. At low doses, the quadratic term is unimportant. The
linear term may be expected to be dominant at most doses for high-LET radiation.
For high radiatioh doses, the quadratic term is dominant. This is seen in
Figure 1. When the RBE is plotted against radiation dose levels where theory
and experimental data are interdependent, then the range of dose regquired
to demonstrate both linear and gquadratic dependence is extremely large (1).

The range of dose necessary to test the theory would cover perhaps three
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orders of magn1tude-——a factor perhaps up to 1000 Few biological studies-
and no ep1dem1o]og1ca1 surveys have covered th1s w1de dose range necessary-
for prov1ng correspondence between theoret1ca1 and exper1menta1 observat1ons
Thus, enormous d1ff1cu]t1es are to be expected}1n attempts to extrapolate
over a very large dose‘range. i

'There are no experimenta1 or epidemiological data ]inking dose and response
at all ]eve]s or rad1ob1o]og1ca] 1nvest1gat1on which perm1t a d]rect transition
between rad1ob1o]og1ca1 theory and va11d exper1menta1 data and - thereby the
use of cells, t1ssues and animals to those situations appropr1ate for man.
In addition, there 1s no s1ngle theory of carc1nogenes1s Because the funda-_nt
mental mechan1sms of carc1nogenes1s remain e]us1ve, 1t is not yet possible
to def1ne the shape of the dose~response curye in the low—dose region where
human epidemio]ogita] data are ]acking "Deriving any method"of extrapo]ating
from high-dose data w1thout such . 1nformat1on must take 1nto account the
wea]th of mamma]1an cellular rad1ob1o]og1ca1 research and our know]edge of
cell 1nJury, appropriate for both somatic and genetic 1n3uryvat theﬁleve]
of the somatic ce]T, takes the general'functional form{

| 1(D) = (ag * agD + azDz)exp(-slﬂ-szDz)

where the'incidence (I) at dose (D) is dependent on linear and quadrat1c _
funct1ons of dose, and ao, aps az,vsl, B, are pos1t1ve (7-10). The exponentia]y
modifier rapresents a cell- k1]11ng funct1on at high radiation doses. In .
actual pract1ce, it 1s‘not poss1b]e to fit all the parameters. Dependjng )
on the dose term that dominates, the functionat form can bevmodified,_based
in part on the values assigned to the coefficients, to simpler doseeresponse_
nodels—-~name]y, the linear, where I(D):é ag + a]D, the'quadratjc,yl(p) =
ag * aZDZ, and the linear—quadratic; I1(D) - aq +v“lD + aZD? dose-response _

relationships.
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It is possible to obtain certain of the coefficients by fitting experimental
data to the dose-response models. Indeed, all three models have been demonstrated
to fit certain data in cell culture experiments, in animal studies, and in human
epidemiological surveys. The characteristics of the three dose-response
models include two main features: (1) There are initial upward-curving linear
and quadratic functions of dose, which represent the process of radiation
injury, such as cancer-induction by radiation; and (2) There is no threshold
of dose below which the probability of injury does not occur. This latter
observation is particularly importaﬁt, since experimentaf pfoof,of the existence
of a threshold at very low doses proves, in practice, to be impossible. |

Sihce there are no reliable human data documented for genetic effects
in irradiated populations, the problem of assessing genetic risks in exposed
human populations must depend almost entirely on studies of laboratory animals,
particularly the mouse, and theoretica] radiobiology. On the other hand,
quantification of risks of somatic health effects, nofab]y cancer-induction
in exposed human populations, must depend largely on existing epidemiological
surveys. Theoretical radiobiology and laboratory animal experiments cannot
be used with the same-reiiabi]ity as in the case of genetic effetts, and thus
may only be used as supporting evidence (1,5,11). The problem of estimating
risk coefficients appropriate for the low-dose region becomes extremely difficult,
since-in the absence of epidemiological data at low levels of exposure, the
true dose-response relationships cannot be established from empirical data
(7-10). Nevertheless, these relationships are essential in order to select
a method appropriate to extrapolate from the epidemiological data on high-

dose expdsure to the low-dose region where no human data exist.
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In order to chose a particular method for extrapolation, three major
difficulties are encountered in any estimation of radiation risk-coefficients
based solely on humahvepidemiologica] surveys. First, there appears to-be
reasonably good agreement on ‘cancer incidence among many cohort populations
studied in exposed groups; hoWever; the availability of reliably adeduate
control is not always feasibié in each epidniological survey (8). This makes
it difficult to eTiminate bias in'étatistical analysis. Second, there is -
great difficulty in assessing the.valjdity or réiiabiTity of the precise
radiation doses and dose rates in exposeéd hunans---and this has become par-
ticularly evident in fhe preSént'decision to re-evaluate the atomic bomb
dosimetry in Hiroshima and'Négasaki (12). Fihé]]y; there is the problem of
the long latent periods associated with canceFFinduction between exposure
to ionizing radiation and ‘the appeérahce of ‘cancer in the irradiated population.
This latent intefva] can'c0ver a span ranging from a few years to over four
decades, and can even exéeed the duration or period of f0110w~ub. |

Insofar as the cancer incidences‘ahd“the'radiation doses are concerned,
every effort hasvbeen made to ascertain these with the greateét reliability,
but problems arise, particularly in attempts to recbnétruct the eVehts of
exposure many years pfeviously. The matter;of_the 1ohg latent periods begs
the important issue of how to project into the future the risk of cancer induced
in individuals. exposed atvthe present'timé~——that is, the projection model .=
appropriate to use for quantitating how'the induced cancers'wi11 express them-
se]ves in tfme following exposure.

Two rfsk projectfon models, among many, are used by radiation epidemio1ogists;

both are used in the BEIR-III Report (1)---the-absolute risk model and the

relative risk model. Figure 3 demonstrates how these characterize the expression

of risk (1). The absolute risk is the expression of excess cancer risk due

v
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to radiation exposure as the arithmetic difference between the risk among
~ those exppsed and that occurring in the absence of exposure (1). The absolute
risk projectioh model takes into account the fact that the expression of
radiation-induced cancers in the exposed popd]ation begins at some time after
exposure (that is, after the minimal latent period) and continues at an excess
rate for a further period, the period of expression. For leukemia, the period
of expression may be taken as 25 years; for solid tumors, it is the duration
of life (1).‘ The absolute lifetime kisk coefficient may be expressed as the
total number of ékcess‘cancer cases in the exposed population per unit dose
or per collective dose. |

The relative risk is the expression of cancer risk due to exposure as
the ratio of the risk among the exposed popu]ation to that occurring in the
absence of exposure (1). The relative risk projection model expresses the
excess of radiation-induced cancers as a ratio or multiple of the natural
or spontaneous cancer rate, so that the excess risk is a multiple of the natural
age-specific cancer rate in that study orvcohort population. The greater
the spontaneous rate of cancer incidence jn a population, such as in an aging
population, the greater will be the susceptibility of the individuals comprising
that population to cancer-inducfion by radiafion.

It must be remembered that no méjor epidemiological study of exposed
human populations is as yet complete, and will not be until all mzmbers of
the study population eventually die of natural or other causes. Only then
can the complete cancef incidence in the irradiated and control populations
be accurately ascertained. Thus, the distinction between the absolute and
relative risk projection models becomes extremely important when the follow-

up observation period is considered. When the observation periods are incomplete,
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there can bé-at anynone period of fq]lbw-up Qery wide.diffékences invfigk
estimation. However, when tne follow-up per{Od is cdﬁp]eté;:and no more.
cancérs occur in the'study popu]ation,’bofhfthe ab561Ufe and re]atﬁve_nrojection
models should lead to the same numerical estimate for 1ifetime'eXcess cancer
- risk, but thévrisk may be differently distributéd in tne exposed pbbu]étion.
The two projection models give differenf'results when projéctions ake_made
beyond the period of follow-up -or observation.

There‘isvndw su%fic{ént ebidemio]ogica] evidence évai]ab]e_which indicates
- that, in genera], most adult pobu]ations irradiated'at_o]derLages are»at,greater
risk of cancér-inductfdn. This'nge-depéndence may be due to’é higner induction'
rate or avshortef‘latent period, or both, but there are éxééptions.v For éxanp]e,
it is not known how this affécts exposure of children. | |

The epidemiolgical evidence does not favor oné projectfqn model more
than another; however, the age-dependence of cancer-induction by radiation
favors the relative risk projection model somewhat moref The_epidemio]ogica]
data are insufficient to determine whether the excesé cancr risk, once expressed
in the exposed population, projects into the futUre, either asia'ne1atf9e
risk or an absolute risk. The assumptions in the calculation of 1ifet1mg
risk coefficients of radiation-induced cancer must take into account additional
confounding factors, including sensitive genefic subgroups, and'éxposnne to
other potentially carcinogenic agents. These factors arevimportant whén con-
sidering differences between the absolute and relative projection models for
estimation of risk. -

Some Important Conclusions on Radiation Carcinogenesis in Man

~ There are many significant observations and conclusions summarized in
the BEIR-III Report (1). Those dealing with sonatic health effects may be

focused into the following important points.
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Cancer-induction is considered to be the most important somatic effect
of low-dose ionizing radiation. Radiation-induced cancers in human populations
occur with low frequency and are indistinguishable from cancers occurring
. spontaneously. Therefore, the excess induced in a population can only be
detected on a statistical basis.

Radiation-induced cancer can occur in almost all human tissues. However,
the rates of cancer-induction differ markedly depending on the tissue or 6rgan.
The natural or spontaneous rate of cancer incidence in the United States population
varies significantly, over several orders of magnitude depending on a number
of factors. The most important factors appear to be an age-dependence, a
sex-dependence, and a site-dependence.

There is a greater susceptibility of certain tissues to cancer-induction
by radiation. The major sites of radiation-induced cancers are the female
breast, the thyroid, ahd the bone marrow, and to a lesser extent the lung,
the digestive organs and bone. Because of the increased4susceptibility of
the breast and thyroid gland in females, the total radiation-induced cancer
risk is necessarily greater'in females than in males. Age is also a major
factor.in radiation-induced cancer risk. However, other factors, such as
host factors, environmental factors, and immunolbgica] factors, also influence
risk of cancer-induction by radiation.

Calculation of risk coefficients must take into account the long latent
periods of solid tumor-induction and the extended period'of expression. Dose-
response relationships are still not known for most radiation-induced cancers,
but the evidence suggests that the relationships depend on cancer site that
is, the tissue or organ. For example, for breast cancer, the dose-incidence
curves appear linear and independent of dose-rate (Figure 4) (14—]6). For
leukemia in the Nagasaki atomic bomb survivors, the epidemiological data fit

a quadratic curve (Figure 5) (14).
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Certain prob]ems arise in estimation of dose and dose-rate from internal
radiation exposﬁre. When irradiation from radioactive internal emitters
is involved, the effects are depéndent in,]arge.meésure,on the distribution
.of dose in space and in time (17). _

Cancer incidence, from a societal point of view, may be consjdered more
important than cancer morta]ity, It.is;importantitg distinguish between the
induction by radia}ion-of.normally nonfatal and curable tumors (e.g.,‘thyrdid(
or skin) and of norma]Ty fatal céncers (e.g., Teukemia or lung). However,
the data baseﬁ'deriVedVfﬁom'autopsy information, death certificates, or
tumor regisﬁries aré nqt as‘ré]iab1e for cancer incidence as for cancer
mortality. - |

Last]y,'fn the absence of epidemjo]ogita] data in the low-dose region,
‘at the present time, 10W—gose risk coefficients for radiation-induced cancer
can only be obtainedvbyvextrapblating frqm pb§ervations at high doses using
uncertain 3osefresponse curves. During the preparation.of the BEIR-III Report
(1), a cdhtrbversy arose among the members of the Subcommittee on Somatic
Effects concerning the method of extrapolation to be used for estimating the
‘numerica].risk coefficienps of cancer-induétion from exposure to low-level
radiation (9,10). |

The BEIR-III Committee concluded two important observations: (1) It
is not yet possible to make precise Tow—dose estimates for cancer induction .
by radiation becausé the level of risk is so low that it cannot be observed.
directly in man; and (2) There is great uncertainty as to the dose-response
function most appropriate for extrapolating into the low-dose région (9,10).
Faced with simi]ér constraints, risk coefficients in the BEIR-I Report (3)
some 10 years before were baséd on thé~1inear doée—response model, and the

true cancer risk coefficients could have been higher or lower than predicted.
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Radiobiological theory‘and laboratory animal experiments now suggest
a variety of dose;response relationships for cancer-induction, host héving
positive curvature for low-LET radiation at 1ow'doses, frequently with a small
linear component and a larger quadratic component with increasing dose. Ip
was this general dose-response curve---the linear-quadratic function with
an exponential modifier in the cell-killing dose range---that emerged as the
basis for the BEIR-III Committee's cancer risk analyses (Figure 2). Since
the effect of cell killing was not indicated by any of the epidemiological
data relevant to whole-body exposure to low-LET radiation, the data were fitted
to a limited family of quadratic curves, from the linear, the linear-quadratic,
and the pure quadratfc dose-response models (1). _

The Committee preferred linear-quadratic dose-response relationships,
which are believed to be perhaps the best description for most, but not all,
solid tumors induced by radiation. However, the Committee provided a range
or envelope of risk estimates, derived from linear to pure quadratic dose-
response re]ationships,.ca]cu]ating Sex, age, and dosé-specific risks for
the three dosé-response relationships, and for both the abso]ute and relative
risk projection models. |

In itsyfina] analyses, the majority of the members of the Committee
preferred to emphasize that somelexperimentai and human data,.as well as
theoretical considerations, suggest that for exposure to low-LET radiation,
such as X-rays and gamma rays, at low doses, the linear model probably leads
to overestimates of the risk of most radiation-induced cancers in man, but

that the model can be used to define the upper 1imit$ of risk (Figure 4) (1,10).

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 low-dose,
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Tow-LET radiation (1,10). Thé éommittee genera1iy agreed, for exposure to
'high-LET radiation, such‘as-neutrons and a1pﬁa partic]es, linear risk estimates
for low doses are less likely to overestimate the risk and may, in fact,‘unQer;
_estimate the risk (1). Furthermore, the Committee, in its report, emphasized
that the collective influence of‘the mény uncertaintie§ in estimatioh'of the
carcinogenic'risk in man of Tow-level radiatiqn was such as to deny great
credibility to any estimaﬁes of human cancer fisk>that éaﬁ be made for low-
dose, low-LET radiation, and that emphasis should be p]éced on the approach

to the method of risk coefficiént estimation rather than ahy numeriﬁa] vé]ﬁes
derived theréby (nm. |

Estimation of Risk Coefficients for Radiation-Induced Cancer

In the BEIR-III Report (]) the vafious‘iflustrative radiation exposure
conditions, the dose—resbon;e cufves, and the risk projection models, based
primarily on the Japaneée atomicebomb survivor data, provided a Targe number
of tab]es of estimated risk coefficjents for radiation-induced cancer in human
popu]atiéns expdsed to low levels of 10Q-LET radiation. ft is worthwhile |
to illustrate one such exémp]é'from the Repért (1)---that of the_estimated
excess cancer deaths among one million population exposed to 10 rads (0.1
Gy) of low-LET.who1e-body radiafion. Here, the ]ihear—quadratic dose-response
model predicts increases tﬁat range from 0.5%_to 1.4% over’the normal.expecfation
of cancer mortality of approximately 164,000 per million persons depending
on the projection model used (Table 1). For the linear mode], the values
are only about twice these, wheréas the pure quadratic model predicts values
about ohe—eighth those of the linear-quadratic dose—regpbnse fe]ationship.
Generally, for Tow-LET radiation, the BEIR-III Committee_preferred the linear-
quadratic dose—respbnsé model and conc]udédbthat it provided the moét realistic

risk estimates. i
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L

Comparison with the 1972 BEIR-I Report (3) risk estimates, and 1977 UNSCEAR

Report (11) risk estimates, based on a cancer risk per average rem of exposure,

indicates that all the values are very similar. This is important since the

BEIR-I and UNSCEAR cancer risk estimates are based solely on the linear hypothesis.

Implications for Radiation Protection and Public Policy

Two main questions confronted the BEIR-III Committee from the outset
(1). Both dealt indirectly with matters of radiation protection philosophy
and the system of dose limiation (5) presently employed, and both had their
genesis in the BEIR-I Committee's deliberations (3).

First, in the consideration of members of the public and public health
policy, will radiation effects be expected to occur at dose levels occurring
from annual exposure Qf a few hundred millirems (or a fewvmillisieverts) in
additiop to natural background and medical exposure? At the present time,
there is no clear answer, but the BEIR-III Committee concluded that in most
cases, linear extrapolation from high-dose data leads to overestimation of

risk from low-dose, low-LET radiation. The linear model is not likely to

overestimate the effects of high-LET radiation, amd may, in fact, underestimate

them when high-dose data are in the cell-killing dose region.

Second, for the radiation worker population in industry and medicine,
will delayed or late health effects occur at levels of éxposure in the range
of 0.5 to 5 rems per year (or 5 to 50 mSv per year)? Here the BEIR-III Com-
mittee concluded delayed health effets could occur in those radiation workers
with lifetime occupational exosufes which may be accumulated by continuously
working close to the recommended dose limits, i.e. to the maximum permissible
dose (5).

These two importanf questions .and their answers compel three important

conclusions on risk perception, decision-making and public policy. First,
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the BEIR-III Report (1) ref]ects the‘state of our'scientific knouledge and

its 1tmitations. ‘It is just not possible to provide a siné]e numerical estimate
to define radiation risk,:and this is confounded in the low-dose region of

_ practica]'conCern where no human epidemiological evidence is available.

Second, the BEIR-III Report (1)'does not set'radiation protection standards
Thus, the Report (1) does not seek sweeping s1mp11f1cat1ons of comp]ex radiation
protection prob]ems, -and it recogn1zes that current rad1at1on protection
philosophy of dose limiation does not necessar11y depend on accurate or precise
def1n1t1on of risk (5). F1na1]y, and perhaps most 1mportant on the basis

of the range of the rad1at1on risk estimates der1ved any 1ack of numerical
precision does not minimize e1ther the need for sett1ng responsab]e public
'hea1th po]icies, nor the conclusion that such.risks are extremely small when
compared with those ava11ab1e of a]ternat1ve opt1ons, and those norma]]y

accepted by soc1ety as the hazards of everyday ]1fe

Acknow]edgements

The “author thanks Mrs Kathleen Becky for preparation of the manuscript,
and Mr. Robert Stevens for he]p'withathe illustrations. This work was supported
by the Office of Health and Env1ronmenta1 Research of the U. S Department

of Energy under contract W-7405-ENG-48.



Fabrikant 17

References
The Effects on Pobu]ations of Exposure to Low Levels of lIonizing
Radiation: 1980. Report of the Committee on the Biological Effects of
Ionizing Radiations. National Academy of Sciences-National Research
Council, Washington, D.C., 1980.
Handler P. On bias: Does where you stand really depend on where you
sit? In: The National Research Council, National Academy of Sciences,
Washington, D.C. 1980:1-15.
The Effects on Populations of Exposure to Low Levels of Ionizing Radiation.
Report of the Advisory Committee on the Biological Effect$ of Ionizing
Radiations. National Academy of Sciences, National Research Council,
Washington, D.C., 1972.
Abrahamson A and Wolff'S. Reanalysis of radiation-induéed specific Tocus
mutations in the mouse. Nature 1976; 264:715.
Recommendations of the International Commission on Radio]ogica) Protection.
Oxford: Pergamon Press. ICRP Publication 26. Ann. ICRP 1977; 1, No 23.
Kellerer AM and Rossi‘HH. A theory of dual radiation action. Current
Topics in Radiat Res Quart 1972; 8:85.
Brown JM. The shape of the dose-response curve for radiation carcinogenesis.
Extrapolation to low doses. Radiat Res 1977; 71:34.
Upton AC. Radiobiological effects of low dose: Implications for fadio—
biological protection. Radiat Res 1977; 71:51.

Fabrikant JI. The BEIR-III controversy. Radiat Res 1980; 84:36.



10.

11.

12.

13.

14.

15.

16.

17.

Fabrikant 18

Fabfikaﬁt JI. The BEIR-III Report: Origfn of the controversy. AJR

1981; 136:209. | S

United Nations Scientific Committee on the Effecté?bf Atomic Radiation.
Sources and Effects of ionizing'Rédiétioﬁ} New York, United Nations, 1977.
Loewe WE and Mendelsohn E. Revision estimates of dose at Hiroshima éhd
Nagaéaki and possible consequéntes for radiation-induced leukemia.
D—80-]4.. Lawrence Livermore Laboratory, University-o% California, 1980.
Boice JD, Jr, Land CE, Shore RE, Normaﬁ JE, Tokunaga, M. Risk of

breast cancer fd]]bwihg low-dose expOsufe. Radid]dgy 1979;v131:589.

Beebe GW, Kato H, Land CE. Mbrta]ity EXperience of Atomic Bomb Survivors
1950-1974. Life Span Study Report 8. Radiation Effects Research Foundation

Technical Report RERF TR 1-77. - Washington, D.C., National Academy of

Sciences, 1977.

Upton AC, Beebe GW, Brown JM, Qu§mby EH, She]]abargér C; Reporf of
NCI ad hoc wérking'group on the risks associated with mammography in
méss screening fof the detection of breast ﬁancer.‘ J Natl Cancer Inst.
1977; 59:480.

Mole RH. The sensitivity of the human breast to céncer induction by
ionizing radiatioﬁ. Br J Radio] 1978;'5]:401.

Mays CW, Spiess. Bone sarcoma risks to man from 224Ra, 226Ra and 239Pu.

In: Miller WA, Ebert HG, (eds.). Biological Effects of 22%pa. Benefit
and Risk of Therapeutic Application. The Hague: Nyhoff Medical Division,

1978:168-181.



Fabrikant 19

TABLE I

Cancer-Induction in One Million Persons Following

Single Exposure to 10 rads (0.1 Gy) of Low-LET Radiation (1)

Dose-Response

Absolute Risk

Relative Risk

Model Model Model
Normal expectation of :
) 163,800 163,800
cancer deaths.
Linear-quadratic Excess: number. 766 2255
percentage 0.47 1.4
Linear Excess: number 1671 5014
percentage 1.0. 3.1
Quadratic .Excess: number 95 276
0.17

percentage 0.058
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FIGURE LEGENDS

Fig. 1. Dose-effect relationship derived from'radiobio]dgica]-theory

and experimental evidence (6). ¢z is a microdosimetric quantity which

is assigned to a theoretical Tinear- -quadratic curve; it relates the m1crbscop1c
d1str1but1on of energy within a localized volume within the cell to LET. .
:The»sol1d line is the sum of the Tinear (L) and quadratic (Q) contributions

to the effect. The coordinates are 1ogarithmi¢ scales (1).

Fig. 2. Alternative dose-response models fér radiation-induced cancer‘in~
expoéed human populations (1). The_functiona] form may be considered a complex
functional quadratic equation; however, the Tinear function is perhaps the
most important, and the ao'and.a] are the parameters relevant to risk at‘

very 1ow_doses.v This function may be modified that allows exbression of
upward curvature at low doses (az) and downward curvature at high doses

v(B] and 32) to aCcounf‘fqr ce]]-ki]]ing'effectsi Depénding on the va]ues 

of the coefficients, the functional formlreduces_to simpler models---the
linear (B), the pure quadratic (C), and the linear-quadratic (quadratic with

a linear term in the low-dose region).

bFig. 3. Risk of cancer-induction following radiation. The constant absolute
(solid Tine) and relative (dash line) risk models are plotted against age.
A, age at time of ifradiation,(x); B, age at end of minimal latent period

(LP); C, age at a given time after excess cancer risk is expresseq.



Fab}ikant 21

Fig. 4. Dose-response curves of breast cancer incidence relative to
estimated radiation dose to the breast (13). The epidemiological surveys
include the Japanese atomic bomb survivors, postpartum mastitis patients,
and tuberculosis patients in Massachusetts ahd Nova Scotja. All the data
sets in these surveys fit a linear dose-response model, with no suggestion

for a quadratic term.

Fig. 5. Leukemia incidence in Japanese atomic bomb survivors in Hiroshima
and Nagasaki (14). The relative risk is plotted against the T65 kerma (dose).
The Nagasaki data set fits a quadratic dosé—response model, with no suggestion
for a linear term. These curves may be expected to change when the re-
estimation of dosimetry of the Japanese‘atomic bombs is completed in the

future (12).
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SHAPES OF DOSE RESPONSE CURVES
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Figure 4
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