The Effects on Populafions
of Exposure to Low Levels
} of lonizing Radiation

N
R
C

Committee on the Biological Effects of lonizing Radiations

Assembly of Life Sciences




,NATIONAL ACADEMY OF SCIENCES
INATIONAL ACADEMY OF ENGINEERING
INATIONAL RESEARCH COUNCIL
INSTITUTE OF MEDICINE

2101 Constitution Avenue,

Washington, D.C., U.S.A. 20418

INVOICE NO.

429659

.

Permission must be secured before books
are returned for credit. A charge will be

made for handling approved return ship-

ments. No credit is atlowed for publica- |
tions returned in unsaleable condition.

No returns accepted after 90 days.

auaurn‘v TITLE

1| 3075~7 |EXPGSURE LOW LEVELS IONIZ 0780

YOUR REF.,

LAST PAGE 001 PACKING SLIP



The Effects on Populations
-~ of Exposure to Low Levels
of lonizing Radiation

Committee on the Biological Effects
of lonizing Radiations

Division of Medical Sciences
Assembly of Life Sciences
National Research Council

NATIONAL ACADEMY OF SCIENCES
WASHINGTON, D.C. 1980



The National Research Council was established by the National
Academy of Sciences in 1916 to associate the broad community of
science and technology with the Academy's purposes of furthering
knowledge and of advising the federal government. The Council
operates in accordance with general policies detemmined by the
Academy under the authority of its Congressional charter of 1863,
which established the Academy as a private, nonprofit, self-governing
membership corporation. The Council has become the principal operating
agency of both the National Academy of Sciences and the National Academy
of Engineering in the conduct of their services to the government, the
public, and the scientific and engineering communities. It is ad-
ministered jointly by both Academies and the Institute of Medicine.
The National Academy of Engineering and the Institute of Medicine
were established in 1964 and 1970, respectively, under the charter
of the National Academy of Sciences.

NOTICE

The project that is the subject of this report was approved
" by the Governing Board of the National Research Council, whose
members are drawn from the Councils of the National Academy of
Sciences, the National Academy of Engineering, and the Institute
of Medicine. The members of the committee responsible for the
report were chosen for their special competences and with regard
for appropriate balance.

This report has been reviewed by a group other than the authors
according to procedures approved by a Report Review Committee comnsist-
ing of members of the National Academy of Sciences, the National
Academy of Engineering, and the Institute of Medicine.

The work presented in this report was supported by the Office
of Radiation Programs, Envirommental Protection Agency, under
contract 68-01-4301.

PUBLISHER'S NOTE: This typescript edition has been supplied to respond
to pressing demand for.copies of this report. A typeset edition of the
work will be available as soon as possible, probably in the last quarter
of 1980.

International Standard Book Number 0-309-03075-7
Library of Congress Catalog Card Number 80-81659
Available from

National Academy Press, National Academy of Sciences
2101 Constitution Avenue, N.W., Washington, D.C. 20418

Printed in the United States of America




NATIONAL ACADEMY OF SCIENCES

OFFICE OF THE PRESIDENT
2101 CONSTITUTION AVENUE
WASHINGTON,D.C. 20418

July 22, 1980

Mr. Douglas Costle
Administrator

Environmental Protection Agency
401 M Street, S.W.

Washington, D.C. 20460

Dear Mr. Costle:

I am pleased to transmit the report "The Effects on Populations
of Exposure to Low Levels of Ionizing Radiation" prepared under
contract 68-01-4301 with EPA's Office of Radiation Programs.

The report, familiarly known as BEIR III (after its authoring
Committee on the Biological Effects of Ionizing Radiation), has
had a troubled history. In May 1979, a version of the report was
publicly released. But when it was learned that a significant
number of committee members believed that the somatic effects
section of the report did not adequately reflect the full range
of committee opinion generated by the admittedly.incomplete data
base, further distribution was discontinued.

It is not unusual for scientists to disagree on the inter-
pretation of data. Generally, the sparser and less reliable the
data base, the more opportunity for disagreement. In this case,
there is sufficient data concerning the effects of exposure to
high doses of ionizing radiation, but little reliable information
concerning the consequences of exposure to lower doses, especially
those low doses to which a human population might be exposed.

Upon the issue of how one may extrapolate from the high doses to
the low, scientific argument turned on the question of how one may
validly extrapolate from the measured effects of high doses to the
most probable effects of low doses.

The BEIR III report exhibits the range of opinion concerning
how this extrapolation may be performed. Many committee members
believe that the data best support a linear quadratic model for
estimating risk; others, however, believe that the linear or pure
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Mr. Douglas Costle
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quadratic models provided better estimates. The report presents

all of these views, in balanced fashion. The committee as a whole,
despite individual preferences, has agreed that the report treats
each of the possible interpretations in a fair manner. Two members
have not found it possible to endorse the report. The dissenting
statement by Dr. Radford espouses the linear model; that by Dr. Rossi
favors the pure quadratic model. Both models are included. The
polarity of these two views best illustrates the degree to which
scientists disagree on this subject in absence of sufficient evidence
to compel conclusion. ‘ :

We believe that the report will be helpful to the EPA and
other agencies as they reassess radiation protection standards.
It provides the scientific bases upon which standards may be
decided after nonscientific social values have been taken into
account. If social values dictate a conservative approach, the
report's linear model risk estimates may serve as your guide.
If one wishes to accept scientists' best judgment while recognizing
that the data simply will not permit definitive conclusions, one
may select risk estimates using the linear quadratic model as your
guide. Other considerations may lead to use of the pure quadratic
risk estimates.

We regret that the transmittal of this report has been delayed
so long. The Academy’believes that the delay was necessary to
permit time for restating the report so as to display all of the
valid opinions rather than distribute a report that might create
the false impression of a clear consensus where none exists.

Sincerely yours,

Philip Handler
President

Enclosure
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PREFACE

In the fall of 1976, the Office of Radiation Programs, Environmental
Protection Agency, asked the National Academy of Sciences for current
information relevant to an evaluation of effects of human exposure to
low levels of ionizing radiation. This report, prepared by the Committee
on the Biological Effects of Ionizing Radiations (BEIR Committee) and its
subcommittees, in the Division of Medical Sciences of the National Research
Council's Assembly of Life Sciences, is in response to that request. It
deals with the scientific basis of effects of low-dose radiation and en-
compasses a review and evaluation of scientific knowledge developed since
the first BEIR report (published in 1972) concerning radiation exposure
of human populations..

The BEIR Committee endeavored to ensure that no sources of relevant
knowledge or expertise were overlooked in its study. To this end, it
established liaison with appropriate national and international organiza-
tions and solicited the opinions and counsel of individual scientists.

We hope that the information contained herein will serve not only as

a summary of present knowledge on the effects of ionizing radiation on
human populations, but also as a scientific basis for the development

of suitable radiation protection standards. It should be noted that
the members of the Committee and its subcommittees acted as individuals,
not as representatives of their organizations.

We extend our gratitude to the consultants who contributed to
the development of this report, many of whom gave unstintingly of
their time and thought.

We want to make special note of the contributions of Dr. Arthur C.
Upton, who served as chairman of the Committee from November 1976 to
July 1977 and resigned when he became the director of the National
Cancer Institute, and Dr. Benjamin K. Trimble, of British Columbia,
who served on the Subcommittee on Genetic Effects until his untimely
death in November 1977. We also note the contribution of Dr. Cyril
Comar, not only to this report, but also to the study of radiobiologic
effects. Dr. Comar died in June 1979.

The BEIR Committee especially wishes to thank the scientists
who have aided it in its work, particularly Drs. Robert L. Brent,
John T. Lyman, Bernard E. Oppenheim, and Roy Shore, who not only
contributed their time, but also gave considerable assistance in
the preparation of some sections of the report.

A special note of appreciation is extended to Division of Medical
Sciences staff members Dr.- Albert W. Hilberg, whose knowledge and counsel
were invaluable to the Committee, and Dr. David A. McConnaughey.

Mr. Norman Grossblatt, of the Assembiy of Life Sciences, edited
this report. -




The preparation of this report required information from

several scientific disciplines, and most sections were prepared

by members who had particular expertise. Chapter IV was prepared
by the Subcommittee on Genetic Effects, and Chapters V and VI, by
the Subcommittee on Somatic Effects. The other chapters were pre-
pared by various members of the Committee with direction and advice
from the entire Committee.

There were unresolvable differences among the members of the
Subcommittee on Somatic Effects concerning the methods of interpre-
tation of human data to arrive at an estimate of health risks of
low-dose, low-LET whole-body radiation exposure. A draft final
version of this report was distributed in limited number in May 1979.
The somatic—effects sections of that version have here been restated.
The restatement was drafted by a subgroup of the Committee, with
discussions led by Dr. Jacob I. Fabrikant. The entire Committee has
reviewed the report that follows.

Dissenting statements prepared by individual members of a
National Research Council committee are not subject to the normal
review processes of the National Academy of Sciences; nor are they
subject to committee or staff editing or review. They appear exactly
as the dissenting committee members prepare them. The NAS-NRC neither
endorses nor takes responsibility for the content of the statements.

xii
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This report is intended to bring up to date the report of the
Committee on the Biological Effects of Ionizing Radiations issued
in 1972, 1In carrying out this intent, we have concentrated primarily
on the long~term somatic and genetic risks to people exposed to
ionizing radiation at low doses—-the condition of principal concern
with respect to risks to large population groups.

The major sources of the ionizing radiation to which the
general population is exposed continue to be natural background
(with a whole-body dose of about 100 mrems/yr) and medical applica-
tions of radiation (which contribute similar doses to various tissues
of the body). For a given person, the dose from natural background
varies with altitude and geographic location, as well as with living
habits. Workers in muclear and other industrial facilities in which
radioactive material or x-ray equipment is used are occupationally
exposed to levels of radiation that may exceed background severalfold,
and the number of such workers is increasing.

The Committee cautions that the risk estimates presented here
should in no way be interpreted as precise numerical expectations.
They are based on incomplete data and involve a large degree of
uncertainty, especially in the low-dose region. These estimates
may well change as new information becomes available. Whatever the
magnitude of these risks to society and to the individuals exposed,
they must be kept in perspective if society is to derive benefits
from the use of ionizing radiation. The Committee has no responsi-
bility to recommend regulatory limits, nor does it address cost-
benefit issues involving the use of ionizing radiation. These issues
are beyond the scope of the task or expertise of this Committee.

RISK OF SOMATIC EFFECTS FROM RADIATION

l. Cancers arising in a variety of organs and tissues are the
principal late somatic effects of radiation exposure. Organs and
tissues differ greatly in their susceptibility to cancer induc-
tion by radiation. Induction of leukemia by radiation stands out
because of the natural rarity of the disease, the relative ease
of its induction by radiation, and its short latent period (2-4 yr).
When the total risk of radiation—induced cancer is considered,
however, it is clear that the risk of induced solid tumors (such as
breast, thyroid, and lung cancers) exceeds that of leukemia.



2. The Committee recognizes that there is great uncertainty in
regard to the shape of the dose-response curve for cancer induction
by radiation, especially at low doses. Estimates of risk at low
doses depend more on what is assumed about the mathematical form of
the dose-response function than on the data themselves. Wherever
possible, in estimating the cancer risk from low doses of low-LET#*
radiation, the Committee has used a linear-quadratic dose-response
model that is felt to be consistent with epidemiologic and radiobiologic
data, in preference to more extreme dose-response models, such as the
linear and the pure quadratic.** The Committee recognizes that
some experimental and human data, as well as theoretical considerations,
suggest that, for exposure to low-LET radiation at low doses, the
linear model probably leads to overestimates of the risk of most
cancers, but can be used to define upper limits of risk. Similarly,
the Committee believes that the quadratic model may be used to define
the lower limits of risk from such radiation. For exposure to
high-LET radiation, linear risk estimates for low doses are less
likely to overestimate risk and may, in fact, underestimate risk.

3. There is now considerable evidence from human studies that
age, both at exposure to radiation and at observation for risk, can
be a major deteminant of radiation-induced cancer risk. For this
reason, the Committee has expressed risk in age-specific terms
wherever possible.

4. The Committee's most difficult task has been to estimate
the carcinogenic risk of low-dose, low-LET whole-body radiation. It
recognized that the scientific basis for making such estimates is
inadequate, but it also recognized that policy decisions and the
exercise of regulatory authority require a position on the probable
cancer risk from low-dose low~LET radiation. Accordingly, the Com-
mittee decided that emphasis should be placed on the assumptions,
procedures, and uncertainties involved in the estimation process,
and not on specific numerical estimates. For the lifetime risk of
cancer mortality induced by low-LET radiation from a single whole-
body absorbed dose of 10 rads, based on the linear—quadratic model, the
estimates of increase in risk range from 0.5 to l.4% of the naturally

*X rays and y rays are types of low-LET radiation. Neutrons and
particles are types of high-LET radiation. '

**Tn this regard, this report differs substantially from the 1972
BEIR report.



occurring cancer mortality, depending on the projection model.* For
continuous lifetime exposure to 1 rad/yr, the estimates range from

3 to 8%. Other dose-response models produce other risk estimates;
the linear estimates are higher and the quadratic lower than the
linear-quadratic. For example, for a single exposure to 10 rads

of low-LET radiation, the linear and quadratic differ from each
other by an order of magnitude. For incidence, the corresponding
estimates of excess risk, expressed as percentages of lifetime cancer
incidence, are broadly similar.

5. The Committee does not know whether dose rates of gamma or
x rays of about 100 mrads/yr are detrimental to man. Any somatic
effects at these dose rates would be masked by envirommental or
other factors that produce the same types of health effects as does
ionizing radiation. It is unlikely that carcinogenic and teratogenic
effects of doses of low-LET radiation administered at this dose rate
will be demonstrable in the foreseeable future. For higher dose
rates——e.g., a few rads per year over a long period—--a discernible
carcinogenic effect could become manifeste.

6. Reductions in dose rate may decrease the observed radiation
effect per unit dose, particularly for large doses of low-LET radia-
tion, but not for doses in the linear portion of the linear-quadratic
dose-response model and not for high-LET radiation. There appear to
be mechanisms, however, pertaining especially to exposure to high-LET
radiation, that increase the observed effect per unit dose when the
dose rate is reduced. The Committee recognizes that dose.rate may
affect the risk of cancer induction, but believes that the information
available on man is insufficient to adjust for it.

7. A notable development since the 1972 BEIR report is the
increasing recognition that there are human genotypes that confer
both increased susceptibility or resistance to DNA damage and increased
caricer risk after exposure to carcinogenic agents, including ionizing
radiation. The role of constitutional susceptibility to cancer
induction is not well enough understood, however, for it to be used
as a factor to modify risk estimates. Inasmuch as the risk estimates
developed for this report are averages for large populations that
presumably include many genotypes, it is unlikely that these risk
estimates would be notably altered if data representing very small
subsets of abnormally radiosensitive persons could be recognized and
excluded from the calculations. If population subsets can be identified
as being at substantially greater risk of radiation carcinogenesis,
their risk will require separate estimation.

*In interpreting the percentage increases in cancer risk above the
naturally occurring rate, the following is an example: If the
naturally occurring lifetime cancer risk is 160,000 cases per million
persons, the rate is 16%. An increase due to radiation
equal to 0.5% of the natural rate will result in an increase of
160,000 X 0.005, or 800 cases—-that is, 160,800 total cases will
occur. This represents a rate of 16.08% after radiation.



8. The developmental effects of radiation on the embryo and

fetus are strongly related to the stage at which exposure occurs.
Most information on such effects is derived from laboratory animal
studies, but the human data are sufficient to indicate qualitative

. correspondence for developmentally equivalent stages. In laboratory
animals, some developmental abnormalities have been observed at doses
below 10 rads. Atomic-bomb data for Hiroshima show that the frequency
of small head size was significantly increased by acute air doses in
the range of 10-19 rads kerma (average fetal dose, gamma rays at 5.3
rads plus neutrons at 0.4l rad) received during the sensitive period.
At Nagasaki, where almost the entire kerma was due to gamma rays,
there was no significant increase in the frequency of small head
size at air doses below 150 rads kerma. Because a given gross mal-
formation or functional impairment probably results from damage to
more than a single target, the existence of a threshold radiation
dose below which that effect is not observed may be predicted.
There is evidence of such thresholds, but they vary widely, depending
on the abnormality. Observed dose-rate effects may also be the
result of the multitarget causation of these abnormalities. Further-
more, exposure protraction can reduce dose effectiveness by decreasing
to below the threshold the portion of the dose received during a
particular sensitive period. Where a developmental effect is measured
in terms of damage to individual cells, as in oocyte-killing, a
threshold for this effect may be absent.

9. For somatic effects other than cancer and developmental
changes (e.g., cataracts, aging, and infertility) considered in this
report, the available data do not suggest an increased risk with low
dose low-LET exposure of human populations.

RISK OF GENETIC EFFECTS FROM RADIATION

l. Because radiation—-induced transmitted genetic effects have
not been demonstrated in man and because of the likelihood that
adequate information will not soon be forthcoming, estimation of
genetic risks must be based on laboratory animal data. This entails
the uncertainty of extrapolation from the laboratory mouse to man.
However, there is information on the nature of the basic lesions,
which are believed to be similar in all organisms; and several physical
and biologic variables of radiation mutagenesis have been experimentally
explored. For these reasons, some of the uncertainties encountered
in the evaluation of somatic effects are absent in the estimation of
genetic risk. Human data have been used for estimation of genetic
effects resulting from gross chromosomal aberrations.




2. In evaluating genetic risks, the Committee has considered
new data on the incidence of genetic disease in human populations.
In addition, recent theories of curvilinear dose-response functions
and information on dose-rate effects for radiation of different
qualities have been reviewed. For low doses and dose rates, a linear
extrapolation from fractionated-dose and low-dose-rate laboratory
mouse data continues to constitute the basis for estimating genetic
risk to the general population. The Committee's genetic-risk estimates
are expressed as effects per generation per rem, with appropriate cor-
rections for special situations, such as exposures of small groups to
high=-LET radiation.

3. Although the Committee used a new method of estimating genetic
effects expressed in the first generation, the present estimates of
genetic effects are not notably different from those of the 1972 BEIR
report. In the first generation, it is estimated 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
result, at genetic equilibrium, in an increase of 60-1,100 serious
genetic disorders per million liveborn offspring.

4. The ranges of the risk estimates given in the preceding
paragraph emphasize the limitations of current understanding of
genetic effects of radiation on human populations. Within this range
of uncertainty, however, the risk is nevertheless small in relation
to current estimates of the incidence of serious human disorders of
genetic origin--roughly 10% of liveborn offspring.

5. Genetic-risk estimates have been restricted to persons with
induced disorders judged to cause a serious handicap at some time
during life. Even in that category, some disorders are obviously
more important than others. In contrast with induced somatic effects,
which occur only in the persons exposed, induced genetic disorders occur
in descendants of exposed persons and can often be transmitted to many
future generations. The major somatic-risk estimates considered in
this report are concerned with induced cancers. ‘Although many of
these are fatal, some, such as most thyroid cancers, are curable,
but entail the risk and costs of medical care and disability. Somatic
effects also include developmental abnormalities of varied severity
caused by fetal or embryonic exposure. It is important to recognize
that comparisons of genetic and somatic effects must take into account
ethical or socioeconomic judgments that are beyond the scope of the
Committee's responsibility. As an example of the problem, it is
extremely difficult to compare the societal impact of a cancer with
that of a serious genetic disorder.
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The potential effects of ionizing radiation on human populations
have been a concern of the scientific community for several decades.
The oldest of the scientific bodies that now have responsibility in
this field are the International Commission on Radiological Protection
(ICRP), formed in 1928, and the National Council on Radiation Protec-
tion and Measurements (NCRP), a U.S. organization formed in 1929 as
the Advisory Committee on X-ray and Radium Protection. Both continue
to study radiation-protection problems that are of special relevance
to the work of the present Committee on the Biological Effects of
Ionizing Radiations.

The establishment of the U.S. Atomic Energy Commission and its
program, in the 1940s, was accompanied by recognition of the need for
more precise information on the biologic hazards of radiation, and
large-scale animal experiments were initiated. In the early 1950s,
the testing of nuclear weapons provoked public concern about the
potential effects of ionizing radiation on human populations. In
response to this concern, the president of the National Academy of
Sciences (NAS) in 1955 appointed a group of scientists to conduct
a continuing appraisal of the effects of atomic radiation on living
organisms. That study, entitled "Biological Effects of Atomic
Radiation,"” was supported by funds from the Rockefeller Foundation
and led to a series of reports by six committees, which were issued
from 1956 to 1963 and are generally referred to as the "BEAR reports."”

Also in 1955, the General Assembly of the United Nations estab-
lished the UN Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR), which, among other tasks associated with monitoring and
assembling reports of radiation exposure throughout the world, was
“to make yearly progress reports and to develop a summary of reports
received on radiation levels and radiation effects on.man and his
environment." In accordance with that objective, the periodic
reports issued by UNSCEAR (the most recent was released in 1977) have
served as reviews of worldwide scientific information and opinion
concerning human exposure to atomic radiation.

In 1959, the Federal Radiation Council (FRC) was formed to provide
a federal policy on human radiation exposure. A major function of the
FRC was to "advise the President of the United States with respect to
radiation matters, directly or indirectly affecting health, including
guidance for all federal agencies in the formulation of radiation -
standards and in the establishment and execution of programs of coopera-
tion with States.” To that end, the FRC published eight reports.



At the request of the FRC, the National Academy of Sciences-
National Research Council (NAS-NRC) in 1964 established the Advisory
Committee to the Federal Radiation Council in the NRC Division of
Medical Sciences. The Advisory Committee, now called the Committee
on the Biological Effects of Ionizing Radiations (BEIR), continues
to review and evaluate available scientific evidence bearing on a
variety of problems of radiation exposure and protection and continues
to issue reports of its deliberations.

The BEAR reports provided a basis for public understanding of
the expected effects of the testing of nuclear devices that had
occurred so far and introduced the important concept of regulation
of average population doses on the basis of genetic risk to future
generations. They also emphasized the diagnostic and therapeutic
use of x rays in medicine and dentistry as the greatest source of
man-made radiation exposure of the population. However, in the later
1960s and the 1970s, concern arose that developing peacetime appli-
cations of nuclear energy, particularly the growth of a nuclear-
power industry for production of electricity, could cause serious
exposure of human populations to radiation. 1In February 1970, the
FRC asked the NAS-NRC Advisory Committee to consider a complete
review and reevaluation of the existing scientific knowledge con-
cerning radiation exposure of human populations. This request from
the FRC came about because of a natural concern on the part of
the Advisory Committee that there had been no detailed overall
review since the BEAR reports; new factors that might need to be
considered, such as optional methods of producing electricity and
the presence of environmental contamination different from types
previously encountered; and a growing number of allegations made
in the public media and before Congressional committees that current
radiation-protection guides were inadequate to protect the health
of the general population.

The NAS-NRC and the Advisory Committee accepted the task
proposed by the FRC. On October 2, 1970, the Environmental Protec-
tion Agency (EPA) was established by the President's Reorganization
Plan No. 3 of 1970. On December 2, 1970, the activities and functions
of the FRC were transferred to the EPA Office of Radiation Programs.
In concert with this change, the NAS-NRC Advisory Committee requested
a change in its title, and the president of the NAS renamed it the
Advisory Committee on the Biological Effects of Ionizing Radiations;
the Committee's functions, activities, and staffing were not changed.
The BEIR Committee produced its report in November 1972: The Effects
on Populations of Exposure to Low Levels of Ionizing Radiation (BEIR I).

The NAS-NRC and the BEIR Committee were asked by the EPA in
early 1973 to review methods for health benefit-cost analysis that
might be applicable to ionizing-radiation exposure. The Committee
completed its report in 1976, and it was published in 1977:

- 12 -



Considerations of Health Benefit-Cost Analysis for Activities
Involving Ionizing Radiation Exposure and Alternatives (BEIR II).

In the fall of 1976, the EPA Office of Radiation Programs asked
the NAS-NRC and the BEIR Committee to update the 1972 BEIR report
on the basis of newly developed scientific information, The task
before the Committee was specified in detail in the contract agree-
ment between the NAS and the EPA signed on September 30, 1976:

The Contractor shall review the current state of
knowledge on somatic and genetic effects of
ionizing radiation. Under this review phase the
Contractor shall consider the following:

(a) The extent to which animal data, particularly
from inbred strains, is pertinent to estimating
somatic radiation effects in human populatioms.

(b) Recent theories of curvilinear dose response
functions for both high and low LET radiations
for somatic and genetic effects. '

(c) The effects of dose rate and protraction on
the incidence of radiation effects from high
and low LET radiations for somatic and genetic
effects.

(d) The appropriateness of using relative risk
estimates vis a vis absolute risk estimates
for specific radiation related cancers based
on a consideration of age related changes in
patterns of radiocarcinogenesis. Particular
emphasis on late results from in utero and
childhood exposures would be extremely useful,

(e) The probable extent of synergistic interactions
between ionizing radiation and other environ-
mental and occupational promoters of carcinogenesis.

The Contractor shall make such recommendations to EPA

on the potential risks from ionizing radiation as may

be justified on the basis of current published scientific
information. In particular, the Contractor shall provide
recommendations on:

(a) The various ranges of dose and dose rates for which
different numerical risk estimates are appropriate
for both low LET and high LET radiations,




(b) The difference in human risk (somatic and genetic)
that reasonably may be expected following acute and
chronic exposures.

(c) Based on a consideration of these factors, numerical
estimates of the somatic and genetic risks to humans
from low dose rate ionizing radiations.

To carry out the required review and analysis, two subcommittees
were formed to deal with the somatic effects and the genetic effects
of low-level ionizing radiation. :

The present BEIR Committee not only used the 1972 BEIR report
as a guide in its review, but also quoted extensively from it when
there was no apparent need for a change in wording. The 1972 BEIR
report is no longer readily available, and the Committee felt that
the extensive use of sections of it in the present report might
allow the reader to gain a more complete view of the subject matter
discussed.
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The purpose of this chapter is to provide background information
on the scientific principles involved in the measurement and evaluation
of the biologic effects of ionizing radiation. That the literature on
the biologic effects of radiation is extensive indicates the concern
that has been manifest among govermmental and other groups about the
potentially harmful effects of a great expansion of nuclear technology
and other applications of radiation. Indeed, it is fair to say that
we have more scientific evidence on the hazards of ionizing radiation
than on most, if not all, other envirommental agents that affect the
general public. Especially important is the evidence that has been
obtained from studies of human populations that have been exposed to
radiation for various reasons; however, the large body of experimental
evidence on cell systems and experimental animals is also important
for our understanding of radiation effects on living systems.

The following discussion summarizes briefly some aspects of
ionizing radiation and its biologic effects, with special reference
to concepts that we believe to be important to our present under-
standing of these effects, especially at low radiation doses. This
discussion is clearly not an exhaustive review of the voluminous
literature, but rather highlights general considerations that are
pertinent to the detailed information in later chapters that form
the basis of risk estimates ultimately derived in this report.

The units of radiation used in this report are those in common
use. The main ones are the rad, the unit of absorbed dose (1 rad =
100 ergs/g = 0.01 joule/kg), and the rem, the unit of equivalent dose
for different types of radiation (1 rem = 1 rad X a correction factor
to equalize biologic effects). However, the reader should be aware
that new units have been proposed and may well come into general use--
in particular, the gray (1 Gy = 100 rads = 1 J/kg) and the sievert
(1 Sv = 100 rems). '

Radiation doses in this report are expressed in units used by
the original authors. For comparative purposes, the conversion or
modifying factors are specified in each case. Other units used in
this report are defined at the place of first use.

Radiation effects have been classified traditionally as "somatic"”
if manifested in the exposed subject, and "hereditary" or “"genetic" if
manifested in the descendants of the exposed subject. However, the
term "genetic” is also applicable to effects that involve changes pro-
duced in the informational macromolecules of cells. Thus, some somatic
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effects of radiation may be mediated by genetic mechanisms that affect
a wide range of body cells, whereas genetic effects involve only germ
cells in the gonads.

The term "stochastic" is used to describe effects whose probability
of occurrence in an exposed population (rather than their severity in
an affected individual) is a direct function of dose. Stochastic effects
are commonly regarded as having no threshold--that is, any dose, however
small, has some effect, provided that the population exposed is large
enough. Hereditary effects and some somatic effects, such as cancer
induction, are considered to be stochastic. The term "nonstochastic”
is used to describe effects whose severity is a function of dose. For
these effects, there may be a threshold--that is, there may be a dose
below which there is no effect. Examples of nonstochastic somatic
effects are cataracts, nommalignant skin damage, hematologic deficiencies,
and impairment of fertility.

PHYSICAL ASPECTS OF THE BIOLOGIC EFFECTS OF IONIZING RADIATION

INTERACTION OF IONIZING RADIATION WITH CELLS |

All ionizing radiation affects cells by the action of charged |
subatomic particles, which dislodge electrons from atoms in the ‘
irradiated material, thus producing ions. By this mechanism, energy
is transferred from the radiation to the material, and the amount of

energy absorbed per unit mass of the material is the absorbed dose, p.

Radiation exXposure occurs from many sources, described in Chapter
III. Energetic charged particles may arise, for example, from radio-
active substances that are inside or outside the irradiated material,
or they may have been produced by a variety of processes involving
high-energy radiation, such as X rays or neutron beams. Radiation
is directly ionizing if it carries an electric charge that directly
interacts with atoms in the tissue or medium by electrostatic attraction
or repulsion. Indirectly ionizing radiation is not electrically charged,
but results in production of charged particles by which its energy is
absorbed. This kind of radiation produces high-velocity fragments of
the atoms of the irradiated material; and these fragments become the
source of energetic charged particles, which then act to ionize other
atoms. It takes about 34 electron volts (eV) of energy to produce one
ionization. Most human exposures to radiation are at energies of
0.05-5 million electron volts (MeV)--energies at which many ioniza-
tions occur as the radiation passes through cells.

A fundamental characteristic of charged particles produced
directly or indirectly is their linear energy transfer (LET), which
is the energy loss per unit of distance traveled, usually expressed
in kiloelectron volts (keV) per micrometer (um). The LET, which




depends on the velocity and the charge of the particle, can vary from
about 0.2 to more than 1,000 keV/um.

Some particles expend virtually all their energy at linear energy
transfers of less than a few kiloelectron volts per micrometer. In
human exposures, the most significant of these particles are u mesons
(muons), which are the principal components of primary cosmic radiation,
and electrons, especially those emitted by beta radiation. Such
high-energy electrons, as well as the indirectly ionizing radiation
that produces them (that is, x rays and gamma rays), are referred to
as low~-LET radiation. This radiation is responsible for most of the
absorbed doses received by the general population and by radiation
workers, but high-LET radiation also contributes. The most important
directly ionizing high-LET radiation is alpha radiation emitted by
internally deposited radionuclides.. Neutron radiation is the principal
kind of indirectly ionizing high~LET radiation; neutrons interact
mainly by producing recoil protons. Low-energy electrons are produced
by both direct and indirect ionizing radiation and are intermediate in
LET.

Ionizing radiation interacts with matter along more or less
straight charged—-particle tracks, but the deposition of energy is
not uniform, especially if small volumes and low absorbed doses are
considered. In the latter case, the energy is delivered to this
volume in only a small number of discrete interactions (i.e., only
a few particle traversals). The nuclei of the cells in the human
body, which are the loci believed to be primarily affected by
ionizing radiation at low doses, have an average diameter of
roughly 5pum. At radiation levels that are of interest in human
exposure, the energy absorbed in these structures can vary greatly
and, thus, differ substantially from the mean. It is therefore
necessary to consider the microdosimetric quant%iy specific energy,
z, which, like the absorbed dose, D, is defined™~ as energy divided
by mass, but denotes values of this quotient in a localized region
(in this case, the cell nucleus). The importance of this quantity
becomes apparent if one determines the values of z in cell nuclei
that have received about 1 yr of background radiation. This pro-
duces an absorbed dose of about 100 mrads of-(mostly) low-LET radiation.
In about two-thirds of the nuclei, z = 0, that is, no ionizations have
occurred; in the remainder, z varies over several orders of magnitude,
with an average value of about 300 mrads. If the same dose, D, were
delivered by fission neutrons, z would differ from zero in only about
0.2% of the nuclei; however, in these affected nuclei, it would average
50 rads, i.e., 500 times the average dose. It is evident that the
heterogeneity of energy deposition depends greatly on radiation type.
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RELATIVE BIOLOGIC EFFECTIVENESS

Because z, the average value of z, is always equal to D, micro-
dosimetric considerations would be of little interest if the biologic
ef fect* of radiation were simply proportional to z. In this case,
the biologic effectiveness of radiation would be independent of LET,
which is contrary to experience. The relative biologic effectiveness
(RBE) of high-LET radiation relative to low-LET radiation is defined
as D /DH’ where D; and Dy are, respectively, the absorbed doses of
low- and high-LET radiation required for equal biologic effect. The
RBE is generally larger than 1, and values in excess of 50 have been
reported for some types of cell effects at low absorbed doses. That
is, high-LET radiation requires lower doses to produce equivalent
ef fects. In general, increasing energy concentration in the cell
results in a more than proportionally increased probabllity of effect.
Probable exceptions to this are some effects on the genetic material
that produce point mutations or cell transformations. However, for
some genetic, as well as somatic, effects, the cell may respond to
radiation energy in a nonlinear manner. Experimental evidence indicates
that the response in these cases can be characterized as quadratlc 13, 18 ,20,24
and is consistent with dependence on the square of the specific energy, z.
The quadratic dependence on specific energy might be due to a mechanism
whereby biologic effects result from misjunction of pairs of broken DNA
molecules. However, this interpretation must still be regarded as hypo-
thetical, and we use here a conservative terminology that states that the
basic action is one in which pairs of sublesions combined to form lesions.

If it is estimated that the average range of interaction of sublesions
is roughly 1 iim and it is assumed that the yield of sublesions is pro-=
portional to the mean value of specific energy, i.e., to the absorbed
dose, then E, the frequency of effects (numbers or probabilities of lesions
that depend on the combination of two sublesions), is proportional to the
square of the specific energy. Thus,

E = Kz*. (11-1)

13 2

It can be shown that z , the mean value of zz, is given by

2 _¢p + D2, (11-2)

*Although it may sometimes be difficult to provide a precise scale
of severity of effect, it is possible to define the fraction of
the exposed population that exhibits a specified degree of damage.
The term "effect” is used here in this meaning.



where £ is a microdosimetric quantity.* Thus,
E = K(gD + D?). (11-3)

In this model, if the critical specific énergy is deposited in
sites of l1-ym diameter, the applicable values of r would range from
12.5 to 25 rads for low-LET radiation. Larger values would apply for
smaller sites. The value of ¢ for high-LET radiation on the basis of
microdosimetry would typically be 100 times larger than the value for
low-LET radiation. Therefore, the linear term would be much more im-
portant for high-LET radiation.

, When D = C, the linear and quadratic terms in Equation II-3 are equal.
When D is less than 0.1 (i.e., the absorbed dose is low), the quadratic
term becomes negligible, and the energy is deposited by single particles.
Consequently, the fraction of the cells receiving energy is proportional
to absorbed dose, and this energy is independent of dose and dose rate.

Equation II-1 implies that the RBE should vary from approximately
1 at high absorbed doses to the ratio of She Zvalues of high- and
low-LET radiation at low absorbed doses.l If this ratio were sub-
stantially larger than 1, there should be a considerable range of
absorbed doses at which the RBE would be inversely proportional to
the square root of the absorbed dose of high-LET radiation, down to the
doses where both the high- and the low-LET responses would be linear
with dose. This behavior of the function relating RBE to the absorbed
dose of high-LET radiation, including RBE values uEBtO 100, has often
been observed experimentally for fission neutrons. It should be
noted that, even if biologic effects depended on some power other than
2 for specific energy, the RBE would vary inversely with high-LET dose,
provided that this power were larger than l.

EFFECTS OF RADIATION ON AUTONOMOUS** CELLS

The above considerations and conclusions briefly 'summarize the
theory 6f dual radiation action on autonomous cells. This sﬁmglfz
form is, however, subject to qualifications and modifications.”’?

*ris the ratio of the second and first moments of the frequency
distribution of specific energies produced by single events.

**The term "autonomous” is applied to cells whose response to radiation
is unaffected by the irradiation of other cells or by any other en-
tities (e.g., individual cells in cell culture).




According to the simplified theory, at low absorbed doses any radia-
tion effect on autonomous cells must be proportional to absorbed dose
and independent of absorbed dose rate. This conclusion applies even
if there is a variation in radiation semsitivity among the cells and
even if repair processes are operative, and whether or not there is

a quadratic response. On the average, an event in the nucleus carries
a probability of producing a given effect, and the fraction of cells
affected is the product of this probability and the fraction of nuclei
that could be affected. The latter fraction is proportional to the
absorbed dose at low doses. However, when the absorbed dose is large
enough for there to be an appreciable probability of multiple events,
proportionality between absorbed dose and effect can no longer be
expected, even for autonomous cells. According to Equation II-3, for
a dose of n(g) rads, the effect will be [n(n + 1)]2 times greater than
the effect at 7 rads.

The relation given by Equation II-3 is shown in a logarithmic
presentation in Figure II-1, which indicates the magnitude of the
error that can occur in linear extrapolation. The unit of absorbed
dose is £, i.e., the absorbed dose where the linear and quadratic
components are equal, and the effect is plotted in units relative to
the linear contribution at D =7 . It can be seen from Figure II-l
that there are about 2 decades of absorbed dose between the point where
the slope of the curve is 1.1 and the point where it is l.9. Precise
radiobiologic experiments covering a hundredfold range of absorbed
dose are rare, and it is thus not surprising that the entire trans-
ition from a linear to a quadratic dependence has rarely gsen observed,
although this has been approached with low-LET radiation.

In general, data for yields, E, of cell effects can be satis-
factorily fitted empirically to an expression of the form, similar
to Equation II-3,

E = aD + bD? + C, (11-4)

where C is the zero-dose incidence, and a and b are empirically
determined coefficients. There is disagreement, however, over the
meaning of the coefficients a and b, at least in the form in which

they are determined by simple fitting of Equation II-4 to the experimental
data points. The classical radiobiologic view is that these coefficients
accurately measure the admixture of one- and two-track events. The
theory described above would ascribe these values to the physical nature
of radiation absorption, with the measured damage resulting from the
interaction of two sublesions, which may come about as an effect of
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Dose-effect relationship according to Equation II-3,
plotted on logarithmic scales. The two dashed lines
represent the linear and quadratic contributions to
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effect of the quadratic factor to become expressed.
At low doses, the quadratic term is unimportant.
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either a single track or two separate tracks. In this view, a and b
would vary according to the LET of the radiation.*

If the spontaneous rate is taken into account, Equation II-3
reduces to Equation II-4 if a = Kz and b = K. The virtue of either
the empirical form of this equation (Equation II-4) or the theoretical
form (Equation 1I-3), as seen by their advocates, is that good data
will yield accurate values of these coefficients, which will lead to
precise estimation of the effects that would be produced at very low
doses and low dose rates. In either Equation II-3 or Equation I1I-4,
the time over which the dose is given is not included as a variable.
Radiobiologic the?gy does include this in a correction factor for
two-track events:

G = 2(¢/T)2(T/r - 1 + & 5/T), (11-5)

where G is a correction factor for yield of two-track events, is the
average elapsed time between breakage and restitution (i.e., between
lesion induction and lesion repair), and T is the duration of treatment.
From the equation from which Equation II-5 is derived, the relation of
yield for two-track events is E « D2G--similar to Equation II-1,

but with a coefficient, G, that depends on dose rate.

The maximum approached by G is unity when T approaches zero. In
the range where T and T are approximately equal, the value of G approaches
0.736-—for about a one-fourth reduction in yield below simple, two-track
expectations. Although this correction factor is usually invoked only
in relation to the use of the dose-rate effect to estimate the mean
longevity of lesions, it is obvious that it can also result in different
errors for each dose point in dose-response curves, where total dose
is varied by varying time, rather than by varying the dose rate. It
is important to note that this correction is not dose-dependent.

An alternative interpretation is that the end points in question--
for example, mutations--may depend on the operation of more than one
mechanism. That is, there may be more than one biologic mechanism
involved in addition to the presumed "dual-action” mechanisms of
physical absorption. There may be more than one class of events in-
volved in point mutations, as discussed in BEIR I. Furthermore, the
end point, mutation, may result from the operation of both repair
and damage mechanisms and may involve a variety of lesions. From
this standpoint, it might be argued that the best estimate of damage

*Also, in this view, the coefficients a and b in Equation II-4 are
related to the coefficient ¢ in Equation II-3 as follows: a/b = z.



at very low doses would be a linear extrapolation between the yield
at the lowest dose for which there are reliable data and the yield
at zero dose. Such an estimate would not differ appreciably from
that Eased on the quadratic relationship, provided that the value

of bD® at the lowest measured dose is not appreciably different from
Zero.

There is yet another viewpoint, perhaps more pertinent to the
kinetics of induction of two-break rearrangements of chromosomes
than to gene mutation, but not strictly limited to such rearrange-
ments: the observed rates of damage may not reflect the rates of
induced damage in any simple way, because of the nature of the process
by which the end points are detected--for example, in the detection
of chromosomal abnormalities. In consequence, it can be argued that
the values of a and b obtained from Equation II-4 lack real biologic
meaning, that is, that they neither describe the real mechanisms
of damage nor serve as useful indicators of the low-level effects
that are to be expected. Statistical and sampling complexities are
not properly taken into account by a direct fitting of data to a
simple quadratic expression. As a result, the derived values of a
and b obtained may differ markedly from their true values. Further-
more, because the estimations of a and b based on observed data are
not independent, an overestimation of one is accompanied by a com-
pensatory underestimation of the other; this leads to an even greater
error when it is their quotient, a/b (an estimation of ¢ ), that is
considered.

A further complication at large absorbed doses is that radia-
tion may produce a variety of effects. Because it has been assumed
that each of these results from particular groupings of sublesionms,
it may be expected that, as the number of these increases, competition
between effects may alter the dose dependence for one particular effect.
An example of considerable practical importance concerns the interplay
"between malignant cell transformation and cell-killing within the same
cell. Evidently, transformed cells cannot initiate tumors if they
also have suffered reproductive death, which becomes increasingly
probable at higher absorbed doses. Thus, dose-response data may show
a decrease in effect at high doses--the so-called "cell-killing" effect.

Recent experiments16 on radiation—-induced transformation of cells
in cell culture have yielded dose-effect curves whose slopes decrease
between the linear and quadratic regions shown in Figure II-l. This
example illustrates the fact that the dose-effect curves for autonomous
cells can have complex shapes and that extrapolation from high doses
can lead to an underestimate of the effect of low doses. The effect
can be explained in terms of competition for sublesions in which the
alternative effect is not cell-killing, but one of a variety of possible
nonlethal cell alterations. A related finding is that, if the total
dose is given in several successive fractions, rather than all at once,




the transformation rate is unchanged in the linear region at the lowest
doses, reduced in the quadratic region at the highest doses, but

increased in the intermediate region where the slope of the curve is

less than 1. This is to be expected, if there is no interaction between
the dose fractions. Finally, in such systems, the RBE could be less than
would be deduced from the ratio of 7 values. If single high-LET particles
produce increments of § that are comparable with the range of absorbed
doses for which there is a relatively constant transformation rate, the
RBE might be considerably less than expected on the basis of the con-
siderations presented above.

RELATION BETWEEN RADIATION EFFECTS ON CELL SYSTEMS AND MUTAGENESIS
OR CARCINOGENESIS IN MAN

Some radiation effects are apparently due to damage to individual
autonomous cells. In human radiation exposure, the most important
example might be the mature gametes in the gonads. Other effects, such
as cataractogenesis, are due to injury of several cells. Here, one
would not expect proportionality between dose and effect, whether or
not the cells involved in the response were autonomous.

For the most important somatic radiation hazard, carcinogenesis,
it is often assumed because the number of cells at risk is very large
that transformation of an individual cell does not necessarily result
in cancer. Among the various inhibitory mechanisms that have been
considered is a requirement that several contiguous cells be transformed,
or the action of immunologic or other host defenses be impaired. 1In
the former case, a multicellular interaction would be involved; in the
latter, the response of individual cells may not be autonomous--for
example, if the effectiveness of the defense mechanisms is limited by
the number of cells transformed.

In both situations, the dose-effect curve could have various forms -
at low absorbed doses. For example, a downward curvature of the dose-
response relationship has been 9bserved for radiation-induced mammary
neoplasms in one strain of rat?/ at absorbed doses of neutrons that
are clearly much less than g, which indicates that this malignancy
is not due to an autonomous—cell response. In this system, however,
the RBE increases inversely with neutron dose in the same manner as
observed for autonomous single cells. However, for both high-LET and
low-1ET radiation in dose ranges where the single-cell response. is
linear, a multicellular mechanism for cancer induction would theoreti-
cally produce a dose~effect relation with upward curvature (slope
increasing with dose). Many dose-response curves for experimental
carcinogenesis induced by low-LET radiation in mammals show such upward
curvature (e.g., Ullrich et al.”“). Although it is not clear what
mechanisms are involved in this response, it cannot be assumed with




any certainty that there is a dose-proportional, dose~rate-independent
induction of cancer even at low absorbed doses of any radiation.

In view of the complexities of cancer production, especially
in human populations potentially exposed to a multitude of environ-
mental factors that may interact with radiation-induced effects, a
theory based on studies of autonomous cells may represent a great
oversimplification with regard to dose-response data. From bio-
physical considerations, at low absorbed doses any effects on
individual autonomous cells are proportional to absorbed dose and
independent of absorbed dose rate. The RBE of high-LET radiation
is likely to be greater than 1 and to increase with decreasing effect
until limiting values of RBE are obtained at low doses that are large
for many types of effects on cells and organisms. Linear extrapola-
tions from high absorbed doses are likely to result in overestimates
of the risks of low absorbed doses, especially when high dose rates
and low-LET radiation are involved.

APPLICATION OF DOSE-RESPONSE FUNCTIONS TO OBSERVED DATA

On the basis of the above theoretical considerations, some
mathematical procedures have been applied to data obtained not only
on individual cells, but also on whole animals and man. Because we
do not yet have an adequate theory of cancer induction, the most
important somatic effect of radiation, it is not possible to derive
a theoretical basis for dose-response data for these effects from
first principles. Nevertheless, because a genetic transformation
in the cell nucleus is considered to be involved in cancer induction,
as well as in genetic effects, theoretical approaches have been used
primarily to develop some understanding of the effects of low doses
of radiation.

The functional forms fitted to dose-response data from the
studies considered in this report, when these data are detailed
enough to permit it, are special cases of the general form
(modified from Equation II-4):

E = F(D) = (ay +.0;D + o,D%)exp(-B,D - 8,0?),  (II-6)

where D is the radiation dose in rads, F(D) is the incidence of

effects (e.g., cancer) at dose D, the parameters ags 0ys G2y Bl

and £y have positive values, and ay is the control or spontaneous

rate of the effect ggder study. This functional form, which has been
discussed by Upton, can be viewed as a basically linear function (ao
and o; are the only parameters relevant to risk at very low doses),

with modifications that allow the fitted curve to express upward
(positive) curvazure at low doses (a2) and downward (negative) curvature

‘at high doses (81 and 82) to take account of cell-killing effects.
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Depending on which of these coefficients vanish, the general form
reduces to several simpler models--namely, the linear, the pure
quadratic, and the linear-quadratic (quadratic with a linear temm)
models (see Figure II-2).

The curve-fitting procedure is an iterative weighted least-
square procedure; technical details have been published. On
any given iteration, the weight corresponding to the observed rate
(simple or age-standardized) at dose D is assumed to be the number
of person-years (PY) at risk of the effect at that dose (usually the
number of PY corresponding to a dose interval with average dose D),
divided by the current value of the fitted function at dose D. That
is, the rate times the PY is assumed to correspond to a Poisson
variate with rate equal to PY times F(D) at each dose~-the rate ex-
pected from the fitted curve. ‘

The mathematical functions discussed above assume that there is
no threshold dose below which there is no excess risk. On statistical
grounds, however, the existence or nonexistence of a threshold dose is
practically impossible to determine, unless there is a marked increase
in risk for doses only slightly greater than the presumed threshold.
That is because the sample size required to estimate or test an (abso-
lute) excess is approximately inversely proportional to the square of
that excess. For example, if the excess is truly proportional to
dose, and if 1,000 exposed and 1,000 control subjects were required to
test adequately the excess at 100 rads, then about 100,000 in each
group would be required at 10 rads, and about 10,000,000 in each group
would be required at 1 rad. On these grounds, it may be possible to
assert that there is no threshold for an effect above a given dose,
but it can never be stated that there is none at any dose. In other
words, empirical determination of the presence or absence of effects
at very low doses is extremely difficult, except for biologic effects
that may show very great sensitivity to radiation.

BIOLOGIC FACTORS IN RADIATION EFFECTS

Ionizing radiation interacts with cells in a manner that can be
described on the basis of the physical or chemical reactions produced,
but the step from these reactions to an eventual biologic effect is not
fully understood. When we are concerned with long-term effects in complex
organisms, the problem of relating deposition of radiation energy to the
effects that appear much later is even more difficult. Furthermore,
not only do individual cells vary in their responses to radiation, but
tissues contain many different types of cells and many biologic inter-
actions occur within and among tissues, so we may expect the effects
of cell damage to be very complex indeed. This section considers some
of the biologic factors that may influence responses to radiation.



CELL DIVISION

An important effect of radiation, which accounts for the symptoms
and causes of death from exposure to lazge doses of whole-body irradia-
tion, is suppression of cell division.3 Nearly all lymphoid, bone-
marrow, and intestinal epithelial cells responsible for rapid replace-
ment of short-lived mature cells cease to be able to divide, and in
these and many other tissues a substantial fraction of cells that
would otherwise be capable of division die without further reproduc-
tion. If the organism is to survive these effects, the remaining stem
cells must repopulate the tissues to overcome cell loss. An example
of this process is the disappearance of granulocytes, as a result of
suppression of cell division of precursor cells in the bone marrow, in
the blood of persons irradiated at relatively high doses. Recovery
may require days or weeks.

Cell-killing and suppression of cell division are nonstochastic
effects of radiation—-—the ultimate biologic effects depend markedly on
the fraction of cells affected. At low radiation doses, only a small
fraction of the dividing cells may be damaged, and in tissues this damage
may lead to no detectable change in function. In tissues with rapid cell
turnover, interference with normal function will occur only when the
affected cells constitute a large fraction of those available for re-
plenishment of cell stores. We anticipate that host factors play an
important role in determining the fraction of cells required to produce
serious physiologic or biochemical abnormalities in association with
this disturbance in cell replacement, especially in the intestinal
tract and in the population of white blood cells. Such host factors
include general nutritional status (e.g., availability of nutrients
important in cell growth), the presence or absence of preexisting in-
fection, or exposure to chemicals or drugs that have effects on cell
division similar to those of radiation.

Nevertheless, because these effects are observed at high doses
of radiation, they are of limited interest in this report. An ex-
ception is the irradiation of the developing fetus. In this case,
especially during organogenesis early in pregnancy, cell division
is occurring extremely rapidly, and normal development may depend on
the integrity of relatively few cells from which the tissues will
eventually develop. Only a small fraction of such cells need to
be affected by radiation to interfere with proper organ development,
so radiation at relatively low doses may lead to detectable teratogenic
effects. Whether such effects occur depends critically on the number
of stem cells available, as well as on the stage of fetal development.



CELL MUTATION OR TRANSFORMATION

The genetic effects of chief concern in this report arise from
radiation-induced dominant or recessive mutations in the DNA or
chromosomal abnormalities of the germ cells. Similar types of changes
in all other body cells are generally accepted as constituting an im-
portant step in the development of cancer, the major somatic effect of
radiation applicable to low doses. To produce a carcinogenic effect,
lesions produced in the DNA from radiation energy deposited in the
cell nucleus must survive in cells that are not otherwise so damaged
that they no longer have the capability of dividing. These changes
may be localized to specific regions of DNA and may be induced by
single~track events from radiation exposure; thus, they are considered
to be stochastic, with a probability of occurrence proportional to
radiation dose. '

It is known that cells can repair some types of lesions in DNA,26
and this repair may modify radiation damage. The repair processes
are themselves under control of other portioms of the cellular DNA. 1In
some organisms, as a result of genetically transmitted autosomal re-
cessive'mutations, the repair mechanisms are deficient in the homozygote.6’19’22
For at least one mutation—induced disease, ataxia telangiectasia, there
is evidence that the dg{ect in DNA repair makes the subject sensitive
to ionizing radiation. Disturbances in DNA repair might be expected
to affect the risk of radiation-induced genetic effects, as well as the
risk of cancer production.

Because these abnormalities are so rare in the human population,
and because the affected persons should be kept from exposure by
individualized protection measures, any special risk of their exposure |
to low levels of radiation is of little relevance to the risks of the |
general population. Similar considerations apply to persons with
chromosome=21 trisomy (Down's syndrome) or with various other chromo-
somal abnormalities, whose cells are reported to bs %gnormally sensitive
to radiation induction of chromosomal aberrations.’:® Our knowledge
of biologic factors that might modify sensitivity to genetic effects is
still limited to these rare conditions. Those who are heterozygous
for the ataxia telangiectasia gene may also have a deficiency in DNA
repair. If an increased radiation sensitivity  is demonstrated in
the heterozygotes for the known DNA-repair-deficient conditions, the
population at special risk of genetic or carcinogenic effects of
radiation could be significant.

HOST FACTORS IN RADIATION CARCINOGENESIS

Present evidence indicates that cancer induced by chemical or
physical agents, such as ionizing radiation, involves a multistage
process, with evolution of molecular and cellular changes leading
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to changes in the tissue as a whole. The earliest stage of this

process is the so-called initiation phase, in which events leading

to lesions in the DNA occur in a single cell or in a small group of
cells. These cells have the capability of transforming into a neo-
plastic process—-that is, normal growth constraints are dltered in

these cells. There are control mechanisms in tissues that act to

prevent development of transformed cells into a malignant tumor.

These regulatory processes involve the normal cells adjacent to the
transformed cells, as well as hormonal, immunologic, and other influences
in the tissue or the body. Inherited traits can influence all stages of
cancer by modifying tissue responses to initiation, as with the DNA repair
mechanism, or by variations in the regulatory mechanisms.

The process that affects the regulatory control exerted on the trans-
formed cell or cells in a way that permits them to begin uncontrolled
growth leading to a cancer is referred to as "promotion." Some physiologic
disturbance of the tissue frees the potentially rapidly dividing cell
or cells from constraints on cell division. Such disturbances may
include repeated damage to normal tissue, stimuli to cell proliferation
(such as hormonal effects), or disturbances in recognition of immunologi-
cally transformed cells by immune processes.

This is a brief statement of the two-stage theory of carcino-
genesis. The first stage is initiation, associated presumably
with eventual alteration in the cell genome, which causes loss of
normal control of cell division in transformed cells. The second
stage is promotion, a process by which a transformed cell is able to
grow into a detectable cell mass identifiable as a cancer. These two
stages may be separated by many years, a factor accounting at least in
part for the long latent periods often observed in man between exposure
to a carcinogen and development of a cancer.

Both the initiating and the promoting steps can be modified by
biologic factors, including those characteristic of the host, acting
in concert with a carcinogen, such as radiation. The probability of
an initiating event may be affected, for example, by whether the cell
nucleus already contains viral nucleoproteins incorporated -into the
DNA. In this sense, viral infection may play a permissive role in the
induction process--a necessary but not sufficient condition for carcino-
genesis.

It is clear, however, that host factors are especially important
in the promoting stage, where relatively nonspecific alterations of
normal tissue function may be important. Hormonal influences, which
clearly exert great effects on cell proliferation in normal tissues,
are one factor of considerable significance, at least in some cancers.
The importance of hormones is determined by the tissue type; for ex-—
ample, sex hormones regulate growth in the sex organs, and pituitary




hormones influence cell proliferation in the gonads, as well as endo-
crine glands, such as the thyroid. The immunologically active
lymphoid cells, which may suppress or destroy transformed cells if
they are recognized as immunologically "foreign" tg the host, may also
be important. The immunologic surveillance theory” of defense against
cancer is now recognized as not applicable to all cancer types, but
persons whose immune mechanisms are suppressed by drugs 8ave increased
risk of some neoplasms, notably reticulum cell sarcoma.l

Another factor in cancer promotion is the alteration of normal
tissue integrity by a wide range of conditions, including irritant
chemicals that reach epithelial structures, vitamin A deficiency,
viral infection of the respiratory tract, and trauma. The precise
role of any of these factors is not well understood in human carcino-
genesis, but at least under experimental conditions their importance
has been demonstrated for some neoplasms. :

Finally, changes associated with the aging process have been
postulated as predisposing to cancer through deterioration of tissue
repair and loss of vitality of the normal cell complement.

This brief summary of mechanisms of carcinogenesis has been
presented because it is apparent that circumstances leading from
cellular radiation effects to cancer involve many factors that may be
highly variable in an exposed population. For this reason, we may
expect sensitivity to cancer induction by radiation to be variable
from individual to individual, as well as from time to time in the
same individual. Thus, data on radiation dose vs. cancer response
obtained in cell systems or even in experimental animals must be
applied to human populations with considerable caution.

EPIDEMIOLOGIC STUDIES AS THE BASIS OF RISK ESTIMATES FOR EFFECTS
‘ OF IONIZING RADIATION

In assessing somatic effects of ionizing radiation, the BEIR I
report placed primary emphasis on studies of exposed human populations.
In contrast, estimates of risks of hereditary effects on human popula-
tions have depended principally on evidence from animal experiments.
However preferable it may be to have firm evidence of hereditary
changes based on exposures of human populations to ionizing radiation,
detection of increases in human mutations due to the action of any
environmental agent is still difficult. For somatic abnormalities
induced in utero by radiation, the position is somewhat intermediate--
that is, some human data have been obtained, but we also dépend on
animal data. ‘

- 33 =



The emphasis on human studies for determining the somatic effects
of ionizing radiation remains valid, although theoretical and experi-
mental studies continue to be important in extending our basic knowl-
edge. For most types of health effects occurring in those exposed
to radiation, we now have considerable human experience, as the
balance of this report shows. Moreover, in terms of establishing
human risk estimates, it is a well-recognized principle in the field
of environmental toxicology that results obtained in animal experi-
ments are not necessarily translatable directly to human populations.
For example, the fact that the human population is genetically hetero-
geneous, with widely varying individual physiologic and biochemical
characteristics, makes it likely that there are subpopulations at
special risk from radiation exposure. It is difficult to simulate
this kind of heterogeneity in animal populations, other than by
inferences drawn from species variation in responses or from differ-

_ences in susceptibility of strains of a given species.

We lack adequate information on the effects of low radiation
doses in human populations, and in this regard we still depend on
concepts that have been developed on the basis of experimental
studies. In this report, these studies are discussed in some detail.

Although epidemiologic studies constitute our principal source
of information on somatic effects of ionizing radiation in human
populations, one must recognize that there are problems in their
use. The first problem arises from the fact that generally the
group has been exposed to radiation because of some particular
characteristic and thus may not be representative of the popula-
tion at large. The reasons why those exposed to radiation are not
typical of the general population may not affect radiation sensi-
tivity, but an appropriate comparison group is nonetheless required.

The epidemiologic technique to deal with the scientific problem
of a potentially biased sample is to obtain a control group matched
as nearly as possible to the exposed persons. In radiation epidemi-
ology, considerable effort has been made to deal with the question
of the suitability of a control group. For example, in the Japanese
atomic-bomb survivors, the zero—dose groups (those in the cities at
the time of the bombing, but so far away from the bomb detonation that
they were not exposed) are useful controls, although in the Nagasaki
sample they are comparatively few. An alternative method has been to
consider the regression of effects (such as cancer rates) on radiation
dose. Systematic differences in rates of cancer not related to radia-
tion exposure, for example, might be expected to be uniform throughout
all dose categories; thus, any trend associated with radiation dose
would indicate a radiation—induced effect. The care with which con-
trol samples may be selected is exemplified by the most recent follow-
up study by Shore and colleagues of women in northegg New York who
were given x-ray treatment for postpartum mastitis. To eliminate



possible sources of bias, three control groups were used: sisters

of the patients given x-ray treatment; patients who had postpartum
mastitis, but did not receive x-ray treatment; and sisters of those
patients. All three control groups had a greater risk of breast

cancer than would be expected from the New York State Cancer Registry,
but there were no significant differences among the three control
samples. Careful attention to the selection of control samples

greatly increases the reliability of the breast—cancer risk estimates
from this study. Similarly, in the study of latggeffects of radiation
treatment for ankylosing spondylitis in Britain, the suitability of
comparing those patients' cancer risks with general cancer-mortality
statistics for England and Wales, as in earlier reports, was questioned.
Recently, however, a followup study of mortality in a smaller group of
patients with the same disease and drawn from the same clinics, but

not given x-ray therapy, has shown that their cancer-mortality ex-
perience 1is very similaf to that anticipated from mortality statistics
for Britain and Wales.2 In other words, the fact that the patients
had ankylosing spondylitis did not make their cancer risk unusual.

In contrast, mortality from other causes in this group deviates markedly
from the expected rates in the British population.

A second problem in studies of radiation effects on human popula-
tions arises because most of them are retrospective~-that is, exposure
to radiation has occurred in the distant past, so the exact dose of
radiation delivered to individuals or to a group is often not known.
This problem is common to all retrospective studies of effects of
envirommental agents on human populations. In the case of radiation
exposures, it has often been possible to estimate the radiation dose
after the fact. For example, for the Japanese atomic-bomb survivors,
great efforts have been made to determine the radiation dose-distance
relationships of the Hiroshima and Nagasaki bombs, to locate the site
of exposure of each person in the city at the time of the bombing, and
to determine the degree of shielding by ?uildings.or terrain that
may have reduced the radiation exposure. In the case of groups
irradiated by medical x-ray machines, it has sometimes been possible
to operate the same machines with the original technical character-
istics to determine the doses. In some instances, it is not possible
to obtain a reliable estimate of dose-—-for example, for practicing
radiologists whose mortality experience has been studied. Despite
these problems with radiation dosimetry in retrospective studies,
determination of excess cancer is generally of value, even in groups
lacking dose estimates. Such studies may give the first indication
that the rate of a particular cancer has increased or that there is
consistency among several studies of the types of cancer observed.
Finally, information can sometimes be obtained about the latent
period. Studies that produce inconsistent results suggest that
radiation exposure is not a principal causative factor or that other
factors have a role in carcinogenesis. A degree of consistency of
results in a large number of studies constitutes major support for
defining somatic risks.




A third problem in the use of epidemiologic data arises from
the very long latent periods that may separate exposure to radiation
and the development of effects in man. This is a problem especially
if the latent period is influenced by demographic variables. For
example, for some solid tumors, the latent period for cancer develop-
ment may be longer for persons exposed to radiation when they are
younger. A minimal latent period as long as 30 yr or more after
exposure means that the true health risk of radiation exposure can
be assessed only with extremely long followup of the populations
under study. In general, followup of irradiated groups has not
proceeded this long, so the extent to which risks of radiogenic
cancer have been identified is not clear. This is one of the
principal reasons why risks based on current followup studies may
be underestimated, especially for persons irradiated at earlier
ages. Therefore, to use the epidemiologic evidence in human studies
available for any particular followup interval, it is necessary to
make some assumptions about the way in which further cases are likely
to appear in later years. When the BEIR I report was written, there
was still little information on which to base estimates of long-term
risk; most of the studies of solid tumors appearing in man were of
relatively short duration.

Accordingly, two models for projecting the effect of radiation
exposure at a particular level were used by the original BEIR Com-
mittee. The first of these was the so-called absolute-risk model.
According to this model, if a population was irradiated at a particu-
lar dose, either all at once or over some period, expression of the
excess cancer risk in that population would begin at some time after
exposure (the latent period) and continue at a rate in excess of the
expected rate for an additional period, the "plateau" or expression
period, which may exceed the period of followup. In this model,
the absolute risk is defined as the number of excess cancer cases
per unit of population per unit of time and per unit of radiation

dose, and, although it may depend on age at exposure, it does not

otherwise depend on age at observation for risk.

In the second model adopted in BEIR I, the so-called relative-
risk model, the excess cancer risk for the interval after the latent
period was expressed as a multiple of the natural age-specific cancer
risk for that population. The chief difference between the two models
is that the relative-risk model took account of the differing suscepti-
bility to cancer related to age at observation for risk. For the
entire period of actual observation, the risk estimates derived from
the absolute-risk and relative-risk models are arithmetically con-
sistent, and the choice of one or the other is a matter of convenience.
For the period beyond that from which the estimates were derived, both
models make assumptions that may or may not be appropriate. This
problem is especially significant for persons exposed either in utero
or in childhood, at a time when at least some kinds of cancer appear



to be more likely to be induced by radiation than in adults. The
assumption of a risk that persists over the life span of a person
becomes an important determinant of the total risk, especially if

the number of excess cases is proportional to the number of spontaneous
cases, which may, for example, increase markedly with increasing age.
With the additional evidence now available, we are better able to
evaluate the applicability of these two models to the information at
hand. It should be noted that, if epidemiologic followup through the
entire lifetime is complete, both models will give the same result

for lifetime risk.

Support for interpretation of risks as an absolute number of
cases of cancer arising from radiation exposure came initially from
the analysis of leukemia risks in the Japanese atomic-~bomb survivors.
It was found by the late 1960s that the number of excess cases of
leukemia had risen to a peak about 8 yr or so after the radiation
exposure in 1945 and was declining toward the expected leukemia rate
in a nonirradiated population. By the early 1970s, the excess risk
of leukemia had nearly disappeared in this population. Later analysis
of the leukemia excess in the Japanese population has shown that the
number of cases per unit of population is a function of the age of
the people irradiated. The time course of the development of excess
risk appears independent of age at irradiation for chronic granulocytic
leukemia, whereas that for acute forms of leukemia, considered as a
group, appears to be different for different age cohorts, although
most of the excess appeared within 20 yr or so after exposure.

The time of development of radiogenic leukemia cited above for
the Japanese has also been observed among ths British patients with
ankylosing spondylitis given x-ray ther.apy;2 it appears that the
effect of radiation in producing leukemia can be considered to be
ended by abount 30 yr after the beginning of the expression of ex-
cess cancer. The earliest excess of myeloid leukemia occurred 2 yr
after exposure; thus, the expression period for leukemia is 2 to
about 30 yr after irradiation. The excess of bone cancer from
radium~-224 exposure has an expression time of 4 to about 30 yr.

For virtually all other types of cancer arising from radiation
exposure, it is apparent with longer followup times that the excess
cancer risk remains well beyond 30 yr. Indeed, some types of cancer
may not even appear in excess 20 yr or more after exposure. Therefore,
the question in determining final risk estimates is: For how long a
period after exposure does an excess risk continue to accumulate?

It is clear that the total number of excess cases that will be con-
sidered to arise from radiation is influenced by this period of
expression, called in BEIR I the "plateau” and in this report the
"expression time" of the radiation insult. Although for development of
leukemia and bone cancer arising from radium—224 exposure we may be
able to give reasonable estimates of the expression time for cancer
production, for virtually all the other radiogenic cancers this is

~not yet possible.




The relative-risk concept assumes that the risk of radiation-
induced cancer varies by age at observation and is proportional
to the risk of spontaneous development of cancer in the population.
An immediate problem, of course, is the question of what constitutes
the natural cancer risk in a population. For example, in the case
of bronchial cancer, do we accept the spontaneous risk as the current
risk of lung cancer in a population containing a substantial proportion
of cigarette-smokers, or is it more proper to use the nonsmoking popula-
tion as the basis for calculating the risk estimates? Related to this
question is the extent to which radiation will either add to or multiply
the effects of other cancer-causing agents in the enviromment.

A second question is whether the relative hazard of radiation
applies also to groups that may on other grounds be susceptible to
cancer. BEIR I pointed out that some hereditary diseases characterized
by chromosomal fragility were associated with increased risk of leukemia
and other cancers. These conditions are relatively rare, but the list
of recognized ge??tic abnormalities associated with increased cancer
risk is growing, and many of these may involve interactions of a
susceptible karyotype with envirommental exposures to carcinogens.

There is indirect evidence that some cancer-prone groups are at in-
creased risk of cancer from radiation exposure; that is, their radiation
sensitivity is greater than that of others.

From the Tri-Cities study of childhood leukemia, evidence has
been presented” that children irradiated in utero have a greater
likelihood of developing leukemia if they have had allergies or
childhood diseases especially viral diseases, diagnosed before the
development of leukemia. The presence of these other childhood
factors increased the leukemia risk independently of radiation
exposure, particularly in the group aged 1-4 yr. The added effect

.of radiation is, within the limits of statistical accuracy, consistent

with an excess risk proportional to the risk in unirradiated persons.

The most important factor influencing the risk of spontaneous
cancer is age. If the relative-risk model applies, then the age
of exposed groups, both at the time of exposure and as they move
through life, becomes very important. There is now considerable’
evidence in nearly all the adult human populations studied that
persons irradiated at higher ages have in general a greater excess
risk of cancer than those irradiated at lower ages, or at least they
develop cancer sooner. Furthermore, if they are irradiated at a
particular age, the excess risk after the latent period tends to rise
pari passu with the risk in the population at large. In other words,
the relative-risk model with respect to cancer susceptibility, at
least as a function of age, evidently applies to some kinds of cancer
that have been observed to result from radiation exposure. It should
be emphasized, however, that this last conclusion depends on how long




the populations have been studied; whether the risk remains propor-
tional to the risk of spontaneous cancer in the older cohorts is
still uncertain. And especially uncertain is whether the increased
risk of cancer observed to be associated with irradiation in child-
hood or in utero will continue into adult life, as either an absolute
or a relative risk.

Some important practical conclusions arise from considerations
of the above kind. The first is that, whether a risk is ultimately
expressed as a total number of cancers that will arise from a speci-
fied radiation exposure or as a percent increased risk over what
would be expected without radiation exposure, it is evident that
the numbers developed will depend on how long one assumes that the
risk will remain increased. Because of limitations thus far on the
duration of followup in epidemiologic studies, we can evaluate the
total risk to an irradiated population for its entire life span only
by making assumptions as to the future course of somatic effects that
are likely to appear. It is therefore highly important that these
assumptions be clearly stated.

A notable development since the 1972 BEIR report is the in-
creasing recognition that there are human genotypes that confer
both increased cancer risk and abnormal cellular sensitivity on
carcinogenic agents, including ionizing radiation. In any case,
before a susceptible population can form the basis of a separate
risk estimate, it must be shown to be a significant fraction of
the total population and the sensitivity of this population to
radiation must be substantially greater than that of the population
at large. There is no evidence that these two conditions are
applicable to cancer risks determined from epidemiologic studies.

The role of constitutional susceptibility to cancer induction
is not well enough documented and understood to be used as a factor
for modifying risk estimates for radiation carcinogenesis. In any
event, the risk estimates developed for this report are unlikely to
be significantly affected by such susceptibility, because both the
observed incidence and the risk estimates are averages for large
populations presumably having similar distributions of sensitivities.
To the extent that substantial population subsets can be identified
in the future as being at particularly greater risk of radiation
carcinogenesis, their risk will require separate consideration.

In this report, we have calculated the sex—-specific risk of
cancer by site in each observed group, preferably for a limited
exposure-age range (e.g., by decade of age), if the epidemiologic
data permitted. In deriving the risk estimates that are applied
to an entire population, the observations are extended into older
groups with the appropriate assumptions stated (that is, the duration
of cancer expression, whether the temporal expression of risk is




relative to the normal age-specific rate, etc.). Finally, wherever
possible, the total effect of radiation on a population is calculated
from the age-specific excess risk of cancer per unit of dose.
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NATURAL BACKGROUND RADIATION

Although mankind has produced many sources of radiation, natural
background remains the greatest contributor to the radiation exposure
of the U.S. population today. Background radiation has three com-
ponents: terrestrial radiation (external), resulting from the presence
of naturally occurring radionuclides in the soil and earth; cosmic
radiation (external), arising from outer space; and naturally occurring
radionuclides (internal), deposited in the human body.

TERRESTRIAL RADIATION

The rate at which a person receives radiation from natural back-
.ground is a function of the person's geographic location and living
habits. For example, the dose—equivalent (DE) rate from terrestrial
sources varies with the type of soil in a given area and its content
of naturally occurring radionuclides. The penetrating gamma radia-
tion from these radionuclides produces whole-body exposure.

In general, the conterminous United States can be divided into
three broad areas, from the standpoint of terrestrial whole-body
DE rates (see Figure III-1): the Atlantic and gulf coastal plain,
where terrestrial DE rates range from 15 to 35 mrems/yr; the north-
eastern, central, and far western portions, with DE rates ranging
from 35 to 75 mrems/yr; and the Colorado plateau arig, in which
terrestrial DE rates range from 75 to 140 mrems/yr.

Combining the data shown in Figure III-1 (and more definitive
data where available) with data on the geographic distribution of
the U.S. population (based on the 1970 census), D. T. Oakley (personal
communication) has developed the histogram shown in Figure III-2,
which depicts the range of population whole-body DE rates from
‘terrestrial sources in the United States today. As may be noted,
the average DE rate to the U.S. population from terrestrial sources
(disregarding structural shielding) is estimated to be 40 mrems/yr.
(As will be seen later, when the DE received by various internal
body organs from terrestrial sources is estimated, this value is
generally reduced by 20% to account for structural shielding provided
by building and then reduced by a second 20% to account for shielding
provided by outer tissues of the body.)
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FIGURE III-1. Terrestrial dose—equi\filent rates in the conterminous United States.

Modified from Oakley.
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FIGURE III-2. Population distribution vs. dose-equivalent rate of radiation
from terrestrial sources. From D. T. Oakley (personal
communication).




COSMIC RADIATION

Cosmic radiation includes both the energetic particles of
extraterrestrial origin that strike the atmosphere of the earth
(primary particles) and the particles generated by these inter-
actions (secondary particles). By virtue of these interactions,
the atmosphere serves as a shield against cosmic radiation and,
the thinner this shield, the greater the DE rate, Thus, the cosmic
radiation DE rate increases with altitude. For example, the dose
rate at 1,800 m is about double that at sea level., Because of
variations in the earth's magnetic¢ field, with which cosmic radiation
also interacts, the DE rate also varies with latitude. Finally, the
cosmi¢ radiation dose rate varies owing to solar modulation, For
the United States, variations in the cosmic radiation_dose rate due
to the latter two influences amount to less than lOZ.8 Because the
components of cosmic radiation that reach the population are highly
penetrating and are an external source, they result in whole-body
irradiation.

Figure III-3 shows a plot of long-term average values of the
cosmic-radiation DE rate in the United States against altitude.
These data have been c¢combined with information on the distribution
of the U.S. population with altitude (Table III-1), to yield an
estimated average DE rate to the U.S. population frgm cosmic radia-
tion of about 31 mrems/yr (disregarding shielding).” (As will be
seen later, when the DE received by the population from cosmic radia-
tion is estimated, these values are generally reduced by about 10% to
account for the fact that people spend a large fraction of their time
indoors, protected by the structural shielding of buildings.)

NATURALLY OCCURRING RADIONUCLIDES DEPOSITED IN THE BODY

The deposition of naturally occurring radionuclides in the human
body results primarily from the inhalation and ingestion of these
materials in air, food, and water. Such nuclides include radioiso-
topes of lead, polonium, bismuth, radium, radon, potassium, carbon,
hydrogen, uranium, and thorium, as well as a dozen or more extra-
terrestrially produced radionuclides. The heavier radionuclides
are of particular interest, in that they are widespread in the bio-
sphere and they, or many of the shorter-lived members of their decay
series, are alpha-emitters,
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for the range of energies within the neutron component.
Reprinted with permission from Nationa% Council on
Radiation Protection and Measurements.




TABLE III-1

Distribution of U.S. Population With Altitude And
Accompanying DE Rates From Cosmic Radiation

Approximate Cosmic

Elevation, b
Cunulative Radiation DE Rate,
103 £t (km) Population® Population, % mrems/yr
0-0.5 (0-0.2) 86,600,000 48.3 26-27
0.5-1 (0.2-0.3) 63,000,000 83.4 27-28
1-2 (0.3-0.6) 19,700,000 94.5 28-31
2-4 (0.6-1.2) 5,300,000 97.4 31-39
4=6 (1.2-1.8) 3,900,000 99. 6 39-52
6-8 (1.8-2.4) 618,000 100.0 52-74
8-10 (2.4-3.0) 71,000 100.0 74-107
>10 (>3.0) 14,000 100.0 107

2 pata based on 1960 census, from Oakley.12

b Data from Figure I1I-3; DE rates adjusted to allow for 10%Z reduction
owing to structural shielding from buildings.
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Through measurements of the concentrations of these radionuclides
in various body organs, it is possible to estimate the resulting DE
rates to the U.S. population. Values of DE for selected body organs
or components from specific beta- and gamma-emitting and specific
alpha-emitting naturally occurring radionuclides are shown in Tables
III-2 and III-3, respectively. In calculating these DE rates, a
quality factor of 1 was assumed fgr beta radiation and a quality
factor of 10 for alpha radiation.

SUMMARY OF DE FROM NATURAL BACKGROUND

Table III-4 summarizes the average DE rates to the U.S. popula-
tion from various sources of natural background radiation. As pre-
viously pointed out, the quoted values include a 10% reduction in the
DE rate from cosmic radiation and a 20% reduction in the DE rate from
external terrestrial radiation to account for the shielding effects
of buildings and an additional 20% reduction in the DE rates from
external terresgr%gl sources to account for shielding effects in
the human body.",

RADIATION IN THE HEALING ARTS

X RADIATION

Patient Doses

Extensive studies on the development of indexes for evaluating the
potential public-health effects of the use of x rays in the healing arts
have been conducted by personnel of the Bureau of Radiological Health
(BRH) of the Food and Drgg %dm%nistration, U.S. Department of Health,
Education, and Welfare.l »15,1 These studies show that such use
is the largest source of exposure of the U.S. population to man—made
radiation. For example, it is estimated that over 300,000 x~ray units
are being used in the United States for medical diagnosis and therapy--—
about 170,000 by dentists and about 130,000 by physicians, chiropractors,
and podiatrists. The latest figures show that 39% of the medical units
are in hospitals, 30% in physicians' offices (including those of osteopaths),
9% in chiropractors' offices, 7% in clinics, 4% in podiatrists' offices,
and 4% in other facilities (such as for education and rssearch); and 267
units are still being used in mobile x-ray survey vans. An additional
7% are used in veterinary offices.

On the basis of a nationwide survey conducted in 1970, the BRH
estimated that 65% (129 million) of the people in the United States
were exposed to x rays for medical or dental purposes that year.
The distribution of the examinations and treatments was as follows:



TABLE III-22 -

Annual Internal Beta and Gamma DE (mrem/yr) in Tissue

from Internally Deposited Naturally Occurring Radionuclides?

Cortical Bone Trabecular Bone
Soft Tissues Haversian -
Radionuclide (Gonads) Osteocytes Canals Surfacesb Marrow

3y "0, 001 "~ 0.001 v0.001 " 0.001 "v.0,001

lic 0.7 0.8 0.8 0.8 0.7

40g 19 6 6 15 15
87Rb 0.3 0.4 0.4 0.6 0.6
Total 20.0 7.2 7.2 16.4 16.3

AReprinted with permission frgm National Council on Radiation
Protection and Measurements,  which included the following
footnotes:

4 UNSCEAR (1972) [United Nations Scientific Committee on the
Effects of Atomic Radiation, Ionizing Radiation: Levels and
Effects, Vol. 1 (United Nations, New York)] gives the data
as absorbed dose in tissue in mrad/y.

b‘quls close to surfaces of bone trabeculae.
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a
TABLE III-3

Annual Alpha DE Rates (mrem/yr) from Naturally Occurring Radionuclides

Dose Equivalent Rates

Cortical Bone

Concentration ' Haversian Trabecular Bone

: b
Radionu;lide In Air In Bone‘a Gonads Osteocytes Canals Surfaces

Marrow

’ 3
(pCi/m™) (pCi/kg)
238—234Ud

— 6.9 0.8 12.4 7.7 4.8 0.9
226, d - 7.8 0. 2 16.4 10.2 6. 6 1.2
228, d —- 3.8 0.3 19.0 11.0 8.0 1.0
222, e 150 - 0. 4 0. 2 0. 2 0. 4 0. 4
220, e 1 —_ 0.01 0.1 0. 1 0. 2 0. 2
210, d — 60 6 60 36 2% 4.8
Total 8 110 65 44 8.5

AReprinted with pegmission from National Council on Radiation Protection
and Measurements, which included the following footnotes:

8The alpha-emitting nuclides are assumed to be uniformly distributed in
mineral bone, although this may not be the case (ICRP, 1968) [Interna-
tional Commission on Radiological Protection, A Review of the Radio-
sensitivity of the Tissues in Bone, ICRP Publication 11 (Pergamon Press,
Oxford)]. N ’

bcells lining the Haversian canals.

CCells close to surfaces of bone trabeculae (dose) averaged over the first
10 ym.

dcalculated by the method of Spiers (1968) [Radioisotopes in the Human
Body: Physical and Biological Aspects, (Academic Press, New York)].

€Derived from UNSCEAR (1972) [(see a in Table II1I-2)].
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TABLE III-4

Summary of AveragevDE Rates from Various Sources

of Natural Background Radiation in the United States

Average DE, mrems/yr

a

Bone G.I.
Radiation Source Gonads Lung Surfaces Marrow Tract
Cosmic radiation ? 28 28 28 28 28
Cosmogenic radionuclides 0.7 0.7 0.8 0.7 0.7
External terrestrial ~ 26 26 26 26 26
Inhaled radionuclides 4 ~— -- 100-450° -—- - -—-
Radionuclides in body f 27 24 60 24 24 9
Totals (rounded) 80 180-530 115 80 80

2perived from National Council on Radiation Protection and Measurements.8
Quality factor for cosmic and terrestrial low-LET radiation assumed to
be 1; quality factors for internal emitters were 1 for beta radiation
and 10 for alpha radiation.

bAssuming 10% reduction to account for structural shielding.

cAssuming 20% reduction for shielding by housing and 20% reduction for

shielding by body.
d
body."

€ Local DE rate to segmental bronchi.

fExcluding cosmogenic contribution, which is shown separately.

gExcluding contribution from radionuclides in intestinal contents.
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Radiographic procedures 75 million

Dental diagnosis 59 million
Fluoroscopy 9 million
X-ray therapy 0.4 million

Because of the extent of these exposures, the BRH has for some
years attempted to develop an indicator for estimating the population
dose from medical x rays. In one of its initial efforts, it conducted,
in 1964, a nationwide survey of x-ray use and used the resulting data
to calculate a factor called the "genetically significant dose" (GSD).15
The GSD would have been an adequate and valid index of population dose,
and thus an indirect measure of the biologic hazard from medical
x rays, if genetic effects were the only, or the primary, biologic
end point of concern. With increasing emphasis in recent years on
the somatic effects of radiation, however, the shortcomings of the
GSD as an overall biologic indicator have become more and more
apparent. For example, some examinations that may contribute very
little to the GSD may contribute substantially to the bone-marrow
dose. The BRH has therefore recengly been developing dose models
for organs other than the gonads.l

The value for the GSD as quoted in BEIR 110 was 55 mrems/yr. The
original dose model has since undergone extensive review, and several
errors have been discovered that caused the gonadal doses to be in-
correctly estimated for some examinations. On the basis of a revised
dose model, the BRH has estimated that the average GSD rate to the
U.S. population related to the use of x rays in the healing arts in
1964, the year of the first survey, was actually 17 mrems/yr. Calcu-
lations based on a later gurvey in 1970 resulted in an estimated
GSD rate of 20 mrems/yr-l The difference between the estimates for
1964 and 1970, however, was not judged to be statistically significant.

As mentioned above, more recent efforts have been directed to
the calculation of absorbed-dose rates related to other organs of
the body. The BRH has estimated that the average absorbed-dose
rate for the bone marrow of the adult U.S. population from medical
X rays was 83 mrads/yr in 1964 and 103 mrads/yr in 1970.

Estimates are that medical radiographic procedures contributed

approximately 77% of this dose rate, and fluoroscopic and dental

examinations about 20% and 3%, respectively. Tables III-5 and

. III-6 summarize the sources and extents ?5 the absorbed-dose
rates for specific portions of the body.

Occupational Doses

Estimates of occupational doses associated with the use of x rays in
medicine and dentistry are limited, in that little more than film-badge data
are available and various agencies and organizations define occupational
exposures differently. However, the Environmental Protection Agency estimated
that in 1968 about 195,000 persons were occupationally exposed in the operation
of medical x-ray equipment and that about 171,000 persons were similarly
engaged in the operation of dental x-ray equipment. The mean annual dose
to these two groups were estimated to-be 320 and 125 mrems, respectively.

More recent data based on film-badge measurements of dental personnel during
1975 are summarized in Table III-7. The data show an average DE of about 50
mrems for that year.




TABLE III-5

Mean Active Bone Marrow Dose to the Adult Population

from Medical and Dental X-Ray Procedires, 19702

Mean Dose to Total

Red Marrow per Annual per
Examigation,‘ Annual Per Capitg Capita Dose,
Examination mrads Examination Rate” mrads + S.E.
Head and neck:
Skull 78 0.020 1:6 + 0.1
Cervical spine 52 0.022 1.2 + 0.2
Other -- —_— ' 0.6 + 0.2
Thorax: _
Chest, photofluoro. 44 0,073 3.2 + 0.3 ‘
Chest, radiographic 10 0.306 3.2 + 0.1
Thoracic spine 247 0.010 2.5 + 0.4
Ribs 143 0.009 1.3 + 0.2
Other -= - 1.9 + 0.4
Upper abdomen:
Upper GI series 535 24,3 + 4,7
Rad iographic 294 0.046 13.5 + 4.3 -
‘Fluoroscopic 241 0.045 10.8 + 1.9
Scan 167 -
Spot film 74
Lumbar spine 347 0.023 8.1+ 0.8
Gall bladder. 168 ‘ 3.7 + 0.4
Radiographic 129 0.027 3.5 + 0.3 -
Fluoroscopic 39 0.006 0.2 + 0.3
Scan 29 - |
Spot film 10 |
Small bowel series 422 0.002 1.0 + 0.3
Other -- -—= 2.1 + 1.0
13

abata from Shleien et al.

b
'Values have been independently rounded.
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TABLE III-5 - Continued

Examination

Mean Dose to Total
Red Marrow per

Lower abdomen:

Barium enema
Radiographic
Fluoroscopic

Scan
Spot film

IVP _
Lumbosacral spine
Abdomen (kidneys,

ureters, and bladder)
Other

Pelvis:

Pelvimetry
Pelvis

Hip

Other

Extréﬁities:

Femur

Dental

Examigation, Annual Per Capita
mrads” ‘Examination Rate
875
497 0.024
378 0.024
268
110
420 0.024
450 0.013
147 0.020
595 0.002
93 0.012
72 0.009
21 0.002
9.4 0.312
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Annual pér
Capita Dose,
mrads + S.E.

21.2 + 1.8
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I+1+
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h— O =
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0.04 + 0.02

2.9 + 0.2

TOTAL 103 + 5



TABLE 1I1-6

Per Capita Mean Active Bone Marrow Dose for Specific

Age Groups from Medical X-Ray Procedures in 1970%

- Per Capita
Mean Active Bone-Marrow Dose,
Age, yr mrads
15-24 52
25-34 81
35-44 107
45-54 120
55-64 143
65+ 151

9pata from Shleien_g£”31.13 Each figure in second column represents the product
of the number of examinations of a specific type in an age group and the mean
active bone-marrow dose for the examination (see Table III-5) divided by the
number of persons in the specified age group.
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TABLE I11-7

a
Distribution of Film-Badge Dose Data for Dental Personnel, 1975

Film-Badge Fraction of Mean
Dose, mrems Personnel, 7% Dose, mrems
Nondetectable 84 -
100 12 41
100-250 1.7 175
250-500 0.4 300
500~750 0.4 600
750-1,000 0 -
1,000-2,000 0 ‘ -
2,000-3,000 0 -
3,000-4,000 0 -
4,000-5,000 0.4 4,300
5,000-6,000 0.4 5,200

Data provided by Scientific Committee 45, NCRP, Washington, D.C.




RADIOPHARMACEUTICALS

Over 10,000 U.S. physicians are licensed to administer radio-
pharmaceuticals to patients for diagnostic and therapeutic pirposes.
It has been estimated that some 10-12 million doses are administered
each year.

Patient Doses

Data collected by the BRH show the following information on the use

of radiopharmaceuticals in the United States (B. Shleien, personal communi-

cation):

e About 907 of the reported procedures involved five organ systems.
Specifically, 24.1%, 20.3%, 18.1%, 16.5%, 10.9%, 3.2%, and 2.5%

of the procedures involved brain, liver, bone, lung, thyroid, kidney,
and heart, respectively.

e Radiopharmaceuticals labeled with technetium—-99m were by far
(81%) the most commonly used. Iodine-131, xenon-133, gallium—67
and iodine-123 were used in 7%, 4%, 3%, and 1% of the procedures,
respectively.

° Approximately 14% of the patients were under the age of 30 and
69.6% were over the age of 45. Specifically, 2.7%, 11.5%, 16.2%,
36.3%, and 33.3% of the patients were 0-14, 15-29, 30-44, 45-64, and
over 64 yr old, respectively.

A summary of the radiopharmaceuticals used and the range and

average of the activity administered is given in Table,II%- These
data are from a pilot study conducted in 1975 by the BRH.- Estimates
of the patient doses per radiopharmaceutical administration are
summarized in Table III-9. These data are based on an expansion and up-
dating of the information provided by the sample covered in the pilot study.
Although the pilot study was limited in scope, it indicated an average
annual growth rate in the application of nuclear-medicine procedures of
over 17%; it further indicated that there had been increases in the average
whole-body and gonad radiation doses per radiopharmaeeutical administration
in 1975; compared with national data for 1966. Because the sample was so
small however, those conducting the pilot study cautioned that the data

"cannot be said to be repgesentative of nuclear medicine practice for all
United States hospitals.' The EPA Office of Radiation Programs had esti-
mated that whole-body patient doses from the diagnostic use of radiopharma-—
ceuticals represented about 20% of the patient doses resulting from medical
diagnostic radiology.
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TABLE III-8

Procedure, Percent Radiopharmaceutical Used, Range of

: . . a
Activity, and Average Activity Administered

Fraction )
L of Activity Administered, mCi
Procedure . Radiopharmaceutical Procedures, % Low High Average
Bone imaging Tc—-9%m EHDP 56.3 2.1 27.0 17.3
(total body)
99m ‘
Te.jtechnetium polyphosphate 3.1 10.0 15.0 12.7
» 99 _ B
N Tec|technetium pyrophosphate 40.5 2.1 30,0 17.2
l Brain imaging Tc-99m DTPA 7.4 3.0 20.0 19.2
99m )
pertechnetate 92.4 6.0 30.0 17.6
99m , , )
Te- technetium pyrophliosphate 0.2 10.0 30.0 16.1
Liver imaging Tc-99m sulfur colloid 100.0 0.25 21.5 4.8
Lung perfu- Tc-99m MAA 86.9 1.0 31.4 4,9
sion 4 , :
Tc-99m HAM 12,2 1.0 15.0 4,2
Other 0.9 - -— -
Lung venti- Xe-133 gas 66.0 3.1 40.6 18.1
lation . !
Xe—l33 in saline 34,0 4,0 15.0 7.1
| . 81
i Myocardial Rb | rubidium chloride 19.5 1.90 24,7 14.6
imaging
99m 1
Tc |technetium pyrophosphate - 80.5 5.0 15.0 14,7

aData from McIntyre.ggugl.S
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TABLE III-8 - Continued

Activity Administered, mCi

Fraction
of
Procedure Radiopharmaceutical Procedures, % Low
197
Renal imaging Hg lchlormerodrin 4ot 0.2
131
I Jiodohippurate 0.7 0.05
Tc-99m DTPA 49.3 1.1
99m
Tc [technetium glucoheptonate 44,2 15.0
Tc-99m DMSA 1.4 2.0
197
Renogram Hg} chlormerodrin 5.2 0.025
203
Hg!chlormerodrin 7.7 0.025
125
I fiodohippurate 0.5 0.2
131
I {iodohippurate 86.1 0.02
Thyroid 123
imaging I |sodium iodide 25.0 0.04
131
I|sodium iodide 45.4 0.015
99m
Tc_jpertechnetate 29.6 0.5
Thyroid 123
uptake I jsodium iodide 26.8 0.029
131
sodium iodide 72.5 0. 005
99m
Tc |pertechnetate 0.7 0.5
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High Average
0.2 0.2
0.5 0.35
19.7 6.0
15.0 15.0
5.0 3.9
0.025 0.025
0.1 0.05
0.2 0.2
| 0.33 0.168
15.0 15.0
1.05 0.33
1.0 0.059
4,0 1.361
1.05 0.33
1.00 0,064
3.0 . 1.6



TABLE III-8 ~ Continued-

Fraction
_ of Activity Administered, mCi
Procedure Radiopharmaceutical Procedures, % Low High Average
Total body, 67
soft tissue [ GJ gallium citrate ’ 98.0 0.15 7.1 3.0
(tumor :
localiza- Ga=67 iron DTPA complex 1.3 3.0 3.0 3.0
tion)
"]
I)sodium iodide 0.7 1.07 5.0 3.0
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TABLE II1I-9

Estimated Radiation Dose Per Diagnostic

Radiopharmaceutical Administration, 1975%

NO.
Administrations Average Radiation Dose
Covered in per Administration,
Radiopharmaceutical Pilot Study mrads
- -~ Whole Body  Gonad ‘ Bone:Mgrrow
131
I sodium iodide 814 28 7 12
131
Other 1 317 210 204 106
123
I sodium iodide 326 12 9 10
99m 11,014 177 245 258
Tc
133 608 ) 5 5
Xe
Other 507 1,020 1,020 2,130
b b b
Total 13,586 189 242 292
a 5
Based on McIntyre et al.
b Weighted average.
- 64 -
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It might be pointed out that the increasing use of radiopharma-
ceuticals is to be encouraged, particularly if the shorter-lived radio-
nuclides and modern, sensitive counting equipment can be used. Because
radiopharmaceutical procedures are often conducted on an out-patient
basis, however, it must be recognized that the people to whom radioactive
materials have been administered, particularly tgerapeutically, can be a
source of exposure to family members and others. The overall importance
of this source to the general population is not known.

Occupational Doses

In 1968, there were some 80,000 medical radionuclide and radium workers.4.
Today, this total is undoubtedly much greater. The EPA has estimated that
medical radionuclide workers receivi a mean annual dose of about 260 mrems
and radium workers about 540 mrems.

Data on film-badge records for hospital radionuclide and x-ray
personnel show that the mean annual dose for 1975 was 350 mrems (see
Table III-10). This indicates close agreement with the EPA estimates
for radionuclide and radium workers.

PRODUCTION AND USE OF NUCLEAR ENERGY

ATMOSPHERIC WEAPONS TESTS

During the 1950s and 1960s, when extensive testing of nuclear
devices was conducted in the atmosphere, large quantities of man-
made radioactive materials were produced and distributed to the
environment throughout the world in the form of fallout. Although
much of this debris has since decayed, the small amounts that remain
will be a source of exposure of the U.S. population for some time to
come. In addition, periodic atmospheric tests of nuclear devices by
nations that were not signatories to the Limited Test Ban Treaty of
1963, such as the People's Republic of China, continue to add fresh
fission-product debris to the worldwide inventory. The U.S. popula-
tion dose from fallout from such tests has been estimated by the EPA.-14

Table III-11 summarizes the estimated 50-yr dose commitment for
several organs of the body in people in the north temperate zone due
to atmospheric nuclear tests conducted before 1971. Table III-12
summarizes projections of the annual whole-body DE for the U.S.
population from global fallout through the year 2000. As may be
noted, the projected annual average whole-body DE rate for the U.S.
population from these sources is 4=5 mrems/yr.



TABLE III-10

Distribution of Film—-Badge Dose Data for Hospital

Radiation Personnel, 1975 a

Film-Badge Fraction of Mean
Dose, mrems Personnel, 7 Dose, mrems
Nondetectable 43.6 -
100 A 25.2 41
100-250 12.6 159
250-500 9.0 354
500-750 3.45 618
750-1,000 2.0 867
1,000-2,000 2.53 1,391
2,000-3,000 0.8 2,416
3,000-4,000 0.25 3,391
4,000-5,000 0.19 4,435
5,000-6,000 0.08 5,457
6,000-7,000 0. 04 6,500
7,000-8,000 0.03 7,443
8,000-9,000 0 -
9,000-10,000 0 -
10,000-11,000 0 -
11,000-12,000 0 -
12,000~ 0.13 128,425

a
Data provided by Scientific Committee 45, NCRP, Washington, D.C.
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50-Year Dose Commitment from Nuclear Tests Conducted

TABLE III-11

a
Before 1971, North Temperate Zone

Source ‘of Exposure

External exposure:

Short-lived radio-
nuclides

Cesium-137
Krypton—85

Internal exposure:
Hydrogen—-3
Carbon-14
Iron-55
Strontium-90
Cesium-137

Plutonium-239b

c
TOTALS

aData from U.S. Office of Radiation Programs.

Dose commitment to bome-lining cells has been taken to be equal

Dose Commitment, mrads

65

59

2 X 107

170

Gonads

to integrated dose over 50 yr to bone.

cTotals rounded to two significant figures.
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Bone-Lining

Cells

65

59

2 X 107

15

85
26

0.2

260

22

Bone
Marrow

65

59

12

0.6

62

26

230



TABLE III-12

Projections of Annual Whole-Body DE to U, S,

Population from Global Weapons Testing Fallouta

Per Capita DE,

Year mrems

1963 13
1965 6.9
1969 4.0
1980 4o &
1990 4.6
2000 4.9

abata from U.S. Office of Radiation Programs.22
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NUCLEAR POWER REACTORS

As of April 30, 1979, 70 nuclear power reactors had been licensed
for operation in the United States. By the year 2000, as many as 250
units could be in operation. In addition, there are 73 nonpower re-
actors being used for tests, research, and university applications;
about 80 nonpower nuclear reactors being operated by the U.S. Depart-
ment of Energy; and 174 reactors in operation or under construction by the
military services, most of them being operated under the auspicT7 of the
U.S. Navy as propulsion units for submarines and surface ships.

Population Doses

-

Supporting these reactor operations are a variety of activities
ranging from the mining and milling of uranium through the fabrication of
reactor fuels to the storage of spent fuel or high-level radioactive wastes
(depending on whether the spent fuel is chemically processed). Several
hundred uranium mines are in operation in the United States, and they
employ about 5,000 men. There aﬁs also 20 wanium mills and 21 fuel-
fabrication plants in operation; another 21 mills and one fuel-processing
plant have ceased to operate. Although there have been problems with
radionuclide releases from uranium mills, in the main the discharge of
radionuclides into the enviromment from commercial nuclear power plants
has been well controlled. Current regulatidns of the U.S. Nuclear Regulatory
Commission, for example, limit whole-body DE rates for the general population
from routine releases from commercial nuclear power plants to about 8
mrems/yr; the DE rate limit for individual body organs, such as the thyroid,
is 15 mrems/yr. Regulations promulgated by the EPA limit whole-body
DE rates for the general population from planned releases from all sources
originating in the nuclear—-power induﬁgry to 25 mrems/yr; the DE rate
limit for the thyroid is 75 mrems/yr.

0f the specific radionuclides produced in fission, two that are of

significance in terms of potential population dose, particularly in case

of a major reactor accident, are strontium-90 and cesium-137. Three
radionuclides of significance from the standpoint of routine operation

of nuclear power plants are tritium (hydrogen-3), carbon-14, and krypton-85,
all of which are somewhat difficult to remove from waste streams and confine.
Projections of future annual whole-body DE rates for the U.S. population
from these three nuclides are summarized in Table III-13. Although the
release of iodine-131 is also of interest, current techniques appear to be
adequate to restrict releases of this nuclide in normal nuclear power-plant
" operations to very low amounts. Overall estimates show that the DE rate for
the averag§7person in the United States from envirommental releases of T}l
radionucli?es from nuclear operations is currently less than 1l mrem/yr.

- 69 -



TABLE III-13

a
Projected Annual DE to the U.S. Population from Specific Nuclides

Radio- Body Per Capita DE, mrems -
nuclide Organ 1960 1970 1980 = 1990 2000
Hydrogen-3  Whole body 0.02 0.04 0.03 0. 02 0.03
Carbon-14 Whole body O.? 0.6 0.6 0.6 0.6
Bone 0.5 1.0 1.0 1.0 1.0

Krypton-85 Whole body 0.0001 0.0004 0.003 0.01 0.04
Skin 0. 005 0.02 0.1 0.6 1.6

Lung 0.0002 0.0006 0.005 0.02 0.06

abata from U.Se. EPA."’22
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Occupational Doses

Information on occupational doses to personnel associated with commer-
cial nuclear power plants and supporting activities, such as processing and
fabrication, is tabulated and published on an annual basis by the Nuclear
Regulatory Commission, including exposures in industrial radiography
performed with Commission-controlled radioactive materials. Summaries of
these data are presented in Tables III-14 and III-15. Table III-14 shows
the distribution of annual whole-body exposures by licensee category; Table
ITI-15 shows the total man-rem accumulation by licensee category. Data on
exposures of transient workers for the years 1960-1976, which have been
subject to considerable discussion, are summarized in Table III-16.

Similar data on occupational radiation DE received by personnel
assigned to tenders, bases, and nuclear-powered ships in the U.S.
Navy are presented in Table III-17. These exposures are those which
result from work related to the operation and maintenance of naval
nuclear-propulsion plants. Data on the occupational radiation DE
received by shipyard personnel from work related to naval nuclear-
propulsion units are presented in Table III-18. As may be noted, the
collective occupational DE from such operations, including both groups
of personnel, reached a maximum of about 22,000 (3,529 + 18,763)
person-rems in 1966, but has been considerably reduced; today the
collective DE is well under 10,000 (2,812 + 5,207) person-rems/yr.

Another source of occupational exposure in the nuclear industry
is the research and development work conducted in the national labora-
tories of, and by contractors to, the Department of Energy (DOE).

A summary of whole-body dose received by contractor employees of
DOE and its predecessor agencies from 1964 through 1975 is shown in
Table III-19.

RESEARCH ACTIVITIES

High-voltage x-ray machines and particle accelerators are familiar
features of research laboratories in universities and similar institutions.
Today, almost 1,000 cyclotrgns, synchrotrons, van de Graaff generators, and
betatrons are in operation. Although estimating is difficult, it can be
conservatively calculated that some 10,000 people are occupationally exposed
in the operation of these machines.

Other x-ray equipment used in research includes about 10,000
diffraction units and 3,000 electron microscopes. Studies have shown
that a substantial number of radiation injuries have resulted from
accidents involving diffraction equipment. The number of people
occupationally exposed in the operation of electron microscopes has
been estimated at 4,400, with annual DE whole-body rates of 50-200
mrems.
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TABLE III-l4

Distribution of Annual Whole-Body Exposures, by Licensee Category, 19764

Covered

Categories No. (%) Persons Monitored within Each DE Range (in rems)

of NRC Less Than 0.10- 0.25- 0.50- 0.75-
Licensees Total Measurable <0.10 0.25 0.50 0.75 1.00 1-2
Power ' 66,800 30,085 13,859 5,277 4,192 2,537 2,036 4,882
reactors 100% 45% 217 8% 67 47 3% 7%
Industrial 11,245 5,023 2,184 1,208 887 544 353 660
radiography 1007 45% 19% 11% 8% 5% 3% 6%
Fuel pro-

cessing and 11,227 5,942 2,815 959 580 307 221 237
fabrication 100% 537% 257% 9% 5% 37 2% 2%
Manufacturing

and distri- 3,501 1,525 906 413 170 94 53 148
bution 100% 447 26% 127 5% 3% 2% 4%
TOTALS 92,773 42,575 19,764 7,857 5,829 3,482 2,663 5,927

- 100% 467 217 8% 6% 47 37 6%

AData from U.S. Nuclear Regulatory Commission.20
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TABLE III-14 (Cont'd.)

N6. (%) Persons Monitored within Each DE Range (in rems)

-3 3-4 4-5 56  6-7 7-8 89  9=10  10-11  11-12  >12

,355 789 487 188 70 26 11 1 0 0 0
4% 1% 1%

210 100 41 15 10 3 2 0 2 0 3
2% 1%
77 47 25 17 0 0 0 0 0 0 0
1%
77 52 31 16 10 5 2 0 0 0 0
2% 1% 1%

;719 987 584 236 90 34 15 5- 3 0 3

37

1%

1%
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TABLE III-15

Person—-Rems Accumulated, by Category of Covered Licensees, 1973-1976 ¢

Average
Exposure

Covered Per Person Average Exposure
Categories No. No. No. Persons (Based on Per Person (Based
of NRC Calendar Licensees Persons with Measur- Total No. Total Moni- on Measurable
Licensees Year Reporting Monitored able Exposure Person—-Rems tored), rems Exposures ), rems
Commercial 1976 62 66,800 36,715 26,555 0.40 0.72
power 1975 54 54,763 28,034 21,270 0. 39 0.76
reactors 1974 53 62,044 21,904 14,083 0.23 0.64

1973 41 44,795 16,558 14,337 0.32 0.87
Industrial 1976 321 11,245 6,222 3,629 0.32 0.58
radiography 1975 291 9,178 4,693 2,796 0. 30 0. 60

1974 319 8,792 4,943 2,938 0.33 0.59

1973 341 8,206 5,328 3,354 0.41 0.63
Fuel processing 1976 21 11,227 5,285 1,830 0. 16 0.35
and fabrication 1975 23 11,405 5,495 3,125 0. 27 0.57

1974 25 10,921 4,617 2,739 0.25 0.59

1973 27 10,610 5,056 2,400 0.23 0.47
Processing and 1976 24 3,501 1,976 1,226 0.35 0.62
distribution of 1975 19 3,367 1,859 1,188 0.35 0. 64
byproduct 1974 24 3,340 1,827 1,050 0.31 0.57 .
material 1973 34 4,251 1,925 1,177 0. 28 0.61
Totals 1976 428 92,773 50,198 33,240 0. 36 0.66

1975 387 78,713 40,081 28,379 0. 36 0.71

1974 421 85,097 33,291 20,810 0.24 0.63

1973 443 67,862 28,867 21,268 0.31 0.74

qi)ata from U.S. Nuclear Regulatory Commission. 20



TABLE III-16

Dose Equivalent Received by Transient Workers, 1969-1976%

1969 1970 1971 1972 1973 1974 1975 1976

No. workers

terminating employ-~

ment with two or 8 29 11 69 157 354 714 1,055
more employers in

one quarter

Collective DE, .
person-rems 5.4 14.6 2.8 6l1.3 135.5 175.9 507.1 745.3

Average indivi- :
dual DE, rems 0.68 0. 50 0.25 0.89 0.86 0.50 0.71 0.71

PData from U.S. Nuclear Regulatory Commission.20
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TABLE III-17

Occupational Radiation Exposures Received by Personnel

Assigned to Tenders, Bases, and Nuclear-Powered Ships from

Operation and Maintenance of Naval Nuclear Propulsion Plants, 1955-1977%

No. Persons Who Received

Exposures in Specified DE No. Persons Collective
Ranges (in rems) Monitored DE, person-rems

Year 0-1 12 2-3 34 45

1955 90 11 0 0 0 0 101 25
1956 108 10 4 0 0 0 122 50
1957 293 7 1 0 0 0 301 60
1958 562 11 3 0 0 0 576 100
1959 1,057 41 8 3 0 0 1,109 200
1960 2,607 88 8 4 3 1 2,711 375
1961 4,812 105 31 4 4 0 4,957 680
1962 6,788 182 75 31 17 1 7,094 1,312
1963 9,188 197 39 14 3 1 9,442 1,420
1964 10,317 331 93 35 15 3 10,795 1,964
1965 11,883 592 224 96 30 24 12,849 3,421
1966 18,118 541 156 95 44 28 18,982 3,529
1967 21,028 339 139 48 11 0 21,565 3,084
1968 24,200 373 103" 20 2 0 24,698 2,463
1969 26,969 577 127 39 6 0 27,718 2,918
1970 26,206 610 134 30 0 0 26,980 3,089
1971 26,090 568 122 31 2 0 26,813 3,261
1972 33,312 602 180 13 1 0 34,108 3,271
1973 30,852 600 102 15 1 0 31,570 3,160
1974 18,375 307 65 2 0 0 18,749 2,142
1975 17,638 330 28 1. 0 0 17,997 2,217
1976 17,795 369 56 9 o . 0 18,229 2,642
1977 20,236 346 95 36 3 0 20,716 2,812

@Data from U.S. Department of the Navy.6 Data obtained from summaries, rather
than directly from original medical records. However, it is expected that
the large effort to compile comparable data from original medical records
would show differences no greater than 5%. Collective DE was determined
by adding ‘actual exposures for each person during the year. |

PThe occupational dose-rate limit in the naval nuclear propulsion program was
reduced to 5 rems/yr late in 1966.
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TABLE III-18

Occupational Radiation Exposures Received by Shipyard Personnel from Work

Associated with Naval Nuclear Propulsion Plants, 1962-1977%

No. Persons Who Received Exposures in

Specified DE Ranges (in rems) . No. Persons Collective DE,
Year 0-1 1-2 2-3 3-4 4-5 >5- Monitored per son-rems
1962 11,409 657 548 486 164 123 13,387 5,600
1963 19,568 445 164 73 35 28 20,313 2,711
1964 19,367 751 413 199 143 30 20,903 5,132
1965 21,434 1,895 1,108 726 623 600 26,386 - 14,735
1966 22,787 1,787 1,252 794 1,038 486 28,144 18,763
1967 - 26,941 1,737 1,131 826 733 1 31,369 : 13,876
1968 30,948 1,277 755 499 289 0 33,768 8,665
1969 25,846 1,689 1,031 636 373 0 29,575 11,033
1970 ‘21,319 1,968 1,326 723 492 0 25,828 11,974
1971 20,214 1,801 1,029 641 240 0 23,925 10,647
1972 17,390 1,668 845 139 5 0 20,048 6,998
1973 13,095 1,379 605 203 6 0 15,288 6,110
1974 12,447 1,452 746 310 50 0 15,005 7,209
1975 12,833 1,115 598 81 42 0 14,669 5,303
1976 13,057 1,270 633 30 0 0 14,990 5,309
1977 13,900 1,277 586 25 0 0 15,788 5,207

9Data from U.S. Department of the Navy.6 Data obtained from summaries, rather
than directly from original medical records. However, it is expected that
the large effort to compile comparable data from original medical records
would show differences no greater than 5%. Exposures from radiation sources
licensed by Nuclear Regulatory Commission or a State have been excluded as
far as practicable. Collective DE was determined by adding actual exposures
for each person during the year.

bThe occupational dose-rate limit in the naval nuclear propulsion program was
reduced to 5 rems/yr late in 1966.
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Whole-Body Radiation Exposure History for DOE

TABLE III-19

a
and DOE Contractor Employees

No. Employees in Each DE Range (in rems)

Year 0-17 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 11-12
1964 122,711 3,583 1,823 575 176 43 20 10 7 6 10 1
1965 128,360 4,158 1,704 515 294 40 32 26l 25 22 6 2
1966 130,562 3,706 1,630 597 313 88 47 24 6 2 - -
1967 102,510 3,472 1,572 555 168 35 29 23 17 4 1 -
1968 103,206 2,799 1,408 425 144 3 1 - - - - -~
1969 98,625 2,554 1,313 335 86 4 - - - - 1 -
1970 92,185 2,698 1,329 279 158 5 4 2 - 1 - -
1971 90,640 2,380 888 275 118 8 3 - - - 1 -
1972 86,077 2,130 929 219 95 8 2 - - - - -
1973 89,071 1,944 727 172 60 2 1 - - - - -
1974 75,706 1,689 692 149 40 4 - - - - - -
1975 85,451 1,846 753 232 142 - - - 1 - - -
aData from U.S. EPA.22

In 1975, approximately 657

of these employees received a DE less than measurable.

No. Employees

128,965
135,214
137,939
108, 386

107, 986

102,918

96, 661
94,315
89, 460
91,977
78,232

88,425



An emerging source of machine-produced radiation is the neutron
generator; the total number in use is estimated at some 500. Data
on the number of people involved in the operation of these units and
the range of exposures are not available.

\

CONSUMER AND INDUSTRIAL PRODUCTS

A variety of consumer and industrial products yield ionizing radiation
or contain radioactive materials and can therefore cause radiation exposure
of the general population--e.g., television sets, luminous-dial watches,
airport luggage x-ray inspection systems, dental prostheses, smoke detectors,
high-voltage vacuum switches, electron microscopes, static eliminators,
cardiac pacemakers, tobacco products, fossil fuels, and building materials.
A summary of DE rates of the more important of these is presented in Table
III-20. The estimated average whole-body DE rate for the U.S. population
from these sources is 4-5 mrems/yr. About three-fourths of this arises
through external exposures—-exposures to naturally occurring radionuclides
in building materials.

In recent years, increasing attention has been given to radiation
exposures of the U.S. population from natural sources whose dose rates
have been increased because of technologic developments. One example,
cited above, is the population DE due to naturally occurring radio-
nuclides in building materials. Another source of exposure that has
recently been recognized is airborne radon and radon daughter products
that evolve from groundwater supplies used in the home. Approximately
half the radon present in household water supplies becomes airborne.
In fact, concentrations in bathroom air after the spraying of radon-
rich groundwater through a shower head can approach occupational limits.
The significance of such sources is being investigated.

MISCELLANEOUS SOURCES

Several sources of radiation exposure of the general population
do not fit into the categories just outlined. One is the added ex-
posure from cosmic radiation that results from commercial airline
travel, and another is the exposure that results from the transporta-
tion of radioactive materials.

COSMIC RADIATION DOSE TO AIRLINE PASSENGERS

Data for 1973 _shows that the U.S. public made about 281 million
domestic flights.?3 1In all, about 25% of the adult population, or 35
million people, flew at least once during that year. On the average,
however, each person who flew made about 10 flights during the year.
The average flight was at an altitude of 9.47 km and lasted 1.4 h. The



TABLE III-20

DE Rates from Selected Consumer Productsa

Average Annual DE Rate, mrems/yr

Body Portion For Persons For Average Person

Product Considered Using Product in U.S. Population
Luminous compounds:

Wristwatches Gonads 1-3 0.2

Clocks Whole body 9 0.5
Television sets Gonads 0.3 (females) 0.1 (females)

1 (males) 0.5 (males)

Construction

materials Whole body 7 3.5

| Combustion of

fossil fuels:

Coal Lungs 0. 254 0.05-10

0il Lungs 0.002-0.04 0.004

Natural gas:

Cooking Bronchial 6-9 5
ranges ‘epithelium
Unvented Bronchial
heaters epithelium 22 2
Tobacco products Bronchial 8,000 2,000
epithelium

abata from NCRP.9
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average dose rate was 0.2 mrem/h, resulting in an average passenger
DE of 2.8 mrems, For the population as a whole, this resulted in a
cumulative dose of about 100,000 person-rems. These data, as well
as those on cosmic radiation DE to cabin attendants and aircraft
trew members, are summarized in Table III-21.

DOSE DUE TO TRANSPORTATION OF RADIOACTIVE MATERIALS

The Nuclear Regulatory Commission has recently completed a de-
tailed study of the population doses associate? with the transporation
of radioactive materials in the United States., The potential mag-
nitude of this source, if not properly controlled, is well illustrated
by the estimate of 2.5 million shipments of such materials in 1977,

For purposes of the Nuclear Regulatory Commission study, the
population groups being exposed were divided into commercial airline
passengers, cabin attendants, aircraft crew, and ground crew. The
estimated annual collective DE from this source is about 2,500 person-
rems (see Table III-22)., Comparable estimates of c¢ollective DE associ-

ated with the transportation of radioactive materials by trucks and vans,

by rail, and by shigs during 1975 were about 5,000, 25, and 10 person—
rems, respectlvely.

SUMMARY

Annual dose rates from each of the important sources of radiation
exposure in the United States are summarized in Table III-23
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TABLE III-21

, | 4
Annual DE from Cosmic Radiation to Aircraft Passengers and Crew, 1973

Dose Rates,

Population mrems/yr Annual Population
Group No. Exposed Max. Avg. Dose, person—rems
6b e d
Passengers 35 X 10 63 2.8 99,000
4 e
Cabin attendants 2.3 X10 - 160 3,700
4 e
Aircraft crew 1.7 X 10 - 158 2,650
TOTAL 105,350

a
Data from Wallace and Sondhaus.23

b . '
About 25% of the adult population, or 35 million people, flew at
least once in 1973.

Based on assumption that a person made a maximum of 50 trans-
continental flights (25 transcontinental round trips) during the
year.

dBased on calculations that showed that average flight involved
spending 1.4 h at altitude of 9.47 km with average DE rate of
0.20 mrem/h. On this basis, average DE per flight was about 0.28
mrem, and average number of flights taken by average passenger was
about 10 per year.

€ Dose-rate estimates and estimated number of cabin attendants and
aircraft crew members based on assumed flying time of 720 h/yr.




TABLE III-22

Annual DE from Transport of Radioactive Materials in

a
Passenger Aircraft, 1975

Dose Rates,
Population mrems/yr Annual Approximate Collective
Group No. Exposed Max. Avg. Dose, person-rems
6 b e
Passengers 7 X 10 - 108 0.34 2,380
4 d
Cabin attendants 4 X 10 13 3 120
4 d
Aircraft crew 3X10 2.5 0.53 16
2 - €
Ground crew 720/km 85 11
(including
bystanders)
TOTAL 2,500
19

a

Data from U.S. Nuclear Regulatory Commission.
b v
Based on an average of 210 million revenue passengers per year with
one of 30 flights transporting radioactive materials. Each of the
7 million people in this group is assumed to make only one trip per
year on an aircraft transporting radioactive material.

e
Based on a select group flying 500 h/yr between Knoxville, TN, and
St. Louis, MO.

d&he numbers of cabin attendants and aircraft crew members listed
differ from those given in Table III-21. Average flying time of
500 h/yr assumed here; in Table III-21, assumed flying time was
720 h/yr, requiring smaller number of people to handle these tasks.

?Applies only to most exposed member of ground crew. Calculated
population dose based on assumed ground time per flight of 1 h.
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TABLE III-23

Annual Dose Rates from Important Significant Sources of
Radiation Exposure in United States

Exposed Group Average Dose Rate, mrems/yr

- 78

Body

No. Portion Prorated over
Source Description Exposed Exposed Exposed Group Total Population
Natural background:
Cosmic radiation Total 220 x 100 Whole body 28 28
population
Terrestrial Total 220 x 10° Whole body 26 26
radiation population
Internal Sources Total 220 X 100 Gonads 28 28
population
Bone marrow 24 24
Medical x rays:
Medical diagnosis Adult 105 X 106/yr Bone marrow 103 77
patients
‘Medical personnel Occupa-— 195,000 Whole body 300-350% 0.3
tional
Dental .diagnosis Adult 105 X 106/yr Bone marrow 3 1.4
patients
‘Dental personnel ‘Occupa- 171,000 Whole body 50-125% 0.05
tional




TABIE III-23 - continued

Exposed Group

) Body Average Dose Rate, mrems/yr
No. Portion Prorated over

|
|
| Source

- G8

Description Exposed Exposed Exposed Group Total Population
Radiopharmaceuticals:
Medical diagnosis Patients 10 X 10% Bone marrow 300 13.6
to
12 X 10%/yr
Medical personnel Occupa~ 100,000 Whole body 260-350 0.1
tional
Atmosphéric weapons 6
Tests Total 220 X 10 Whole body 4-5
population
Nuclear industry: -
Commerical nuclear Population <10 X 108 Whole body <K10
power plants within 10
(effluent releases) miles
Commercial nuclear Workers 67,000 Whole body 400b

power plants
(occupational)
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TABLE III-23 continued

Exposed Group

No.

Source Description Exposed
Industrial radiog- Workers 11,250
raphy

(occupational)

Fuel processing Workers 11,250
and fabrication

(occupational)

Handling byproduct Workers 3,500
materials

(occupational)

Federal contractors Workers 88,500
(occupational)

Naval nuclear Workers 36,000
propulsion program

(occupational)
Research activities:

Particle accelerators Workers 10,000
(occupational)

X-ray diffraction Workers 10,000-
units (occupational) 20,000
Electron micro- Workers 4,400

scopes (occupational)

Body
Portion

Exposed

Whole body

Whole body

Whole body

Whole body

Whole body

Whole body

Extremities
and whole
body

Whole body

Average Dose Rate, mrems/yr

Exposed Group

Prorated over
Total Population

320

160

350

~ 250

220

Unknown

Unknown

50-200

0.02

0.01

0.01

0.1

0.04

<1

<1

0.003
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TABLE III-23 - continued

Exposed Group

Body Average Dose Rate, mrems/yr
No. Portion Prorated over
Source ' Description Exposed Exposed Exposed Group Total Population
Research activities (cont):
Neutron generators Workers 1,000~ Whole body Unknown 1
(occupational) 2,000
Consumer products:
Building materials Population 110 x 10% Whole body 7 3-4
in brick and
masonry buildings
Television Viewing 100 x 10° Gonads 0.2-1.5 0.5
receivers populations :
Miscellaneous:
' c
Airline travel Passengers 35 x 100 Whole body 3 0.5
(cosmic radiation)
Crew members 40,000 Whole body 160 0.03
and flight
attendants
d
Airline transport Passengers 7 X 108 Whole body ~0.3 0.01
of radioactive
materials
Crew members 40,000 Whole body ~3 <0.001
and flight
attendants

%Based on personnel dosimeter readings; because of relatively low energy of medical x rays, actual whole—-body
doses are probably less.

~ Average dose rate to the approximately 40,000 workers who received measurable exposures was 600-800 mrems/yr.

©Total number of revenue passengers per year is 210 X 106; however, many of these are repeat airline '
travelers.
About one in every 30 airline flights includes thg transportation of radioactive materials; assuming 210 X 10
passengers per year (total), approximately 7 X 10° would be on flights carrying radioactive materials.
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