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NATIONAL ACADEMY OF SCIENCES 

OF'FICE OF THE PRES I OE NT 
2101 CONSTITUTION AVENUE 

WASMINGTON, D. C. 20418 

Mr. Douglas Castle 
Administrator 
Environmental Protection Agency 
401 M Street, S.W. 
Washington, D.C. 20460 

Dear Mr. Castle: 

July 22, 1980 

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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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 th~s 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. 

Enclosure 

Sincerely yours, 

Philip Handler 
President 
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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 Assembly of Life Sciences, edited 
this report. 
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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. 
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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. In 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). ior a given person, the dose from natural background 
varies with altitude and geographic location, as well as with living 
habits. Workers in nuclear 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 cautj_ons 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 

1. 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. 
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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 overest:imates 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 fran human studies that 
age, both at exposure to radiation and at observation for risk, can 
be a major determinant 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 est:imate 
the carcinogenic risk of low-dose, low-LET whole-body radiation. It 
recognized that the scientific basis for making such e~t:imates 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 est:imates. For the lifet:ime 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 ffom 0.5 to 1.4% of the naturally 

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

**In this regard, this report differs substantially from the 1972 
BEIR report. 
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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 environmental 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 manifest. 

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 
cancer 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~ 
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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 0.41 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 GEN~TIC EFFECTS FROM RADIATION 

1. 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. 
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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 f\lllctions 
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 ran, 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 ran of parental 
exposure throughout the general population will result in an increase of 
5-75 additional serious genetic disorders per million liveborn offspring. 
Such ~n 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 \lllderstanding 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 socioeconanic 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." 2 In accordance with that objective, the periodic 
reports issued by UNSCEAR (the most recent wa·s 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. 
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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. In 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). 1 

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: 
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Consi".1.erations 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 hmnan populations. 

(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 nmnerical risk estimates are appropriate 
for both low LET and high LET radiations. 
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(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 governmental and other groups about the 
potentially harmful effects of a great expansion of nuclear technology 
and other applications of radiation. lndeed, it is fair to say that 
we have more scientific evidence on the hazards of ionizing radiation 
than on most, if not all, other enviromnental 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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effect& 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 tenn "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, nonmalignant 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, D. 11 

Radiation exposure 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 (µm). The LET, which 
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depends on the velocity and·the charge of the particle, can vary from 
about 0.2 to more than 1,000 keV/µm. 

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 areµ 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 5 µ m. 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 quantfiY 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 
effect* 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 DL/DH, where DL and DH 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 
effects. In general, increasing energy concentration in the cell 
results in a more than proportionally increased probability of effect. 
Probable exceptions to this are some effects on the genetic material 
that produce point mutations or cell transfonnations. 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 quadratic 13, 18 , 20 , 24 

and is co~sistent 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 tenninology that states that the 
basic action is one in which pairs of sublesions combined to fonn lesions. 

If it is estimated that the average range of in_teraction of sublesions 
is roughly 1 µm and it is assmned 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 ~n the combination of two sublesions), is proportional to the 
square o,f the specific energy. Thus, 

It ca1,1 be shown13 that z2 , the mean value of z2 , is given by 

-2 
z = i';D + D2 , 

*Alt~ough it may sometimes be difficult to provide a precis~ scale 
of severity of effect, it is possible to define th_e fraction of 
the exposed population that exhibits a specified degree of damage. 
The tenn "effect" is u~ed here in this meaning. 
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where r;; is a microdosimetric quantity.* Thus, 

E = K(r;;D + D2). (II-3) 

In this model, if the critical specific energy is deposited in 
sites of 1-µm 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 r;; 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 = r;;, the linear and quadratic terms in Equation 11~3 are equal. 
When Dis 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 §he r;; values of high- and 
low-LET radiation at low absorbed doses. 1 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 r'adiation, 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 u~

3
to 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 1. 

EFFECTS OF RADIATION ON AUTONOMOUS** CELLS 

The above considerations and conclusions briefly summarize the 
theory of dual radiation action on autonomous cells. Thi's simijli 
form is, however, subject to qualifications and modificatio'ns. ' 2 

*r;;is 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). 
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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 sensitivity 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(,) rads, the effect will be [n(n + 1)]2 times greater than 
the effect at s 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 s, 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 =s. It can be seen from Figure II-1 
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 1.9. 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 ~Oen 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 + bD2 + C, (II-4) 

where C is the zero-dose incidence, and a and bare 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 s'imple fitting of Equation 11-4 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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FIGURE II-1. Dose-effect relationship according to Equation II-3, 
plotted on logarithmic scales. The two dashed lines 
represent the linear and quadratic contributions to 
the effect, and their sum is the solid line. The 
dose must be varied by a factor of 100 for the full 
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 11-3 
reduces to Equation II-4 if a = Ki:_; and b = K. The virtue of either 

the empirical form of this equation (Equation 11-4) or the theoretical 

form (Equation 11-3), 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 11-3 or Equation II-4, 
the time over which the dose is given is not included as a variable. 

Radiobiologic the?~ does include this in a correction factor for 
two-track events: 

(II-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 Tis the duration of treatment. 

From the equation from which Equation II-5 is derived, the relation of 
yield for two-track events is E ~ n2G--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 Tare 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 bin Equation II-4 are 
related to the coefficient i:_; in Equation II-3 as follows: a/b = i:_;. 
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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 ~ased 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 11-4 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 z;;), 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 sublesions, 
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 experiments 16 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-1. 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, 
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the transfonnation rate is unchanged in the linear region at the lowest 
doses, reduced in the quadratic region at the highest doses, but 
increased in the intennediate 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~ 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 transfonnation 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 ~B 

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 transfonnation 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 transfonned, 
or the action of immunologic or other host defenses be impaired. In 
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 2 at absorbed doses of neutrons that 
are clearly much less than~, 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-LET 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. 32). Although it is not clear what 
mechanisms are involved inthis response, it cannot be assumed with 
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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 pe~it it, are special cases of the general form 
(modified from Equation II-4): 

(II-6) 

where Dis the radiation dose in rads, F(D) is the incidence of 
effects (e.g., cancer) at dose D, the parameters a.-0, a. 1 , a 2 , a1, 
and e2 have positive values, and au is the control or spontaneous 
rate of the effect ~~der study. This functional fonn, which has been 
discussed by Upton, can be viewed as a basically linear function (a O and a1 are the only parameters relevant to risk at very low doses), 
with modifications that allow the fitted curve to express upward 
(positive) curva:ure at low doses (a,2) and downward (negative) curvature 
at high doses (8 1 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 tenn) 
models (see Figure II-2). 

The curve-fitting procedure is an iterative weighted least
square procedure; technical details have been published. 14 On 
any given iteration, the weight corresponding to the observed rate 
(simple or age-standardized) at dose Dis 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. 
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CELL DIVISION 

An important effect of radiation, which accounts for the symptoms 
and causes of death from exposure to latge doses of whole-bod! irradia
tion, is suppression of cell division. 34 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. 8 
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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 portions of the cellular DNA. In 
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 d1fect 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 b7 2gnormally 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. 5 If an increased radiation sensitivity. is demonstrated in 
the heterozygotes for the known DNA-repair-deficient conditions, tne 
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 altered 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 
1n 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. 

Thi~ 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 ca~ses 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 
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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" ti 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 have increased 
risk of some neoplasms, notably reticulum cell sarcoma. 1O 

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 vari~ble 
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 depend on 
animal data. 
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The emphasis on human studies for detennining 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 infonnation 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 northe2g New York who 
were given x-ray treatment for postpartum mastitis. To eliminate 
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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 late effects of radiation 
treatment for ankylosing spondylitis in Britain,l9 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 is very similay 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 
environmental 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 ruildings.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. 15 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 su~port for 
defining somatic risks. 
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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 cancerappear 
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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 ~ohorts, 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 the British patients with 
ankylosing spondylitis given x-ray therapy; 2Y 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. 
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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 environment. 

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 gen7tic abnormalities associated with increased cancer 
risk is growing, 1 and many of these may involve interactions of a 
susceptible karyotype with environmental 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 presented3 that children irradiated in utero have a greater 
likelihood of developing leukemia if theyhave 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 

- 38 -



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 o{ 
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 c~rcinogenesis. 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 
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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 o~curring 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 ar1~, 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 ti> 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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Colorado Plateau Area 

RANGE: 75 to 140 mrems/yr 
AVERAGE: 90 mrems/yr 

FIGURE 111-1. Terrestrial dose-equi1~lent rates in the conterminous United States. 
Modified from Oakley. 
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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 mis 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 
cosmic radiation dose rate varies owing to solar modulation. For 
the United States, variations in the cosmic radiation

8
dose rate due 

to the latter two influences amount to less than 10%. 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 combined with information on the distribution 
of the U.S. population with altitude (Table 111-1), 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 RADIONUCLIDE$ 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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FIGURE III-3. Long-term average dose rates from cosmic radiation. 
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slab of tissue. A quality factor of 2-10 was assumed 
for the range of energies within the neutron component. 
Reprinted with permission from Nationa~ Council on 
Radiation Protection and Measurements. 
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TABLE III-1 

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

Approximate Cosmic 
Elevation, 

103 ft 
Cumulative Radiation DE Rate, 

(km) Population a 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 

a Data based on 1960 census, from Oakley. 12 

b 

b Data· from Figure III-3; DE rates adjusted to allow for 10% 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 terres~rf,l 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 
(BRR) of the Food and Dr~g !dm!nistration, U.S. Department of Health, 
Education, and Welfare. 1 ,l ,l 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 r 7search); 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 BRR 
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: 
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TABLE III-2a 

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

from Internally Deposited Naturally Occµrring Radionuclidesa 

Cortical Bone Trabecular 
Soft Tissues Havers1an 

Radionuclide (Go~ads) Osteocytes Canals Surfacesb 

3H 'v0.001 "'o. 001 'v O. QOl 'v o. 001 

14c 0.7 0.8 0.8 0.8 

40K 19 6 6 15 

87Rb 0.3 0.4 0.4 0~6 

Total 20.0 7.2 7.2 16.4 

aReprinted with permission frgm National Council on Radiation 
Protection and Measurements, which includ~d the following 
footnotes: 

a 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 t:issue in mrad/y. 

b Ce,,lls. close to surfaces of bon~ trabeculae. 
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a 
TABLE III-3 

Ann4~l Alph~ DE Rates (mrem/yr) from Naturally Occurring Radionuclides 

Dose Equivalent Rates 
Cortical Bone 

Concentration Haversian Trabecular Bone 

a b 
Radionuclide In Air In Bone Gonads Osteocytes Canal$ Surfaces 

3 (pCi/m ) (pCi/kg) 

238-2340.d ...-- 6. 9 o. 8 12. 4 7. 7 4. 8 

226Rad 7.8 o. 2 16. 4 10.2 6. 6 

228Rad 3.8 o. 3 19 .o 11.0 8.0 

2Z2Rne 150 Q. 4 o. 2 o. 2 o. 4 

220Rne 1 o. 01 o. 1 o. 1 o. 2 

210P
0
d 60 6 60 36 24 

Tot~! 8 110 65 44 

aReprinted with pe§111ission from National Council on Radiation Protection 
and Measurements, which included the following footnotes: 

a'lhe 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)]. · 

bcells lining the Haversian canals. 

Ccells close to surfaces of bone trabeculae (dose) averaged over the first 
10 µm. 

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

eDerived from UNSCEAR (1972) [(see a in Table III-2)]. 
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C 
Marrow 

o. 9 

1. 2 

1. 0 

o. 4 

o. 2 

4. 8 

8. 5 



TABLE III-4 

Summary of Average DE Rates from Various Sources 

of Natural Background Radiation in the United States a 

Average DE 2 mrems/yr 
Bone G. I. 

Radiation Source Gonads Lung Surfaces Marrow Tract 

Cosmic radiation b 28 28 28 28 28 

Cosmogenic radionuclides 0.7 0.7 0.8 0.7 o. 7 

C 
External terrestrial 26 26 26 26 26 

Inhaled radionuclides d 100-450e 

Radionuclides in body f 27 24 60 24 24 g 

Totals (rounded) 80 180-5 30 115 80 80 

aDerived 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. 

b Assuming 10% reduction to account for structural shielding. 

0 Assuming 20% reduction for shielding by housing and 20% reduction for 
shielding by body. 

d Dose rates to organs other than lung included in "Radionuclides in 
body." 

e 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 
Dental diagnosis 
Fluoroscopy 
X-ray therapy 

75 million 
59 million 

9 million 
0.4 million 

Because of the extent of these exposures, the BRR 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 recently been developing dose models 
for organs other than the gonads. 13 

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 ~urvey in 1970 resulted in an estimated 
GSD rate of 20 mrems/yr. 1 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. 13 
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?~ 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. 
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TABLE III-5 

Mean Active Bone Marrow Dose to the Adult Population 

from Medical and Dental X-Ray Procedures, 19701 

Examination 

Head and neck: 
Skull 
Cervical sp::i.ne 
Other 

Thorax: 
Chest, photofluoro. 
Chest, radiographic 
Thoracic spine 
Ribs 
Other 

Upper abdomen: 
Upper GI series 

Radiographic 
Fluoroscopic 

Scan 
Spot film 

Lumbar spine 
Gall bladder. 

Radiographic 
Fluoroscopic 

&can 
Spot film 

Small bowel series 
Other 

Mean Dose to Total 
Red Marrow per 
Exami.pa t ion_. . 
mrads~ 

78 
52 

44 
10 

247 
143 

535 
294 
241 
167 

74 

347 
168 
129 
39 
29 
10 

422 

aData from Shleien et a1. 13 

b 
Values have been independently rounded. 

An~ual Per Capi~ 
Examination. Rate• 

0.020 
0.022 

0~073 
0.306 
o. 010 
0.009 

0.046 
o. 045 

0.023 

0.027 
0.006 

0.002 

13.5 + 4.3 
10.8 + 1.9 

3.5 + 0.3 
0.2 + 0.3 
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Annual per 
Capita Dose, 
mrads + S.E:• 

1. 6 + 0.1 
1.2 + 0.2 
o. 6 + o. 2 

3.2 + 0.3 
3. 2 + o. 1 
2. 5 + o. 4 
1.3 + 0.2 
1. 9 + o. 4 

24. 3 + 4. 7 

8.1 + 0.8 
3.7 + 0.4 

1. 0 + o. 3 
2;1 + 1.0 



TABLE III-5 - Continued 

Examiria tion 

Lower abdomen: 
Barium enema 

Radiographic 
Fluoroscopic 

Scan 
Spbt film 

IVP 
Ltlmbosacral spine 
Abdomen (kidneys, 

ureters, and bladder) 
Other 

Pelvis: 
Pelvimetry 
Pelvis 
Hip 
Other 

Extremities: 
Femur 

Dental 

Mean Dose to Total 
Red Marrow per 
Exami%ation, 
mrads 

875 
497 
378 
268 
110 

420 
450 

147 

595 
93 
72 

21 

9.4 
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Annual Per Capita 
Examination Rateb 

0.024 
0.024 

0.024 
0.013 

0.020 

0.002 
0.012 
o-.'009 

0.002 

0.312 

11.9 + 1.0 
9.3 + 1.5 

Annual per 
Capita Dose; 
mrads + S.E. 

21.2 + 1.8 

10.1 + 0.6 
5'~ 7 + o. 7 

2.9 + 0.4 
o.4 + 0.2 

i.4 + 0.5 
1.1 + 0.2 
0.7 + 0.1 
1.2 + 0.7 

0.04 + 0.02 

2.9 + 0.2 

TOTAL 103 + 5 



TABLE III-6 

Per Capita Mean Active Bone Marrow Dose for Specific 

Age Groups from Medical X-Ray Procedures in 1970'1 

Age, yr 

15-24 

25-34 

35-44 

45-54 

55-64 

65+ 

Per Capita 
Mean Active Bone-Marrow Dose, 
mrads 

52 

81 

107 

120 

143 

151 

aData from Shleien~ al. 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 III-7 

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

Film-Badge Fraction of Mean 
Dose, mrems Personnel,% Dose, mrems 

Nondetectable 84 

100 12 41 

100-250 1. 7 17 5 

250-500 0.4 300 

500-7 50 o. 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 o. 4 5,200 

aData provided by Scientific Committee 45, NCRP, Washington, D.C. 
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RADIOPHARMACEUTlCALS 

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

Patient Doses 

Data collected by the BRR show the ,following information on the use 
of radiopharmaceuticals in the United States (B. Shleien, personal communi
cation): 

• About 90% 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. 

•. Radiopharmaceuticals labeled with technetium~99m were by far. 
(81%) the most commonly used. lddine-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 o~er the age of 45. Specifically, 2.7%, 11.5%, 16~2%, 
36.J%, 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 radiopharmaceutJcals used and the range and 
average of the activity administered is given in Table 113-s. 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 111-9. 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 tadiopharmaceutical 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 rep5esentative of nuclear_ medic_ihe practice for all 
United States hospitals." The EPA Office of Radiation Programs had esti
mated that whole-body patient doses from t9e diagnostic use of radiopharma
ceuticals represented

4
about 20% of the patient doses resulting from medical 

diagnostic radiology. 
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TABLE IiI-8 

Procedure, Percent iU1diopharmaceutic~l .Used,. Range of 

. - a 
Activity, and Average Activity Administered 

Fraction 
of Activity Administered, mCi 

Procedure Radiopharmaceutical Procedures, % Low High Average 

Bone imaging Tc-99m EHDP 56. 3 2. 1 27. 0 17 .3 
(total body) 

r9mTc]technetium polyphosphate 3. 1 10.0 15.0 12.7 

~9m~ T,: technetium pyrophosphate 40.5 2. 1 30. 0 17 .2 

Brain imaging Tc-99m DTPA 7.4 3.0 20.0 19.2 

r9m TJ pertechlletate 92.4 6. 0 30.0 17 .6 

~9m~ Tc technetium pyrophosphate o. 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 MA.A 86.9 1~ 0 31.4 4. 9 
sion 

Tc-99in 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 
lat ion 

Xe-133 in saline 34. 0 4.0 15.0 7. 1 
.. 

r!J Myocardial Rl;t_ rubidium chloride 19.5 1.90 24.7 14.6 
imaging 

~9mJ Tc technetium pyrophosphate 80.5 5.0 15.0 14.7 

a Data from McIntyre ~ al. 5 

- 61 -



TABLE 111-8 - Continued 

Fraction 
of Activity Administered 2 mCi 

Procedure Radiopharmaceutical Procedures, % Low High Average 

Renal E97 J imaging Hg hlormerodrin 4.4 o. 2 o. 2 o. 2 

~31J l iodohippurate o. 7 0.05 o. 5 o. 35 

Tc-99m DTPA 49.3 1. 1 19.7 6.0 

r9mTJtechnetium glucoheptonate 44. 2 15.0 15.0 15.0 

Tc-99m DMSA 1.4 2.0 5.0 3.9 

Renogram ['.97 J Hg chlormerodrin 5. 2 0.025 0.025 o. 025 

e03 J Hg chlormerodrin 7. 7 0.025 o. 1 o. 05 

~25J I odohippurate 0.5 o. 2 o. 2 o. 2 

E31 J l iodohippurate 86.1 0.02 0.33 0.168 

Tc-99m DTPA 0.5 15.0 15.0 15.0 

Thyroid ~23J imaging l sodium iodide 25.0 0.04 1.05 0.33 

~31J l sodium iodide 45.4 0.015 1. 0 0.059 

~9mTJpertechnetate 29.6 0.5 4. 0 1. 361 

Thyroid 
E23J uptake l odium iodide 26.8 0.029 1.05 0.33 

r31J sodium iodide 72.5 0.005 1.00 0.064 

r9mTJpertechnetate 0.7 o. 5 3. 0 1.6 
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TABLE III-8 - Continued-

Fraction 
of Activity Administered, mCi 

Procedure Radioeharmaceutical Procedures, % Low High Average 

Total body, r7 
GJ gallium citrate soft tissue 98.0 0.15 7. 1 3.0 

(tumor 
localiza- Ga-67 iron DTPA complex 1.3 3.0 3.0 3.0 
tion) 

c31J I sodium iodide o. 7 1.07 5.0 3. 0 
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TABLE III-9 

Estimated Radiation Dose ~er Diagnostic 

Radiopharmaceutical Adminis~ration, 1975a 

Radiopharmaceutical 

131 
I sodium iodide 

131 
O~her I 

12~ 
I sodium iodide 

99m 
Tc 

133 
Xe 

Other 

Total 

No. 
Administrations 
Covered in 
Pilot Study 

814 

317 

326 

11,014 

608 

507 

13,586 

a Based on McIntyre et al. 5 

b Weighted average. 

Average Radiation Dose 
per Admini$tration, 
mrads · 
Whole B9dy Gonad 

28 7 

210 204 

12 9 

V7 245 

5 5 

1,020 1,020 

189 b b 
242 
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Bone 11a,rrow 

12 

106 

10 

258 

5 

2,130 
b 

292 



It might be pointed out th~t the increasing use of radiopharma
ceuticals is to be encouraged, particularly if the ·f:!horter-liy~~ radio
nµclides and modern, sensitive counting equipment can be used. · Because 
radiopharmaceutical procedures are often conducted on an out-p~tient 
basis, however, it must be recognized that the people to whom radioactive 
materials have been administered, particularly t~erapeutically, can be a 
source of exposure tp family members and others. Th~ overall importance 
9f tpis source to the gener~l population is not known. 

\ 

Occupational Poses 

In 1968, there w~re some 80,000 medical radionuclide and radium workers. 4 
Today, this total is undoubtedly much greater. The EPA has estimated th~t 
medical radionuclide workers receiv? a mean annual do~e 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 ~~an annual dose for 1975 was 350 mrems (see 
Table III-10). This indicates close agr~ement with the EPi\ estimates 
for radionuc~ide and radium workers. 

PROQVCTION 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 a~d distributed to the 
environment throughout the world in the form of fallout. Although 
much of this debris has since decayed, the small aiµounts that remain 
will be a source of exposure of the U.S. population for ~ome time to 
C<?ffle• 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 tq add fresh 
fission-product debris to the worldwid~ inventory. The U.S. popul~
tion dose from fallout from such tests has been estimated by the EP~. 14 

Table III-11 summarizes the est~mated 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 f~llout 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. 
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a 

TABLE III-10 

Distribution of Film-Badge Dose Data for Hospital 

Radiation Personnel, 1975 a 

Film-Badge Fraction of Mean 
Dose, mrems Personnel, % Dose, mrems 

Nondetectable 43.6 

100 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 o. 8 2,416 

3,000-4,000 0.25 3,391 

4,000-5,000 o. 19 4,435 

5,000-6,000 0.08 5,457 

6,000-7,000 o. 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- o. 13 128,425 

Data provided by Scientific Committee 45, NCRP, Washington, D.C. 
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TABLE III-11 

50-Year Dose Commitment from Nuclear Tests Conducted 

a 
Before 1971, North Temperate Zone 

Dose Commitment, mrads 
Bone-Lining 

Source•of Exposure Gonads Cells 

External exposure: 

Short-lived radio-
nuclides 65 65 

Cesium-137 59 59 

Krypton-85 2 X 10-4 2 X 10-4 

Internal exposure: 

Hydrogen-3 4 4 

Carbon-14 12 15 

Iron-55 1 1 

Strontium-90 85 

Cesium-137 26 26 

Plutonium-239 
b 

0.2 

C 
170 260 TOTALS 

aData from U.S. Office of Radiation Programs. 22 

b Dose commitment to bone-lining cells has been taken to be equal 
to integrated dose over 50 yr to bone. 

C 
Totals rounded to two significant figures. 
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Bone 
Marrow 

65 

59 

2 X 10-4 

4 

12 

0.6 

62 

26 

230 



TABLE UI-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 4. 4 

1990 4.6 

2000 4. 9 

'1)ata 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 auspicr, 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 ~he 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 ar7 also 20 uranium mills and 21 fuel
fabrication plants in operation; 1 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 envirornnent from commercial nuclear power plants 
has been well controlled. Current regulati~ns 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. 21 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 indu!§ry to 25 mrems/yr; the DE rate 
limit for the thyroid is 75 mrems/yr. 

Of 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 
operationsto very low amounts. Overall estimates show that the DE rate for 
the average person in the United States from environmental releases of ftl 
radionucli es from nuclear operations is currently less than 1 mrem/yr. 

- 69 -



TABLE III-13 

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

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 0.3 0.6 0.6 0.6 0.6 

Bone o. 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 o. 1 0.6 1. 6 

Lung 0.0002 0.0006 0.005 0.02 0.06 

~ata from U.S. EPA. 4, 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 tabulat5d and published on an annual basis by the Nuclear 
Regulatory Commission, 2 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 
III-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, reaGhed 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 wo·rk conducted in the national labora
tories of, and by contractors to, the Department of Energy (DOE). 
A Stllllmary 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 cyclotr9ns, synchrotrons, van de Graaff generators, and 
betatrons are in operation. Although estimating is difficult, it can he 
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. 1 The number of people 
occupationally exposed in the operation of electron microscopes has 
been e~timated at 4,400, with annual DE whole-body rates of 50-200 
mrems. 
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TABLE III-14 

Distribution of Annual Whole-Body Exposures, by Licensee Category, 1976a 

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% 21% 8% 6% 4% 3% 7% 

Industrial 11,245 5,023 2,184 1,208 887 544 353 660 
radiography 100% 45% 19% 11% 8% 5% 3% 6% 

Fuel pro-
cessing and 11,227 5,942 2,815 959 580 307 221 237 
fabrication 100% 53% 25% 9% 5% 3% 2'% 2% 

Manufacturing 
and distri- 3,501 1,525 906 413 170 94 53 148 
bution 100% 44% 26% 12% 5% 3% 2% 4% 

TOTALS 92,773 42,575 19,764 7,857 5,829 3,482 2,663 5,927 
100% 46% 21% 8% 6% 4% 3% 6% 

aData from U.S. Nuclear Regulatory Commission. 20 
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TAB1.E III-14 (Cont'd.) 

N_o. (%) Persons Mon,itored,within Each DE Range (in rems) 

-3 3-4 4-5 5-6 6-7. 7--8 8-9 9--10 1,0-11 11-12 )12 - --
,355 789 487 188 70 26 11 1 0 0 0 

4% 1% 1% 

210 100 41 15 10 3 2 d 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 
3% 1% 1% 
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TABLE III-15 

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

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 tared), rems Exposures) 2 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 o. 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 o. 41 0.63 

-...J Fuel processing 1976 21 11,227 5,285 1,830 o. 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 o. 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 o. 35 o. 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 o. 71 
1974 421 85,097 33,291 20,810 0.24 0.63 
1973 443 67,862 28,867 21,268 o. 31 0.74 

~ata from U.S. Nuclear Regulatory Commission. 20 



TABLE III-16 

Dose Equivalent Received by Transient Workers, 1969-1976a 

1969 1970 1971 1972 1973 1974 1975 1976 

No. workers 
terminating employ-
ment with two or 8 29 11 69 15 7 354 714 1,055 
more employers in 
one quarter 

Collective DE, 
person-rems 5. 4 14.6 2. 8 61. 3 135.5 17 5. 9 507. 1 745. 3 

Average indivi-
duai DE, rems o. 68 0.50 0.25 o. 89 o. 86 o. 50 o. 71 o. 71 

~ata from U.S. Nuclear Regulatory Commission. 20 
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Year 

1955 
1956 
1957 
1958 
1959 

1960 
1961 
1962 
1963 
1964 

1965 
1966 
1967 
1968 
1969 

1970 
1971 
1972 
1973 
1974 

1975 
1976 
1977 

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, 1955-197-fl 

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

0-1 1-2 2-3 3-4 4-5 5b 
--

90 11 0 0 0 0 101 25 
108 10 4 0 0 0 122 so 
293 7 1 0 0 0 301 60 
562 11 3 0 0 0 576 100 

1,057 41 8 3 0 0 1,109 200 

2,607 88 8 4 3 1 2,711 375 
4,812 105 31 4 4 0 4,957 680 
6,788 182 75 31 17 1 7,094 1,312 
9,188 197 39 14 3 1 9,442 1,420 

10,317 331 93 35 15 3 10,795 1,964 

11,883 592 224 96 30 24 12,849 3,421 
18,118 541 156 95 44 28 18,982 3,529 
21,028 339 139 48 11 0 21,565 3,084 
24,200 373 103 20 2 0 24,698 2,463 
26,969 577 127 39 6 0 27,718 2,918 

26,206 610 134 30 0 0 26,980 3,089 
26,090 568 122 31 2 0 26,813 3,261 
33,312 602 180 13 1 0 34,108 3,271 
30,852 600 102 15 1 0 31,570 3,160 
18,375 307 65 2 0 0 18,749 2,142 

17,638 330 28 1 0 0 17,997 2,217 
17,795 369 56 9 0 0 18,229 2,642 
20,236 346 95 36 3 0 20,716 2,812 

aData 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 complle 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. 

bThe occupational dose-rate limit in the naval nuclear propulsion program was 
reduced to 5 rems/yr late in 1966. 
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Year 

1962 
1963 
1964 

1965 
1966 
1967 
1968 
1969 

1970 
1971 
1972 
1973 
1974 

1975 
1976 
1977 

TABLE III-18 

Occupational Radiation Exposures Received by Shipyard Personnel from Work 

Associated with Naval Nuclear Pro_Pulsion Plants, 1962-1977a 

No. Persons Who Received Exposures in 
SEecified DE Ran~es (in rems) No. Persons Collective DE, 
0-1 1-2 2-3 3-4 4-5 >sb Monitored Eerson-rems -- -- -- --
11,409 657 548 486 164 123 13,387 5,600 
19,568 445 164 73 35 28 20,313 2,711 
19,367 751 413 199 143 30 20,903 5,132 

21,434 1,895 1,108 726 623 600 26,386 14,735 
22,787 1,787 1,252 794 1,038 486 28,144 18,763 
26,941 1,737 1,131 826 733 1 31,369 13,876 
30,948 1,277 755 499 289 0 33,768 8,665 
25,846 1,689 1,031 636 373 0 29,575 11,033 

21,319 1,968 1,326 723 492 0 25,828 11,974 
20,214 1,801 1,029 641 240 0 23,925 10,647 
17,390 1,668 845 139 5 0 20,048 6,998 
13,095 1,379 605 203 6 0 15,288 6,110 
12,447 1,452 746 310 50 0 15,005 7,209 

12,833 1,115 598 81 42 0 14,669 5,303 
13,057 1,270 633 30 0 0 14,990 5,309 
13,900 1,277 586 25 0 0 15,788 5,207 

aData 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. 

hThe 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-19 

a Whole-Body Radiation Exposure History for DOE and DOE Contractor Employees 

Year 
No.bEmployees in Each DE Range (in rems) 
0-1 - 1-2 2-3 3-4 4-5 5-6 6-7 

1964 122,711 3,583 1,823 575 176 43 

1965 128,360 4,158 1,704 515 294 40 

1966 130,562 3,706 1,630 597 313 

1967 102,510 3,472 1,572 555 168 

1968 103,206 2,799 1,408 425 144 

1969 98,625 2,554 1,313 335 86 

1970 

1971 

1972 

1973 

1974 

1975 

92,185 2,698 1,329 279 158 

90,640 2,380 

86,077 2,130 

89,071 1,944 

75,706 1,689 

85,451 1,846 

a 22 

888 275 118 

929 219 

727 172 

95 

60 

692 149 40 

753 232 142 

88 

35 

3 

4 

5 

8 

8 

2 

4 

20 

32 

47 

29 

1 

4 

3 

2 

1 

7-8 8-9 

10 7 

26 25 

24 6 

23 17 

2 

1 

9-10 

6 

22 

2 

4 

1 

10-11 

10 

6 

1 

1 

1 

11-12 

1 

2 

)12 

1 

2 

bData from U.S. EPA. 
In 1975, approximately 65% 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 soµrces 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. 2 
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. 23 In 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 alt.itude of 9. 4 7 km and lasted 1. 4 h. The 
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TABLE II I -2 0 

DE Rates from Selected Consumer Productsa 

Product 

Luminous compounds: 

Wristwatches 

Clocks 

Television sets 

Construction 
materials 

Combustion of 
fossil fuels: 

Coal 

Oil 

Natural gas: 

Cooking 
ranges 

Unvented 
heaters 

Tobacco products 

%a ta from NCRP. 9 

Body Portion 
Considered 

Gonads 

Whole body 

Gonads 

Whole body 

Lungs 

Lungs 

Bronchial 
epithelium 

Bronchial 
epithelium 

Bronchial 
epithelium 

Average Annual DE Rate, mrems/yr 
For Persons For Average Person 
Using Product in U.S. Population 

1-3 

9 

0. 3 (females) 
1 (males) 

7 

0.25-4 

0.002-0.04 

6-9 

22 

8,000 

80 -

o. 1 
0.5 

o. 2 

0.5 

(females) 
(males) 

3.5 

0.05-10 

0.004 

5 

2 

2,000 



average dpse 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 
c~ulative dose of about 100,000 person-rems. These data, as well 
as those on cosmic radiation DE to cabin attendants and aircraft 
crew 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 associatey with the transporation 
of radioactive materials in the United States. 9 The potential mag
nitude of this source, if not prope.rly 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 collective DE a~soci
ated with the transportation of radioactive materials by trucks and Vc!,ns, 
by rail, and by shiyij during 1975 were about 5,000, 25, and 10 person
rem~, respectively. 

SUMMARY 

Annual dos.e rates from each of the important sources of radiation 
exposµre in the<-United States are summarized in Table III-23. , 
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TABLE III-21 

a 
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 C d 
Passengers 35 X 10 63 2.8 99,000 

4 e 
Cabin attendants 2. 3 X 10 160 3,700 

4 e 
Aircraft crew 1.7 X 10 158 2,650 

TOTAL 105,350 

aData from Wallace and Sondhaus. 23 

b 
About 25% of the adult population, or 35 million people, flew at 

C 

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. 

d Based on calculations that showed that average flight involved 
spending 1.4 hat 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. 

eDose-rate estimates and estimated number of cabin attendants and 

aircraft crew members based on assumed flying time of 720 h/yr. 
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TABLE III-22 

Annual DE from Transport of Radioactive Materials in 

a 
Passenger Aircraft, 1975 

Dose Rates, 
Population mrems/yr Annual Approximate 
Group No. Exeosed Max. Avg. Dose, person-rems 

6 b a 
Passengers 7 X 10 108 0.34 2,380 

4 d 
Cabin attendants 4 X 10 13 3 120 

4 d 
Aircraft crew 3 X 10 2. 5 0.53 16 

720/km2 e 
Ground crew 85 11 

(including 
bystanders) 

TOTAL 2,500 

~ata from U.S. Nuclear Regulatory Commission. 19 

b 

Collective 

Based on an average of 210 million revenue passengers 
one of 30 flights transporting radioactive materials. 
7 million people in this group is assumed to make only 
year on an aircraft transporting radioactive material. 

per year with 
Each of the 
one trip per 

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

dnie 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. 

eApplies 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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Source 

Natural back~round: 

Cosmic radiation 

Terrestrial 
radiation 

I·nternal Sources 

00 
,i,,. 

Medical x rax_s: 

Medical diagnosis 

,Medical personnel 

Dental -diagnosis 

·oental ,personnel 

TAfil..E III-23 

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

Exposed Group Average Dose 
Body 

No. Portion 
Description Exposed Exposed Exposed Group 

Total 220 X 106 Whole body 28 
population 

Total 220 X 106 Whole body 26 
population 

Total 220 X 106 Gonads 28 
population 

Bone marrow 24 

Adult 105 X 106/yr Bone marrow 103 
patients 

Occupa- 195,000 Whole body 300-35cfl 
tional 

Adult 105 X 106/yr Bone marrow 3 
patients 

,Occupa- 171,000 Whole body 50-12rfl 
,tional 

Rate 2 mrems/x_r 

Prorated over 
Total Population 

28 

26 

28 

24 

77 

0.3 

1.4 

0.05 



TABLE III-23 - continued 

Exposed Group 
Body Average Dose Rate 2 mrems/yr 

No. Portion Prorated over 

Source Description Exposed Exposed Exposed Group Total Population 

Radiopharmaceuticals: 

Medical diagnosis Patients 10 X 106 Bone marrow 300 13.6 

to 
12 X 106 /yr 

Medical personnel Occupa- 100,000 Whole body 260-350 o. 1 

tional 

00 Atmos2heric wea2ons 
U1 220 X 106 

Tests Total Whole body 4-5 4-5 

population 

Nuclear industry: 

Commerical nuclear Population <10 X 106 Whole body «10 «1 

power plants within 10 
(effluent releases) miles 

Commercial nuclear Workers 67,000 Whole body 400b o. 1 

power plants 
(occupational) 



TABLE III-23 continued 

Exposed Group 
Body Average Dose Rate, mrems/yr 

No. Portion Prorated over 

Source Description Exposed Exposed Exposed Group Total Population 

Industrial radiog- Workers 11,250 Whole body 320 0.02 
raphy 
(occupational) 

Fuel processing Workers 11,250 Whole body 160 o. 01 

and fabrication 
(occupational) 

Handling byproduct Workers 3,500 Whole body 350 o. 01 

materials 
CX) (occupational) 
O'\ 

Federal contractors Workers 88,500 Whole body "'250 o. 1 

(occupational) 

Naval nuclear Workers 36,000 Whole body 220 0.04 

propulsion program 
(occupational) 

Research activities: 

Particle accelerators Workers 10,000 Whole body Unknown «1 
(occupational) 

X-ray diffraction Workers 10,000- Extremities Unknown «l 

units (occupational) 20,000 and whole 
body 

Electron micro- Workers 4,400 Whole body 50-200 0.003 

scopes (occupational) 



00 
-..J 

TABLE III-23 - continued 

Source 

Exposed Group 

Description 
No. 
Exposed 

Research activities (cont): 

Neutron generators 
(occupational) 

Consumer products: 

Building materials 

Television 
receivers 

Miscellaneous: 

Airline travel 
(cosmic radiation) 

Airline transport 
of radioactive 
materials 

Workers 1, 000-
2,000 

Population 110 X 106 

in brick and 
masonry buildings 

Viewing 
populations 

Passengers 

Crew members 
and flight 
attendants 

Passengers 

Crew members 
and flight 
attendants 

100 X 106 

35 X 106 C 

40,000 

7 X 106 d 

40,000 

Body 
Portion 
Exposed 

Whole body 

Whole body 

Gonads 

Whole body 

Whole body 

Whole body 

Whole body 

Average Dose Rate, mrems/yr 
Prorated over 

Exposed Group Total Population 

Unknown «l 

7 3-4 

0.2-1.s o. 5 

3 o.s 

160 o. 03 

'\;o. 3 0.01 

<O. 001 

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

b Average dose rate to the approximately 40,000 workers who received measurable exposures was 600-800 mrems/yr. 
0 Total number of revenue passengers per year is 210 X 106; however, many of these are repeat airline 

travelers. 
dAbout one in every 30 airline flights includes thg transportation of radioactive materials; assuming 210 X 106 

passengers per year (total), approximately 7 X 10 would be on flights carrying radioactive materials. 
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I 
I 

INTRODUCTION AND BRIEF HISTORY 

This chapter considers the health consequences of genetic damage 
that result when human populations are exposed to low levels of 
ionizing radiation in addition to natural background radiation. As 
in the 1972 review, The Effects on Pop~~ations of Exposure to Low 
Levels of Ionizing Radiation (BEIR I), the main text is intended for 
the informed, nontechnical reader; further details are given in notes 
at the end of the chapter. This chapter constitutes an updating of 
Chapter V of BEIR I; our task would have been vastly more difficult 
had we not had that work to build on. (Indeed, where it is feasible, 
material from BEIR I is merely repeated here.) The recently completed 
review prepared by the United Nations S~ientific Committee on the 
Effects of Atomic Radiation (UNSCEAR)lOo has also been extremely helpful.* 

Since the publication of BEIR I, new data have been obtained, and 
perspectives have been modified to an extent that makes a new review 
desirable. The methods of BEIR I remain valid; however, new numbers 
have caused some changes in the estimates and some new methods 
of estimation have been added. 

HISTORICAL BASIS FOR RADIATION PROTECTION GUIDES FOR THE GENERAL 
POPULATION 

Concern over radiation effects on humans was limited at first to 
effects on radiation workers. Only later was this concern broadened 
to include nonoccupational exposures and their genetic effects in later 
generations. In the 1920s, it was learned that ionizing radiation could 
produce a variety of genetic effects, but the interest of geneticists in 
radiation, before World War II, was related primarily to the use of 
radiation-induced variants to study genetic mechanisms, rather than to 
the measurement of health hazards. After the war, concern over radioactive 

*UNSCEAR has issued a series of reports thflt-f8ilectively constitute 
a wealth of information on this subject. 1 In general, throughout 
this report, we shall not further document conclusions that are in the 
UNSCEAR reports, but instead simply refer to those reports. The bibli
ographies therein are very extensive, and the reader is referred to them 
for more detailed information. 
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fallout from nuclear detonations and increasing awareness of medical uses of 
radiation as sources of hazards led to some shifting of the focus of interest. 
A few years earlier, ionizing radiation was simply a laboratory tool for 
studying genetic principles; now, the methods of genetics provided the "tools" 
for studying the effects of radiation on human health. The exposure of 
entire human populations became the focus of concern, rather than the exposure 
only of occupational groups. This change was formalized in 1956 by the 
National Academy of Sciences-National Research Council Committee on the 
Biological Effects of Atomic Radiation (the BEAR Committez~, which introduced 
the concept of regulation of the overall population dose. 

The BEAR Committee had the idea of using background radiation as a 
yardstick for setting standards. lt was thought that the average background 
radiation was about 5 R over 30 yr, and that from medical exposure about 3 
R. On the basis of these estimates and its appraisal of the genetic risk to 
future generations from population exposure, the BEAR Committee recommended 
that man-made radiation be so limited as to keep the average individual 
exposure less·than 10 R before the mean age of reproduction, taken to be 30 
yr. Specifically, it recommended: 

That for the present· it be accepted as a uniform national 
standard that X-ray installations (medical and nonmedical), 
power installations, disposal of radioactive wastes, experi
mental installations, testing of weapons, and all other 
humanly controllable sources of radiations be so restricted 
that members of our general population shall not receive 
from such sources an average of more than 10 roentgens, 
in addition to background, of ionizing radiation as a total 
accumulated dose to the reproductive cells from conception 
to age 30. 

Simultaneously, a report with similar recommendations was issued by 
the British Medical Research Council, 8 which stated: 

Those responsible for authorizing the development and 
u.se of sources of ionizing radiation should be advised 
that the upper limit, which future knowledge may set to 
the total dose of extra radiation which may be received 
by the population as a whole, is not likely to be more 
than twice the dose which is already received from the 
natural background: the recommended figure may indeed 
be appreciably less than this. 

In 1957, an ad hoc committee of the National Council on Radiation 
Protection and Measurements (NCRP) addressed the question of limiting 
the somatic radiation exposure of the general population. It recom
mended that the general-population permissible dose of man-made radiation, 
excluding medical and dental sources, not be larger than that due to 
natural background. The ad hoc committee stressed, as had the BEAR 
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Committee, that exposure to man-made radiation should be kept as far 
below the permissible levels as feasible. The present Radiation 
Protection Guides for the general population grew out of these recom
mendations (see Note 1). 

The BEAR Committee divided the 1O-rem recommended ceiling into 
5 rems from medical procedures and 5 rems from exposure to nonmedical 
sources. The Federal Radiation Council excluded medical irradiation 
from its Radiation Protection Guides, but did take 5 rems as the 3O-yr 
limit for the average population exposure to all nonmedical man-made 
radiation. The Radiation Protection Guides are stated in rems, rather 
than in roentgens, attempting to take into account biologic effective
ness and its dependence on radiation quality. The present Subcommittee 
on Genetic Effects recognizes that there is uncertainty as to the ade
quacy with which the rem does in fact take relative biologic effective
ness into account for genetic effects, particularly for low doses or 
dose rates. Nevertheless, for reasons of precedence, as well as in the 
conviction that solution of this problem is beyond its capabilities, the 
Subcommittee continues to use the rem in its estimates. 

EARLIER ESTIMATES OF GENETIC RISK 

The estimation of genetic ,risk to humans is based largely on 
animal studies, inasmuch as the few human data available were derived 
from limited observations and from dosimetry that was generally 
based more on estimate than on precise measurement. There 
has been no unequivocal demonstration of radiation-induced gene 
mutation in humans, and thus there are no data on induced mutation 
rate. However, human information is used as fully as possible, 
when it is pertinent to our problem. 

The methods of the BEAR Committee were summarized in BEIR I 
(see Note 2). The BEAR Committee used two methods of calculating 
the amount of damage. It estimated the increase in incidence of 
mutation-maintained disease, and, although there was some doubt as 
to the validity of the effort, it attempted to estimate the total 
(per genome) mutation rate. There are many uncertainties inherent 
in this latter method and in its use in estimating health consequences. 
BEIR I declined to use it in 1972. 

BEIR I used two methods of estimating genetic effects and 
presented the results in several contexts. Where possible, as with 
reciprocal translocation, direct estimates were made. Otherwise, 
an indirect approach was used, as in the case of gene mutation. 
A quantity, the relative mutation risk (the reciprocal of the 
"doubling dose"), which relates induced and spontaneous mutation 
rates, was used to estimate the increased incidence of genetic 
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disease due to increased radiation exposure. This procedure re
quires knowledge of the mutation rates, of the incidence of genetic 
diseases in human populations, and of the extent to which the inci
dence depends on recurrent mutation. For translocations, etc., 
BEIR I derived equilibrium ineidences from the "direct," first
generation expectations; for gene-mutation effects, the first
generation expression was derived from the "relative mutation risk" 
equilibrium expectations, by using the estimated rates of elimination 
to project the ratio of newly induced damage to transmitted damage. 

ADVANCES IN KNOWLEDGE SINCE 1972 

The period between the publication of the BEAR report in 1956 
and that of BEIR I in 1972 saw rapid accumulation of new data and 
the emergence of new concepts. The dose-rate effect for specific
locus mutation was found, as were differences in radiation sensitivity 
between male and female germ cells and between different developmental 
germ-cell stages within each sex. By the time of BEIR I, chromosomal 
aberration rates in the mouse had been measured and the significance 
of chromosomal aberrations in humans had been recognized. 

Sinte 1972, new data on the incidence of genetic disorders in human 
populations have been obtained that are useful in improving estimates 
made by the relative-mutation-risk method. New data on induced, trans
missible genetic damage expressed in the first-generation progeny of 
irradiated male mice now allow direct estimation of first-generation 
consequences of gene mutation in humans. There has been a clearer 
delineation of the timing of oocyte development in the mouse, per
mitting better correlation of s_tages and changes in sensitivity and 
thereby providing a firmer basis for interpreting data derived from 
irradiation of immature oocytes. Although differences in viewpoint 
regarding the underlying mechanisms of dose-rate effects for specific
locus mutation persist, the alternative views fortunately lead to 
similar risk estimates for low levels of radiation exposure of humans. 

As with BEIR I, a major obstacle continues to be the almost 
complete absence of information on radiation-induced genetic effects 
in humans. Hence, we still rely almost exclusively on experimental 
data, to the extent possible from studies involving mammalian species. 

WHAT KIND OF GENETIC DAMAGE DOES RADIATION CAUSE? 

"The genetic effect of radiation is to produce gene mutations 
and chromosome aberrations. Some of the ways in which radiation 
produces such effects are given in Note [3]. The effect of radiation 
on the well-being of the future population is a consequence of these 
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changeG. Because mutations and chromosome aberrations occur spon
taneously, it follows that the consequences of radiation are not 
something new but rather an increase in frequency of various deleterious 
traits with which we are already beset. Since almost every aspect of 
the living organism is determined to some extent by its genes, the 
range of possible mutational effects encompasses virtually every aspect 
of our physical and mental well-being. The major exception is in
fectious disease, but even here inherited susceptibilities play a 
role. 

"Some results of genetic change are conspicuous, others are 
invisible; some are tragic, other§ so mild as to be trivial; some 
occur in the first generation follpwing the gene or chr9mosome change, 
others are postponed tens or hundreds of generatio~s into the future~ 
Furthermore, most of the effects that are produced by mutation are 
mimicked by others, of nongenetic origin. 

"For all these reasons, radiation (or some other environmental 
agent) could be having an important effect on human well-being and 
yet this could go unnoticed. Even if the increase in mutation rate 
is large, the consequences are likely to be so heterogeneous in their 
nature, so diluted by space and time, and so obscured by similar con
ditions from other causes as to make it imp9ssible to associate them 
with their cause. Only if all the affected persons in future genera
tions could somehow be identified and brought together at one time 
and place could the total impact of the mutations be apparent. 

"One of the simplest categories of mutational damage includes 
those diseases and abnormalities that are caused b{

4
i s!nile dyiinant 

mutation. The most recent compilation by McKusick ' t ed. lists 
(736] such conditions with an additional (753] that are less well estab,
lished. The collective incidence is very roughly one percent of persons 
born. Some examples are polydactyly (extra fingers and toes), achondro
plasia (short-limbed dwarfism), Hunti~gton's chorea (progressive ~nvoluntary 
movements and mental deterioration), [two types] of muscular dystrophy, 
several kinds of anemia, and retinoblastoma (an eye cancer) •••• 

"In contrast, recessive mutations, which require that the gene be 
present on both members of a pair of homologous chromosomes in order to 
produce the trait, may not be expressed for many generations. The trait 
will appear only when two mutant genes are inherited, one from each of the 
two parents •••• However, this may not occur for a [great number of 
generations]. Indeed, the gene may be lost purely by chance in the Mendelian 
lottery, although this is balanced on the average by those mutants that 

*Changes from BEIR I are bracketed. 
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increase in number by the same process. More important, there 
is good reason to think from animal experiments and from fragmentary 
human evidence that mutant genes are often lost from the population 
because of mild dominant effects on viability and fertility when the 
gene is heterozygous. Thus, there is a good chance that the gene 
will be eliminated from the population before it ever encounters 
another like itself. 

"McKusick lists [521] recessive diseases, plus [596] that are 
less certain. Some examples are phenylketonuria (or PKU, a form of 
mental deficiency), Tay-Sachs disease (blindness and death in the 
first few years of life), sickle cell anemia and cystic fibrosis. 
These are fairly common and well known, but most recessive conditions 
listed in the book are very rare. 

"Recessive mutations located on the X chromosome are characterized 
by being expressed almost exclusively in males. Well known examples 
are hemophilia (failure of blood clotting), color blindness, and a 
severe form of muscular dystrophy. McKusick lists [107] well established 
and [98] probable conditions of this sort. Because the gene can be 
expressed in a single dose in males, [who] have only a single X chromo
some, X-chromosome-linked recessive mutations are somewhat like dominant 
mutations on other chromosomes in that they are expressed soon after 
occurrence instead of being spread out over an extended time span. 

"Some of these dominant and recessive genes cause traits that 
we regard as normal, such as hair and eye color and blood groups. 
Others are not normal, but are so mild as to cause little concern. 
The great majority, however, cause diseases ranging from relatively 
mild to severe or even lethal. Most are so rare that they are known 
only to specialists. But, collectively, they are numerous enough 
that more than one percent of all .children born will have a simply 
inherited disease causing an appreciable handicap. 

"Another type of easily classified genetic damage is due to 
chromosome aberrations. Errors in chromosome distribution can lead 
to an individual whose cells contain too many or too few chromosomes. 
The well known disease [Down's syndrome] is caused by an extra repre
sentative of a specific chromosome (number 21). Most of the time, 
however, having too many or too few chromosomes leads to embryonic 
death; sometimes this is detected as a miscarriage, more often the 
death is so early as not to be detected at all.· This kind of chromo
some error is not thought to be strongly influenced by radiation, 
particularly at low doses. 

"Another source of chromosome imbalance is chromosome breakage 
[leading to rearrangement of chromosomes]. This is less frequent 
than the type of distribution error mentioned above among spontaneous 
instances of severe human anomalies. But ionizing radiation is much 
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more effective at [producing rearrangements] than in causing errors 
in chromosome distribution. The broken chromosomes may then reattach 
in various ways leading to rearranged gene orders, or they may be lost." 
(BEIR I, PP• 46-47) 

Losses of small segments of chromosomes may have consequences 
quite similar to and often operationally indistinguishable from 
single-gene mutations. This class of chromosomal damage is expected 
to occur even at low doses and low dose rates, but is included among 
estimated single-gene effects. A kind of gross rearrangement fre-
quently seen in human populations is the reciprocal translocation--
the exchange of segments between two or more chromosomes. Some re
arrangements have associated phenotypic effects (See Notes 13 and 14); 
otherwise, reciprocal translocations are not harmful as long as both 
rearranged chromosomes are present and have, among them, a normal gene 
content. However, gametes of persons having such "balanced" transloca
tions frequently receive only one of the two parts of the rearrangement, 
and the zygotes that they produce are, as a result, genetically unbalanced. 
The nature and extent of the resulting developmental abnormality depend 
on the particular chromosomal regions that are duplicated or deficient, 
as well as on how large these regions are. Most such imbalance results 
in early embryonic death; when it does not, it often leads to physical 
abnormalities, usually accompanied by mental retardation. 

"What is most severe in one sense may not be the most tragic 
from the standpoint of human welfare. A chromosome aberration that 
causes early embryonic death may cause very little trauma, whereas 
the 'milder' effect that permits the embryo to develop into a viable 
infant that is malformed and mentally retarded may be far more 
traumatic by any realistic measure of human suffering, both of the 
child and of his family." (BEIR I, P• 47) 

Another common kind of gross rearrangement found among phenotypically 
n.ormal humans is the Robertsonian translocation, which results from the 
"fusion" of two chromosomes (each originally having a spindle attachment 
near the end) to form a single chromosome whose spindle attachment is 
nearer the center. These constitute a special kind of reciprocal 
translocation in which the reciprocal product, the other rearranged 
chromosome, lacks significant genetic content and is likely eventually 
to be lost. Robertsonian translocations occur in the population with 
a frequency of about 8 per 10,000. The children of a carrier of such 
a translocation are usually normal because they inherit either the 
large translocated chromosome or the separate, normal chromosomes. 
However, carriers of these translocations produce some unbalanced gametes, 
which can lead to embryonic death or to congenital anomalies. Radiation 
does not appear to be a major cause of these translocations; instead, 
radiation-induced translocations are predominantly of the reciprocal 
type described earlier (see Note 14). 
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"In addition to these abnormalities and diseases that are 
caused by mutation of a single gene or by chromosome breakage, 
there are other diseases to which gene variation undoubtedly con
tributes but where the inheritance is more complex. There is 
abundant evidence that there are inherited predispositions for 
many common conditions--for example, diabetes, schizophrenia, 
cancer, and mental retardation. 

"It is hard to assess the magnitude of the genetic component 
and it is even harder to assess what we want to know in the context 
of this report--the extent to which the disease incidence depends 
on the mutation rate •••• 

"There is an additional class of mutation whose importance we 
don't know how to assess--those whose effects are so mild that they 
are not detected individually. As mentioned before, it is known in 
Drosophila that the most frequent of all mutations belong to a group 
that causes effects so mild that they can only be detected statisti
cally in experiments involving large numbers. For example, a mutation 
might cause a one-percent reduction in the probability of surviving 
from the egg to the adult stage. Such a mutation is clearly impossi
ble to detect in man, and very few [if any] mouse experiments are of 
a size to reveal it. We don't know what the other manifestations of 
su~h a mutant would be •••• Perhaps the human counterparts of 
these mutations, in addition to causing a slight reduction in life 
expectancy, are responsible for [slightly] greater susceptibility 
to disease, [slightly] impaired physical or mental vigor, or a 
slight malformation of some organ. 

"We cannot ignore such mild mutations as unimportant, because 
(1) if Drosophila is any indication, they are by far the most fre
quent class of mutations; and (2) being mild, with less effect on 
viability and fertility, they are more likely to be transmitted to 
future generations and continue to have their effect over a longer 
time, thereby affecting more persons. Thus, their impact is multiplied, 
by the number of generations through which they persist; and taken over 
the whole period, and in conjunction with other mutants, their effect 
may be far from negligible [see Note 4]. · 

"Despite a concern for this effect, we shall not attempt to 
estimate it quantitatively, for reasons to be discussed below. It 
is worth noting ••• that in Drosophila the evidence is now good 
that this class of mutation is relatively less frequent among radia
tion induced mutations than among spontaneous mutations. 

"The contrast between genetic and somatic concerns is striking,. 
The low-dose somatic effects that are most feared are cancer and 
leukemia. The evidence that high radiation doses have these effects 
is unequivocal. The evidence for low doses is less clear. For 
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genetic effects of radiation, we have no direct evidence of human 
effects, even at high doses [except for reciprocal translocations 
cytologically detected in spermatocytes. (See Note 14 and "Direct 
Estimation of First-Generation Incidence of Induced Disorders 
Resulting from Chromosomal Aberrations," below.)] Nevertheless, 
the animal evidence is so overwhelming that we [can only assume] 
that humans are affected in much the same way. In contrast to 
somatic effects, where the concern is concentrated mainly on 
malignant disease, the genetic effects are on all kinds of conditions-
for the spectrum of radiation-caused genetic disease is almost as wide 
as the spectrum from all other causes." (BEIR I, p. 48) 

COULD AN INCREASED MUTATION RATE BE BENEFICIAL? 

It has been suggested on occasion that increasing the mutation 
rate might be beneficial, in that mutations are "the raw material 
on which evolutionary progress depends." We see no merit in this 
view. Although the optimal rate of mutation is not known, there 
are strong reasons for believing that the rate of evolutionary 
adaptation is not limited by the rate of mutation. Furthermore, 
almost without exception, detectable mutations have been found to 
be deleterious--mildly or strongly--in their effects. 

"We believe that a genetically diverse population is more to be 
desired than a uniform one, and this might be regarded as an argument 
for a high mutation rate. But the amount of genetic variabllity 
existing in the population is far greater than that which arises 
by mutation in a single generation. Furthermore, in some polymorphisms 
such as blood groups, hemoglobins, and serum proteins the entire 
variability may have arisen from a few mutant genes. If human mutation 
were to stop entirely, we should probably not notice any effect at all 
for many generations, except for some reduction in the incidence of 
severe dominant [diseases] •••• The mutant genes now in the population 
arose in the past and have been pre-tested to some extent, the. worst 
ones having been eliminated by natural selection. What we are saying 
is that there is ample genetic variability in the population for any 
evolutionary progress that is likely to occur in the foreseeable future. 
Indeed, some geneticists argue that for a long time to come the closer 
we can come to a mutation rate of zero, the better off we will be. 
Whether this is correct or not (and in any case lowering the, 
spontaneous mutation rate is not now possible) the Subcommittee is 
convinced that any increase in the mutation rate will be harmful to 
future generations." (BEIR I, p. 49) 
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RADIATION EXPOSURES OF GENETIC IMPORTANCE 

The sources of population gonadal exposure are treated in detail 
in Chapter III and are summarized in Table IV-1. For estimation of 
genetic effects, additional physical and demographic factors must be 
considered. Also, concerns have been expressed regarding the induction 
of genetic effects by radiation from two particular sources: the 
transuranic actinide radionuclides resulting from nuclear power and 
weapons activities, and those radionuclides which can be directly 
incorporated into DNA, principally tritium and carbon-14. 

Genetic disorders, by definition, do not occur in persons whose germ 
cells have been affected by radiation; rather, the effects are seen 
in their offspring and in later generations to which the altered genetic 
material is transmitted. Hence, these effects depend quantitatively 
on the portion of the dose that is received by the gonads of future 
parents, rather than on the total dose to the entire population. BEIR 
I followed the precedent of the BEAR Committee, taking 30 yr as the mean 
length of a human generation. Hence, it is the average 30-yr individual 
dose accumulated by all-the parents of the new generation that concerns 
us in making estimates. The type of exposure regimen assumed in our 
calculations is of an entire population exposed uniformly over very long 
periods (many generations). Where exposures are not uniformly or randomly 
delivered to the entire population, the age distribution of the exposed 
population and the probability of having children for each age and sex 
need to be taf5g into account, as was done, for example, in the Reactor 
Safety Study. Also, calculation of the genetic consequences of 
occupational exposure requires special consideration of the distribution 
of dose in the population, as well as possible exposure to high-LET radiation. 

Fuel reprocessing for the mixed-oxide reactor fuel cycle and 
the breeder reactor cycle will result in exposure that is primarily 
occupational, from plutonium-238 and other transuranic nuclides. 
There is concern over genetic hazards from this source, because of 
the high LET of the emitted alpha particles. However, very little 
of the plutonium to which the general population is exposed is 
deposited in the gonads, and this, because of the short range of the 
alpha particles, reduces the dose that can have genetic consequences. 
Although the fraction of the plutonium to which people are exposed 
occupationally that is deposited in their gonads may be larger, the 
size of this workforce is small, again minimizing the genetic conse
quences in the population. Furthermore, measured RBE values are either 
lower than, or of the same magnitude as, those for other high-LET 
radiation like neutrons. Special consideration of the genetic hazards 
of plutonium and other transuranics thus appears unnecessary (see Note S). 
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TABLE IV-I 

Estimated Annual Average Genetically Significant Dose Equivalents 

Source 

Natural radiation 
Cosmic radiation 
Radionuclides in the body 
External gamma radiation 

from terrestrial sources 

Subtotal 

Man-made radiation 
Medical and dental x rays 

Patients 
Occupational 

Radiopharmaceuticals 
Patients 
Occupational 

Commercial nuclear power 
Environment 
Occupational 

National laboratories 
and contractors--occupational 

Industrial applications--occupational 

Military applications--occupational 

Weapons-testing fallout 

Consumer products 

Air travel 

Subtotal 
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Dose Equivalent Rate, 
mrems/yr 

28 
28 

26 

20 
<0.4 

2-4 
<0.15 

<I 
<0.15 

<0.2 

<0.01 

<0.04 

4-5 

4-5 

<0.5 

82 

30-40 (approx.) 



In addition to direct effects of radiation, some genetic 
effects are to be expected from the transmutation of radionuclides 
that have been incorporated into the genetic material, DNA. This 
includes the nuclides hydrogen-3, carbon-14, and phosphorus-32. 
There are a number of positions in DNA bases in which hydrogen-3 
transmutation leads to appreciable mutation in microorganisms, 
and some small effects in fruit flies can be ascribed to trans
mutation of phosphorus-32. The yields from such transmutations 
are small and, as pointed out in BEIR I, the _risk from transmutation 
is far smailer than that from the radiation emitted by the decay of 
the same nuclides (see Note 6). 

METHODS OF ESTIMATING THE GENETIC RISKS FROM RADIATION 

In making our estimates, we have adhered to the principles 
enumerated in BEIR I: 

"l. Use relevant data from all sources, but emphasize human 
data when feasible. In general, when data of comparable accuracy 
exist, place greater emphasis on organisms closest to man. 

"2. Use data from the lowest doses and dose-rates for which 
reliable data exist, as being more relevant to the usual conditions 
of human exposure. 

"3. Use simple linear interpolation between the lowest reliable 
dose data and the spontaneous or zero dose rate. In order to get any kind 
of precision from experiments of manageable size, it is necessary to use 
dosages much higher than are expected for the human population. Some mathe
matical assumption is necessary and the linear model, if not always correct, 
is likely to err on the safe side (see Note 7). 

"4. If cell stages differ in sensitivity, weight the data in 
accordance with the duration of the stage. 

"S. If the sexes differ in sensitivity, use the unweighted 
average of data for the two sexes." (BEIR I, p. 51) 

One way of looking at genetic risk is simply to compare the 
incremental radiation exposure with that due to natural background 
radiation. BEIR I did this, not as a risk estimate, but as a poten
tially useful policy guide. As mentioned in Chapter III, the gonadal 
dose from natural radiation averages about 80 mrems/yr. 
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Where BEIR I used four ways of estimating the genetic risk of added 
population exposures to ionizing radiation, we have used only two. The 
first is the indirect relative-mutation-risk method used in BEIR I. The 
second is a new, direct method of estimating total phenotypic damage in
duced in a single generation. As in BEIR I, abnormalities attributable 
to chromosomal aberrations are estimated from data derived by chromo
somal cytology. BEIR I gave genetic-effects estimates for a population 
exposed to an added increment of radiation exposure (above natural 
background) of 5 rems/generation. Because the average human generation 
span was assumed to be 30 yr, this figure of 5 rems was a convenient 
approximation of exposure of the general population to the current 
maximal permissible dose of 170 mrems/yr from nonmedical sources. 
However, we found it more convenient to derive our estimates in 
terms of the risk per rem of added exposure per generation. 

ESTIMATES BASED ON THE RELATIVE MUTATION RISK 

In every organism that we study, an appreciable amount of 
spontaneous mutation occurs, in the absence of special causes. 
As discussed later in this section, background radiation probably 
accounts for only a small fraction of the spontaneous mutation 
frequency.- Radiation (as well as a variety of chemical agents) can 
bring about an added amount of induced mutation. The rate of induced 
mutation can be stated in absolute terms (i.e., the probability 
of mutation per locus per rem), or it can be stated in relative 
terms, such as the ratio of the induced mutation rate to the spontaneous 
mutation rate. This ratio, the fraction by which each rem of added ex
posure would increase the mutation rate above the spontaneous level, is 
called the "relative mutation risk." Frequently, the reciprocal of 
this ratio, the "doubling dose," is given. 

There is no single, simple way of relating the amount of 
genetic disorder in a population to the mutation rate. Each category 
of disorder must be dealt with in its own special way. If a single 
mutant gene has a simple dominant effect, the incidence of the trait 
will be proportional to the frequency (relative number) of the cor
responding mutant gene in the population. The effect of mutation 
is to increase the frequency of mutant genes in the population. 
However, mutant genes are also being eliminated at a rate, for these 
simple dominant traits, proportional to their frequency. As the 
number of such genes in the population increases (because of the 
higher mutation rate), the number being eliminated will also in
crease. Eventually, the rate of elimination will exactly balance 
the rate of increase through mutation; at this point, the new 
equilibrium frequency will bear the same numerical relationship 
to the old frequency as the new mutation rate bears to the old 
one. Hence, for disorders with simple, autosomal dominant expression 
that are maintained exclusively by recurrent mutation, the increase 
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in incidence at equilibrium is proportional to the amount by 
which the mutation rate has been increased. If there were a 1% 
increase in the mutation rate--i.e., a relative mutation risk of 
0.01--and if the higher mutation rate continued over a number of 
generations, the incidence of disorders that are maintained ex
clusively by mutation would eventually be 1% higher than it had 
been initially. If the incidence of some such specific condition 
before the onset of the radiation exposure had been 100 per million 
liveborn, the expected increase at equilibrium (perhaps 10 generations 
later) would be 1 per million. 

Note 8 discusses the background information that went into 
our adoption of the range of 0.004-0.02 per rem- (a doubling dose of 
50-250 rem) for the value of the relative mutation risk. This range takes 
into account the mutation rates found in different oocyte stages in the 
mouse; this was done because there is still some uncertainty as to which 
stage is most representative of the human resting oocyte (see Note 9). 

The numbers that we use as the current incidence of hereditary 
disorders are derived ·from epidemiologic studies in British Columbia 
and Northern Ireland, as well as from other studies. 94 , 98 , 106 In British 
Columbia, the incidence of autosomal dominant plus X-linked mutation
caused disorders is now thought to be about 10,000 per million, which 
is in close agreement with the corresponding incidence reported in 
the earlier study in Northern Ireland. 

Estimates based on these incidences and on the relative mutation 
risk are given in Table IV-2, which shows the increase expected in the 
different classes of genetic disorders among 1 million liveborn people 
whose ancestors have received an increased radiation exposure of 1 rem 
per 30-yr reproductive generation (33 additional mrems/yr). The method 
of calculation for this table is given in Note 10. 

The number of people affected by autosomal dominant and X-linked 
traits is expected to increase by 40-200 per million above the estimated 
present incidence of about 10,000. (X-linked disorders account for 
only about 400 of these 10,000; the incidence of disorders of this 
type is expected to follow a different pattern of change from that 
of the autosomal dominants, but for our purposes no great error will 
be introduced by lumping these two categories. For a brief discussion 
of this matter, see Note 11.) 

The contribution of recessive disorders will be negligible, 
compared with that of the other classes of genetic disorders, 
especially in the early generations. When the disorder is not 
completely recessive, the equilibrium frequency is approximately 
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TABLE IV-2 

Genetic Effects of an Average Population Exposure of 1 rem per 30-Year Generation 

Current Incidence, 
per Million Liveborn 
Offspring 

Effect of 1 rem per Generation per Million 
Type of Genetic 

a Disorder 
Liveborn Offspri$-, 
First Generation. Equilibrium'1· 

Autos om al 10,000 
dominant and 
X-linked 

Irregularly 
inherited 90,000 

Recessive 1,100 

Chromosomal 
aberrations f 6,000 

5-65 d 

Very few; effects 
in heterozygotes 
accounted for in 
top row 

Fewer than !Off 

40-200 

20-900 e 

Very slow 
increase 

Increases only 
slightly 

aincludes disorders and traits that cause serious handicap at some time 
during lifetime. 

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

c Estimated by the relative-mutation-risk method. 

dNo first-generation estimate available for X-linked disorders; the 
expectation is that it would be relatively small. 

e Some estimates have been rounded off to eliminate impression of considerable 
precision. 

f Includes only aberrations expressed as congenital malformations, resulting 
from unbalanced segregation products of translocations and from numerical 
aberration. 

gMajority of Subcommittee feels that it is considerably closer to zero, 
·but one member feels that it could be as much as 20. 
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proportional to the mutation rate. Whatever mechanisms of elimination 
operate, equilibrium is reached very slowly, and any effect of an increased 
mutation rate on the incidence of recessive traits would be spread over a 
very large number of generations. 

The population survey in British Columbia reported that at least 9% 
of all liveborn humans will be seriously handicapped at some time during 
their lifetimes by genetic disorders of complex etiology, manifested as 
congenital malformations, anomalies expressed later, or constitutional and 
degenerative diseases. This, the largest category of genetic disorder listed 
in Table IV-2, we refer to as "irregularly inherited" disorders. The 
mutations responsible for the many hundreds of disorders in this category 
are thought to be maintained in the population by a variety of 
mechanisms, some of which would not be influenced by changes in 
mutation rate. It is felt that most cases of these conditions are 
caused by the cumulative effects of many different genes and environ-
mental factors. It seems likely that some cases now classified as 
irregularly inherited disorders may turn out to be single-gene traits 
involving incomplete penetrance. 

An estimate of the number of induced irregularly inherited 
disorders present at equilibrium must take into account the proportion 
of the incidence of these disorders that would vary directly with 
the mutation rate, a quantity that BEIR I called the "mutational com
ponent." More precisely, if the equilibrium incidence, I, of a disorder 
is a linear function of the mutation rate, m, i.e., I= a+ bm, then 
we define the mutational component to be MC-= bm/(a + bm), inwhich 
case the relative increase of the disorderincidence after an increase 
in the mutation rate from m to, say, m(l + k) is (I' - I)/I = (MC)k. 
Each disorder may have its-own mutational component, and a-class-
of disorders, such as irregularly inherited disorders, its average 
mutational component. 

Except in simple cases, the mutational component, however 
defined, is difficult to estimate, and there is no consensus 
among geneticists as to its most likely value. For it to be near its 
lowest value, zero, it would be necessary that all alleles responsible 
for the disorders be held in the population by balancing selection. 
That is, mutations capable of causing these irregularly inherited 
disorders would need to be of enough benefit in heterozygotes that 
their maintenance would be essentially independent of mutation. 

However, balancing selection has not yet been proved to be 
operating for the maintenance of even one of the hundreds of 
different irregularly inherited human disorders. In this regard, 
it is of interest that, in empirical studies on mice exposed to 
large doses of radiation for many generations, the offspring showed 
no demonstrable effect on viability, fertility, or growth and no 
detected abnormalities attributable to the radiation (see Note 12). 
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At first sight, this might suggest that the mutational component 
must be very small for irregularly inherited disorders. But that is 
not necessarily so. For example, if mice are like Drosophila in that 
the great majority of their mutations have small selection coefficients, 
the effects exerted by the few induced mutations per mouse that would 
have accumulated in the multigeneration experiments may have been too 
slight to show up in the presence of large amounts of nongenetic vari
ability found in mouse strains for such characters as viability, 
fertility, and growth. Furthermore, the end points sought in these 
multigeneration experiments were those which would be considered 
important "components of fitness"--i.e., factors important in the 
extinction of mutant genes--and consequently less relevant to questions 
about irregularly inherited disorders. The suspicion that effects 
relevant to human genetic disorder must have occurred in those experi
ments is_ born_e out by the recent one-generation empirical study, on 
mice, that has demonstrated clear-cut dominant damage to the skeletal 
system (see the following section and Note 13). 

Uncertainties as to the relative roles of mutation and balancing se
lection in maintaining the current incidences of irregularly inherited 
disorders appear to center on three questions: (1) For any given clinically 
defined disorder, how many loci are there at which mutation can cause 
the disorder? (2) How small are the mean selection coefficients for 
mutations that cause handicaps in heterozygotes? (3) Are there loci 
involved in such disorders that have unusually high mutation rates? 
Firmer genetic analysis of disorders of this kind is needed before 
answers can be given as to how large the mutation rate would have to 
be for disorder incidence to depend primarily on recurrent mutation. 

The uncertainties involved in relating the incidence of irregularly 
inherited disorders to recurrent mutation remain too great to permit any 
narrowing of the range of the mutational component used in BEIR I, 5-50%. 
These uncertainties enter into the calculated range of increase in the 
equilibrium incidence of these disorders resulting from an additional 
I-rem/generation increase in population exposure (Table IV-2). The 
current incidence of irregularly inherited disorders is approximately 
90,000/million liveborn offspring. The increase expected at equilibrium 
would be about 20-900 per million liveborn. 

Radiation is only one of a number of environmental insults that 
can cause mutations. Our adoption of a range of 0.004-0.02 for the 
relative mutation risk implies that only 1-6% of the mutations re
sponsible for disorders in the human population result from exposure 
to background radiation of-approximately 3 rems/generation. Many 
spontaneous mutations may result purely from errors made during the 
replication of the genetic material. An alternative way of approximating 
the fraction of spontaneous mutations that is induced by radiation is to 
calculate the expected spontaneous mutation frequency with an assumption of 
a linear relationship of mutation to dose in the low dose range. Such 
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calculations for mouse spermatogonia indicate that the spontaneous mutation 
rate is two to three orders of magnitude greater than would be expected; 
this suggests that the contribution of radiation-induced mutations to the 
spontaneous frequency is even smaller than was suggested by the earlier 
calculations based on the average relative mutation risk for both sexes. 

DIRECT ESTIMATION OF FIRST-GENERATION EXPRESSION OF DAMAGE 

BEIR I made a direct estimate of the first-generation incidence 
of induced chromosomal aberration, but did not do so for gene mutation. 
New data on the induction of chromosomal aberration in laboratory 
mammals, as well as some human data, permit refining the estimates 
of chromosomal mutation; and new data on transmissible skeletal damage, 
found in the first generation after the irradiation of male mice, 
make it possible to estimate nearly all the combined first-generation 
expression of damage from gene mutations. 

Direct Estimation of First-Generation Incidence of Induced 
Disorders Resulting from Gene Mutations 

One of the longstanding uncertainties about•,,_ estimates of the incidence 
of induced genetic disorders resulting from gene mutations after increased 
human radiation exposure has been related to the lack of acceptable data 
on the amount of induced genetic disorder in any mammal. To bridge the gap 
between existing mutation-frequency data in mice and the expected incidence 
of induced genetic disorders in humans, it was necessary to apply to man 
estimates of the degree of reduced genetic fitness of induced mutations in 
Drosophila or, as in the relative-mutation-risk approach, to assume that 
induced and spontaneous mutations have an equal likelihood of causing genetic 
disorders. Now, however, new data permit the expected incidence of induced 
genetic disorders in humans to be estimated directly on the basis of the 
frequency of a type of radiation-induced genetic disorder--namely, skeletal 
abnormalities--in mice. This approach is thus termed a "direct estimate." 
It should be recognized that what we have continued to refer to as a direct 
estimate of chromosomal disorders is not a direct estimate in quite the same 
sense. However, we c1lso call this latter method "direct" in the sense that 
it involves first-generation estimation that neither uses a relative
mutation-risk factor nor is derived from an equilibrium estimate. 

Data on the amount of presumed mutational damage to the skeleton 
in the first generation after irradiation (in mice) have actually been 
available for some time. 19 However, they were not commonly used in 
making risk estimates, mainly because the animaJls in which the skeletal 
defects were observed had been killed for examination and therefore 
could not be used for genetic testing of the presumed mutations. A 
new group of similar mutants has now been obtained and tested for 
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transmissibility, and the data from this recent study can serve as 
a basis for predicting genetic damage. For protracted exposure of 
spermatogonia, the estimated induced mutation frequency per gamete 
per rem is 4 X 10-6 (see Note 13). 

To expand this estimate of the induced mutation frequency for 
all detected mutations in this one body system to the total number of 
effects, in all systems, that would cause a serious handicap if they 
occurred in humans, this mutation frequency, as explained in Note 
13, is multiplied by 5-15 and by 0.25-0. 75. To make the estimate 
apply to exposure of both sexes, the upper bound of the range thus 
obtained is multiplied by 1.44 and the lower bound is,kept the same. 
This gives an estimate of 5-65 induced dominant disorders leading to 
serious handicaps at some time during life per million liveborn as 
the first-generation expression, after exposure of the entire population 
to 1 rem/generation (Table IV-2). 

As shown in Table IV-2, this estimate for dominant disorders 
applies to the sum of effects of the categories of autosomal 
dominant and irregularly inherited disorders listed. The reason 
for this is that in humans the irregularly inherited disorders that 
would undergo an increase in incidence in the first generation after 
increased radiation exposure would be almost entirely dominants 
with penetrance low enough that geneticists would not be able to 
recognize them as autosomal dominants. 

No direct estimate for X-linked disorders is available from 
the skeletal experiment, because male mice were irradiated and only 
their male offspring were examined for mutations. Compared with 
the risk estimate for dominantly inherited disorders given in 
Table IV-2, however, the relative risk from X-linked mutations seems' 
certain to be very small (see Note 11). Any completely recessive auto
somal mutations induced would have no effects in the first generation, 
except in the unlikely event that such a mutation came together with an 
independent mutant allele at the same locus. Heterozygous effects 
of recessive mutations would be accounted for among the dominantly 
inherited di so rde rs. 

For disorders due to gene mutation, there will be an increase 
in later generations, but the increase will be smaller and smaller 
with each passing generation until equilibrium is eventually 
reached. We have no direct evidence as to how many generations 
are required; this would dep~nd on the rate of elimination of 
mutant genes. \ 
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Direct Estimation of First-Generation Incidence of Induced Disorders 
Resulting from Chromosomal Aberrations 

Gross Rearrangement. We have made direct estimates of in
duced gross chromosomal aberration due to rearrangement or to error 
in assortment. Among rearrangements, Robertsonian translocations 
are a major cause of severe abnormalities due to secondary trisomy, 
but there is no evidence of induction of these in irradiated sperma
togonia of mice. A few were found aftst ;~e irradiation of male 
Drosophila in a very large experiment, ' and a fS' have 
been induced by irradiating females of this insect, but the 
rates are low; we feel that the risk of inducing these in humans 
is quite small in comparison with reciprocal translocations. 
However, the data that we use in estimating serious abnormalities 
due to gross rearrangement come from observations on all kinds of 
translocation hete2gzygotes currently found in human populations 
(see, e.g., Jae.obs ). Inversions will be induced much less 
frequently than translocations, and there may also be some associ
ated semisterility, the amount depending on the size and location 
of the chromosomal segment that is inverted. The BEIR I method of 
estimation, based on the rate of induced transmissible semisterility, 
did not distinguish between that due to translocations and that 
due to inversions or other causes. In view of the similarity of the 
effects and the infrequency of inversions relative to translocations, 
as well as the adequately broad range of uncertainty as to rearrange
ment damage, we feel that no separate treatment of inversion damage 
need be included. Small deficiencies (as well as duplications) 
will be produced by irradiation, and their incidence relative to 
gross rearrangements may be somewhat greater at lower doses, owing 
to the possibility that more may result from one-track events. 
Larger deficiencies and duplications are believed to be less likely 
to occur at low doses; furthermore, zygotes carrying these are likely 
to be lost because of genetic imbalance, as in the case of segmental 
aneuploidy in chromosomally unbalanced translocation carriers 
(discussed below). An exception to this may be certain imbalances 
affecting the sex chromosomes. Even in autosomes, duplications or 
deficiencies involving some chromosomal segments may be compatible 
with survival and sometimes with reproduction. Duplications 
involving up to one-third of a long chromosome where hetergSygotes 
attain reproductive age and are fertile are known in mice. All 
these long duplications and deficiencies have readily detectable 
adverse effects in heterozygotes, but shorter multilocus deficiencies 
are known for which adverse effects, if there are any, must be 
small. 

Human and marmoset data are now available6 for use in estimat
ing the rate of induction of transmissible reciprocal translocations. 
Combined data from these species indicate that the rate of induction 
of reciprocal translocations in spermatogonia, scored as multivalents 
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in p1:imary spermatocytes, is 7 X 10-4 per rem per cell. In mice, 
the rate is known to be lowered by low-dose-rate exposure; furthermore, 
spermatocytes that are heterozygous for some translocations fail to 
complete the process of gametogenesis and hence give rise to no 
functional germ cells. Finally, in meiosis (maturation), the 
translocation multivalent may orient on the spindle in a number of 
ways, with the result that many of the gametes formed will not carry 
a balanced reciprocal translocation. The calcula-tions given in Note 
14 take each of these factors into account and yield an estimated 
inci~~nce of recoverable balanced reciprocal translocations of 0.17-1.7 
X 10 per rem of chronic paternal exposure. · 

The incidence of zygotes with unbalanced segregation products 
(segmental aneuploids) will be slightly more than twice the incidence 
of newborns with a balanced transloca tion. Most of these segmental 
aneuploids will be eliminated in early development, usually too early 
to be recognized as spontaneous abortions. In the vast majority of 
cases, no effect will be seen on the reproductive history of the 
carriers of balanced translocations. On the average, half their 
children will be of normal karyotype, and half will carry the 
balanced rearrangement. The possibility of produci'{lg seriously 
affected children in this way exists for only a very few translocations. 
Another small fraction of carriers of balanced reciprocal transloca
tions will be completely sterile (see Note 14). 

We have no data on induced translocations in human oocytes. It 
is not clear that the oocyte rate would be higher than that in the 
spermatogonium, and there is some evidence that it might be lower. 
We have followed the approach of BEIR I and assumed that it will equal 
the rate in the spermatogonium. 

On the basis of the known properties of transmissible transloca
tions induced in mice and in other experimental organisms, we believe 
that considerably fewer than 5% of all transmissible induced trans
locations (most of which will be reciprocal) will be of such a nature 
that abnormal liveborn offspring could be produced, the majority of 
unbalanced zygotes being eliminated in very early development. In 
the few cases in which viable abnormal offspring could result, it 
appears unlikely that more than one of each of the possible types 
of unbalanced zygote would be able to survive, and we estimate that 
there would be at most about 10 such children per million liveborn 
per rem of parental exposure (Note 14). In view of an independent 
approach based on the litter-size reduction observed after acute 
irradiation of mouse germ cells (outlined in Note 14), most Subcommittee 
members felt that the estimate of 10 was too high and that the true value 
may be near zero. 
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Numerical Aberration. The risk of induced numerical aberration 
is very small; there is no clear evidence of the induction of trisomy 
after the irradiation of mouse spermatogonia or mouse oocytes (see 
Note 15). The experimental analysis of induced trisomy in other 
species has shown it to be due, perhaps entirely, to damage incurred 
during the prophase preceding the first meiotic (maturation) division. 
This stage accounts for only a very small fraction of the total time 
that male germ cells are at risk, but is the stage of longest duration 
in the female--the primary oocyte. There have been conflicting claims 
concerning radiation-induced trisomy in humans: some epidemiologic 
studies have shown a relationship between maternal irradiation and 
trisomy (e.g., Down's syndrome), but there are strong reasons for 
doubting a cause-and-effect relationship. There is a large maternal-
age component in cases in which a relationship has been claimed, as 
well as other complications, such as the pooling of heterogeneous data. 
In addition, high-dose exposures of human populations in Japan (Hiroshima 
and Nagasaki) failed to yie6g evidence of induced trisomy, as had 
also the mouse experiments, using genetically marked X chromosomes. 
High doses given to oocytes of insects do result in a measurable in
crease in the amount of trisomy, and the analysis of these cases 
leads us to believe that it should also happen in humans. In insects, 
the risk of trispmy is extremely small, relative to that of other 
cytogenetia damage, and has not been measurable at doses below about 
1,000 R. 

Table IV-2 gives the direct estimates for the first-generation 
incidence of all abnormalities due to chromosomal aberrations, both 
structural and numerical, from an increase of 1 rem/generation in 
exposure of the general population. Because of the high rate of 
elimination, the incidence of abnormalities due to chromosomal 
aberrations would increase only slightly in later generations. 

COMPARISON OF DIRECT AND INDIRECT METHODS OF ESTIMATION 

There is some overlapping in the data used in the two different 
methods; for example, specific-locus information is used in estimating 
the total phenotypic damage that would be induced in females. Although 
the two methods measure different quantities, there is no major dis
agreement as to the incidence of the effects expected. One method esti
mates first-generation effects, the other equilibrium effects. If the 
rate of elimination of mutants were known with some precision, it would 
be possible to convert first-generation incidences into equilibrium 
incidences and vice versa; BEIR I made this conversion by using assumed 
rates of elimination. The important consideration, at this point, 
is that the rates of elimination needed to reconcile the two ranges 
do not appear unreasonable. In other words, the two methods give 
estimates that are in quite good agreement. 
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Our refusal to use the relative-mutation-risk method in esti
mating the risk associated with chromosomal aberrations may be 
questioned, but there were compelling reasons for this decision. 
Chromosomal disorders in human populations result largely from 
primary and secondary trisomy (resulting from nondisjunction and 
Robertsonian translocation, respectively), and these are not expected 
to be increased materially by low-level radiation exposures. A 
"doubling dose" detetmined for reciprocal translocations induced in 
spermatogonia, however accurate it might be, would have little rele
vance to the induction of these abnormalities. Furthermore, the 
degree of unaertainty involved in the direct estimate of reciprocal 
translocation rates seems much smaller than it would be if the estimate 
were based on a supposed doubling dose. 

RISK ESTIMATES FOR SPECIAL SITUATIONS 

Attention has already been given in this chapter to some situa
tions in which the exposure to radiation may be quite different 
from that assumed in our calculations. It should be emphasized 
that, when the population of concern is a group that differs markedly 
from the general population, the differences must be taken into 
account. When the exposure of concern is relatively short, the 
projections called for may be short-term or intermediate-term. 

If comparisons of the relative impact of genetic and somatic 
effects are made, it is imperative that differences in methods of 
calculating effects be kept in mind; otherwise, their interpretation 
may be unreliable. All estimates are of probabilities, giving the 
number of expected affected individuals as a fraction of some total 
population (e.g., number of affected individuals per million of 
population). However, the populations that supply the denominators 
are quite different in the two cases. On the one hand, genetic effects 
are seen in the offspring of exposed individuals and in later generations 
to which the damaged genetic material is transmitted. These effects 
may persist through some number of generations before a mutant gene 
or chromosome is eliminated from the population. Genetic effects 
are therefore usually expressed in terms of millions of liveborn. 
On the other hand, somatic effects, by definition, occur in and are 
limited to the exposed individuals. The exposed population is the general 
population (or some defined subdivision of it), and this supplies the 
denominator in the fraction that expresses rate. 

Obviously, it is only the exposure of the germ cells that will 
actually become involved in reproduction that has genetic consequences. 
Thus, although it may be useful to speak of population doses of so 
many person-rems, this quantity is at best indirectly related to the 
average dose to germ cells that will later function in reproduction. 
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What counts is the dose, accumulated over one generation, to 
gametes (and, of course, to their precursor cells) that will function 
in conceptions. Thus, the quantity of importance is the number of 
effective gamete-rems received. Conversion from person-rems to 
gamete-rems requires demographic data on the population of interest. 
If age and sex distributions are known and reproductive patterns have 
been determined, it is possible to make detailed estimates (e.g., 
see U.S. Nuclear Regulatory Commission108 and Note 16). 

DISCUSSION 

Much of the travail of this Subcommittee has stemmed from issues 
that were also of concern to the BEIR I Subcommittee. Few human 
data are--or are ever likely to be--available in the variety and 
depth needed to give us direct and simple answers to our questions. 
Hence, to estimate human genetic risks, we must find ways to apply 
information from other sources. Experimental data from laboratory 
organisms must be used, and this raises the inevitable question of 
how well chosen the sources of information were. This question is 
not new, but we have felt compelled to address it in somewhat greater 
detail than did BEIR I, usually in the course of defining the degrees 
of uncertainty encountered in our estimates. 

We can draw one conclusion, not directly responsive to our 
charge: Improving the methods of estimating the health conse
quences of genetic damage should be given high research priority. 
We deplore having to use empirical approximations, rather than 
precise estimates based on a firm understanding of mechanisms. We 
believe that such a change in method can be made only when there 
is a better understanding of the organization, functions, and 
interactions of the genes of higher organisms. Such understanding 
is basic to the interpretation of the nature of the mutant gene 
and the analysis of the mechanisms of damage to the genetic material. 
Meanwhile, we have detailed our more obstinate uncertainties and 
have given our estimates correspondingly broad ranges of values. 
We are convinced that these estimates can be used wisely only if 
the sources of the uncertainties are understood by the user. 

This report differs from BEIR I in having used a method of 
direct estimation of damage from gene mutations thaf was based on 
the incidence of skeletal mutations in mice. The assumptions used 
in this method overlap those used in the relative-mutation-risk 
method in only a few ways. The uncertainties of using mouse data 
to solve human problems are common to the two methods. There is 
an added uncertainty in extending the mutation-rate data on a 
single system to cover ~ffects on all systems. This method and 
these data, alone, do not yield an estimate of the equilibrium 
incidence of these conditions, but only of first-generation effects. 
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However, there is uncertainty in the estimated value of the 
relative mutation risk, as well as in other numbers that enter into 
the projections derived by this method. It is not certain that the 
ratio of induced mutation to spontaneous mutation rates would be 
identical or even similar for all loci, nor that any of our methods 
would reveal the true effective doubling dose for the entire genome. 
We assume that spontaneously occurring and radiation-induced gene 
mutations will have a similar likelihood of producing disorders, 
but this expectation is based largely on studies of mutant genes 
not associated with dominant phenotypes. There are uncertainties, 
somewhat diminished since 1972, in the incidences of the different 
categories of human genetic disorders, and there are still un
certainties as to the role of recurrent mutation in maintaining 
"irregularly inherited disorders." Finally, our estimates of the 
equilibrium incidences tan be regarded with greater confidence than 
could any for first-generation expression that could be derived from 
them. 

For the reader faced with a choice between alternative estimates, 
we recommend that the direct method be used for first-generation esti
mates and the relative-mutation-risk method be used for equilibrium 
estimates. We have followed this practice in Table IV-2. By deriving 
first-generation estimates from the equilibrium values shown in Table 
IV-2 (assuming an average persistence of five generations for autosomal 
dominant and X-linked mutations and 10 generations for mutations causing 
irregularly inherited disorders), one obtains 10-130 per million per rem, 
compared with the direct estimate of 5-65. Going in the other direction, 
using the direct first-generation estimates and a mean persistence of 10 
generations, one obtains an equilibrium estimate of 50-650, compared with 
the indirect estimate of 60-1,100 (sum of 40-200 and 20-900, from Table 
IV-2) based on the relative-mutation-risk method. We are reassured by the 
rather close agreement between the two estimates, given the reasonable 
assumptions of BEIR I regarding rates of elimination. 

BEIR I addressed the question of placing an economic value on 
future genetic disorders; we were reluctant to approach this question. 
Presumably, a population would not purposely expose itself to increased 
radiation unless there were an associated benefit--a benefit usually to 
the population itself and only indirectly, if at all, to future genera
tions. In the case of radiation-induced genetic damage, the major 
cost is felt in the future; i.e., the benefit accrues to one popula
tion, and the cost is borne by another. (We recognize that radiation 
may not be unique in this respect.) 
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SUMMARY 

The genetic disorders that can result from radiation exposure 
are (1) those which depend on changes in individual genes (gene 
mutations or small deletions) and (2) those· which depend on changes 
in chromosomes, either in total number or in gene arrangement 
(chromosomal aberrations). The former are expected to have greater 
consequences than the latter. 

At low levels of exposure, the effects of radiation in producing 
either kind of genetic change will .be proportional to dose, in that 
higher-order interactions (those involving more than one ionizing event) 
are extremely unlikely to occur. For reasons of prudence, and to the 
extent possible, estimates are based either on experimental findings 
at the lowest doses and dose rates for which reliable data have been 
obtained or on adjustment of the observed data obtained at high doses 
and dose rates by a dose-rate reduction factor deemed appropriate 
by the Subcommittee. 

Two methods are used to estimate the changes in incidence of 
disorders caused'by gene mutations. One method estimates the inci
dence of such disorders expected after the continuous exposure of the 
population over a large number of generations. The- other method esti
mates the incidence of disorders expected to be seen in a single 
generation after the exposure of the parents. 

By the first method, it is estimated that only about 1-6% of all 
spontaneous mutations that occur in humans can be ascribed to the 
effects of background radiation. Therefore, a small increase in 
radiation exposure above background will lead only to a correspondingly 
small relative increase in the rate of mutation. The numerical relationship of rates of induced and spontaneous mutation is shown as 
a relative-mutation-risk factor, which is the ratio of the rate of 
mutations induced per rem to the spontaneous rate. (The reciprocal 
of this is the "doubling dose," the amount of radiation required to 
produce as many more mutations as are already occurring spontaneously.) 
The estimated relative mutation risk for humans is 0.02-0.004 per rem (or a doubling dose of 50-250 rem). After many generations of increased 
exposure to radiation, it is expected that human hereditary disorders 
that are maintained in the population by recurrent gene mutation 
would show a similar increase in incidence. However, not all such 
human disorders have this simple relationship to mutation. It is 
estimated that the increase will be about 60-1,100 per million liveborn offspring per rem of parental exposure received in each generation 
before conception. The current incidence (resulting from causes 
other than the added radiation) of human genetic disorder is approxi
mately 107,000 cases per million liveborn. 
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These expected incidences are reached only after a large number 
of generations of exposure, because, in any given generation, the 
disorders experienced result both from newly induced mutations and 
from mutations transmitted from an earlier generation. The number 
of generations required to reach an equilibrium between the induction 
of mutations and their elimination from the population depends on how 
long the induced damage persists before being eliminated. 

In applying the second method of risk estimation, the incidence 
of induced, transmissible damage to one organ system (skeleton of 
the mouse) has been used to calculate the effects expected for all 
human organ systems. This estimate is for the effects in a single 
generation after exposure of the parents to radiation; it takes into 
account the prpportion of all known human hereditary defects that 
affect the one system, and this is used to estimate the range of 
effects that is expected for all systems. An average parental 
exposure of 1 rem before conception is expected to produce 5-65 
additional disorders per million liveborn offspring. 

The estimates arrived at by the two different methods are in 
good agreement. One is for single-generation effects, and the 
other is for effects seen at equilibrium, after long-continued 
exposure of the population. Although no assumptions have been 
made in this report as to rates of elimination, the use of the 
estimates of persistence assumed in BEIR I (five generations for 
autosomal dominants and 10 generations for irregularly inherited 
diseases) results in an agreement between the two sets of estimates 
that is quite good. 

Disorders due to chromosomal aberrations, estimated from the 
aberration incidence seen in a late developmental stage of the germ 
cells (primary spermatocytes) after exposure of the immature germ 
cells (stem cell spermatogonia) to radiation, and assuming that the 
risk for oocytes is of equal size, will amount to fewer than 10 anomalies 
per million liveborn, and most Subcommittee members felt that the true 
value may be near zero. 
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NOTE 1 

HISTORY OF RADIATION STANDARDS 

In January 1957, the NCRP recommended that the population dose 
"not exceed 14 million man-rems per million of population over the 
period from conception up to age 30 and one-third that amount in 
each decade thereafter." This was based on the exposure practices 
and data of that period, and the contributions of the individual 
sources were estimated in man-rems per million population per 30 yr 
as: 

Natural radiation 

Medical irradiation 

Occupational exposure 

Radiation in plant environs 

Fallout 

Total 

4,000,000 

5,000,000 

150,000 

450,000 

200,000 

9,800,000 

The radiation exposures included medical, natural, and fallout 
radiation and that from all other man-made sources and allowed a 
cushion of over 4 million man-rems for future needs. 

In April 1958, the concept of population dose of man-made 
radiation, exclusive of medical exposure, was made more specific 
in the statement that "the radiation ••• shall be such that it is 
improbable that any individual will receive a dose of more than 
0.5 rem in any 1 year from external radiation." It was also recom
mended, as in 1957, that the average body burden of radionuclides 
not exceed one-tenth that of radiation workers. 

In September 1958, the International Commission on Radiological 
Protection (ICRP) suggested that "the genetic dose to the whole 
population from all sources, additional to the natural background, 
should not exceed 5 rems plus the lowest practicable contribution 
from medical exposure." Because the genetic dose is calculated for 
a 30-yr period, this would amount to an average of 170 mrems/yr. 
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The same value of 170 mrems/yr had been arrived at by a different 
route based on the 0.5 rem/yr recommended by the NCRP for an individual 
in the general population. It was reasoned that, to hold the dose 
to the individual to that level, the average for a population group 
would have to be approximately one-third of the maximum, or again 
170 mrems/yr. On the basis of the published recommendations of the 
NCRP and ICRP, the population average of 170 mrems was adopted by 
the Federal Radiation Council in 1960. 

The history of radiation protection standards is presented in 
further detail elsewhere (including ~~af; f~PiEtij

6
of the Federal 

Radiation Council in 1960 and 1962). , 2 , , ' 
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NOTE 2 

EARLY ESTIMATES OF GENETIC RISK 

"The 1956 Genetics report relied mainly on data from Drosophila 
and the laboratory mouse, as there were almost no relevant human data. 
According to the RF.AR report, the best one can do is to use the 
excellent information on such lower forms as fruit flies, the emerging 
information for mice, the few sparse data we have for man ••• and 
then use the kind of biological judgment which has, after all, been 
so generally successful in interrelating the properties of forms of 
life which superficially appear so unlike but which turn out to be 
so remarkably similar in their basic aspects. 

"The general principles that guided the committee at that time 
were: ( 1) Mutations, spontaneous or induced, are usually harmful; 
thus, the harm from an increased mutation rate greatly outweighs 
any possihle benefit. (2) Any dose of radiation, however small, 
that reaches the reproductive cells entails some genetic risk. 
(3) The numher of mutations produced is proportional to dose, so 
that linear extrapolation from high dose data provides a valid 
estimate of the low-dose effects. (4) The effect is independent 
of the rate at which the radiation is delivered and of the spacing 
between exposures. The last of these principles has turned out to 
be incorrect, as will be discussed later. 

"The BF.AR Committee estimated that the amount of radiation 
required to produce a mutation rate equal to that which occurs 
spontaneously (a doubling dose) was almost surely between 5 R 
and 150 Rand probably between 30 and 80 R. It also assumed that 
about 2 percent of all live-born children are or will be seriously 
affected by defects with a simple genetic origin. Under the assump
tion that for this fraction of human defects the incidence is pro
portional to the mutation rate, the effect at equilibrium after a 
continuing exposure to the recommended 10 R limit of radiation per 
generation was computed. Taking 40 Ras a reasonable value for the 
doubling dose, the REAR Committee calculated that 10 R per generation 
continued indefinitely would lead to about 5,000 new instances of 
tangible inherited defects per million births, with about one-tenth 
this numher in the first generation after radiation begins. 

"The :RF.AR Committee also estimaterl the total number of mutations 
which would be produced at all gene loci by 10 R of radiation. The 
principles listed above made these calculations relatively simple. 
The number of mutations produced is (the number of genes in the 
population) X (the dose) X (the mutation rate per gene per unit dose). 
For the last quantity, mouse data were available. But there was no 
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evidence from any mammal as to the number of genes per cell. For this, 
the Committee used Drosophila data, dividing t.he total mutation rate 
by that for individual genes. So the estimates of the number of mutations 
induced were for a hypothetical organism whose mutation rate per gene 
is that of the mouse and whose gene number is that of Drosophila •••• 
(BEIR I, PP• 42-43) 

* * * * * * 

"Actually, this calculation does not assume that the number of 
genes is known, but rather it depends on the ratio of the overall 
mutation rate to that for a single locus. The ratio of the total 
lethal rate to that. for a single locus was multiplied by 2 to 3 to 
allow for mutations with lefs than lethal effects. This led to an 
estimated ratio of about 10, subject to considerable uncertainty 
both as to accuracy of measurement and reliability of assumptions. 
The conclusion was reinforced by the fact that the number of bands 
in the salivary gland chyom~~o~3s tn Dr~~~phila is about 5000. 
There is recent evidence 5 , , - 3 , 62 , that the number of genes 
(complementation units) in Drosophila is indeed equal to the number 
of salivary chromosome bands, which would be 5000 per gamete, or 10,000 
in the diploid cell. The human number is probably larger, but there is 
no comparably reliable way to estimate it. We shall not use the gene 
number in any of our risk estimates." (BEIR I, p. 61) The present Sub
committee on Genetic Effects would prefer to substitute "agrees rather 
well with" for "is indeed equal to" in the third sentence before this one. 

* * * * * * 

"The Committee then used the principle that each harmful mutant 
gene is eventually eliminated from the population and that this occurs 
by reduced viability or fertility. Thus, in a statistical sense each 
new mutant gene, in a population of stable size, must eventually be 
balanced by a gene extinction. This extinction occurs through pre
reproductive death or reduced fertility. The BEAR Committee was 
divided as to the usefulness of this kind of calculation. It was 
noted that the death of an early embryo is much less traumatic than 
the death of a child or adult and that the failure to reproduce 
cannot be equated to premature death in any tangible way. How is a 
single major defect to be judged in comparison with a number of minor 
risks? As stated in the report: This kind of estimate is not a mean
ingful one to ~ertain geneticists. Their principal reservation is 
doubtless a feeling that, hard as it is to estimate numbers of mutants, 
it is much harder still, at the present state of knowledge, to translate 
this over into a recognizable statement of harm to individual persons. 
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Also, they recognize that there is a risk involved in extrapolating 
from mouse and Drosophila to the human case. But the group concluded 
that in spite of all the difficulties and complications and ranges 
in numerical estimates, the result is nevertheless very sobering. 

"Based on these estimates and other considerations which it 
regarded as germane, the BEAR Genetics Committee made two recommenda
tions that are related to our present purposes: 

"That for the present it be accepted as a uniform national 
standard that x-ray installations (medical and nonmedical), power 
installations, disposal of radioactive wastes, experimental installa
tions, testing of weapons, and all other human controllable sources 
of radiation be so restricted that m~mbers of our general population 
shall not receive from such sources an average of more than 10 roentgens, 
in addition to background, of ionizing radiation as a total accumulated 
dose to the reproductive cells from conception to age 30. 

"The previous recommendation should be reconsidered periodically 
with the view to keeping the reproductive cell dose at the lowest 
practicable level. If it is feasible to reduce medical exposures, 
industrial exposures, or both, the total should be reduced accordingly. 

"The present subcommittee concurs with this recommendation for 
periodic review and it is in this spirit that the present study has 
been undertaken." (BEIR I, pp. 43-44) 

Another way of looking at genetic r.isk is simply to compare 
the increased radiation exposure with that due to natural background 
radiation. BEIR I did this, not as a risk estimate, but as a poten
tially useful policy guide: 

"As mentioned earlier, the natural level of radiation averages 
about 100 mrem per year. This varies considerably from one region 
to another, depending especially on the kinds of minerals present 
in the earth and on the altitude. A person who lives in a stone 
house may get more radiation than one who lives in a wooden house, 
because of the greater radioactivity of some rocks, such as granite. 
Likewise, a person who lives at a high altitude receives more radia
tion from cosmic rays. Exposure to man-made radiation near the 
level of ba~kground radiation will produce additional effects of 
a magnitude comparable to what man has experienced from this source 
throughout his entire history. Furthermore, since man-made radiations 
are not qualitatively different from natural radiation, they will not 
produce novel effects. These are particularly firm conclusions be
cause they do not require any quantitative genetic information. 
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"Another way of stating this is to note that the annual differ
ence in natural radiation between a location in Louisiana and one in 
Colorado might be (150 mrems or more--see Chapter III]. Even a person 
who knows this probably doesn't take this difference into account in 
deciding to change his residence. We can regard man-made radiation 
levels of this magnitude as comparable to other risks that are often 
accepted." (BEIR I, p. 52) 
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NOTE 3 

THE KINFTICS OF MUTATION AND CHROMOSOMAL BREAKAGE BY RADIATION 

The RF.IR I Subcommittee on Genetic Effects stated: 

"The genetic material is DNA which contains information in the 
sequence of its four nucleotides. fSequences of three nucleotides 
(triplets) code for amiqo acids in proteins.] A gene is composed 
of many hunrlreds or more of nucleotides in a specific sequence. Not 
all DNA codes for proteins; probably the great majority has other 
functions, largely unknown. The DNA itself is organized j_nto larger 
linear nucleoprotein structures, the chromosomes, found in the nucleus 
of the eel 1. 

"Any change of a nucleotide such that a given [coding) triplet 
will now code for a different amino acid constitutes a mutation. Other 
changes in cocUng can also have mutagenic consequences. For instance, 
the addition, or deletion, of a nucleotide from DNA will shift the reading 
sequence of the code, since it is read 3 nucleotides at a time sequen
tially. Such frame shift mutants will change whole sequences of amino 
acids in the protein up to the point where a reverse shift can put 
the reading back into proper register. Thus, even a change, deletion, 
or a<lMtion of a single nucleotide in DNA can be a mutation. 

"In additfon, a larger class of mutational events arises from 
the breakage of the chromosome itself with subsequent deletion or 
rearrangement of the broken pieces. These changes are often large 
enough to he seen if the chromosomes are examined under the micro
scope. Their size distribution, however, forms a continuum from 
the very small d~letion of a single nucleotide to the loss of a 
who.le chromosome. At the bottom of the range, it is impossible to 
define just where a deletion should be considered a point mutation 
in the gene rather than a chromosome breakage type of mutation. 
For most of the chromosome rearrangements considered in this context~ 
with low LET irradiation, the frequency of induced rearrangements is 
proportional to the dose over the dose range of interest. At higher 
doses, more complex kinetics are observed." (BEIR I, P• 64) 

The present Subcommittee enrlorses this statement of the authors 
of BEIR I. We agree that many data for induced genetic d&mage de
scrihe a curvilinear relationship of yield to dose, with the slope 
increasing with dose over the dose range usually studied. In general, 
the data points for yield can be very satisfactorily fitted to a 
auadratic expression of the form, 

= aD + SD 2 + C, y 
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where y is yield, n is dose, and C is estimated zero-dose incidence. 
Disagreement arises, however, over the meaning of the coefficients, 
CL and S; the re are even some who harbor doubt that they have any real 
radiobiologic meaning, at least in the form in which they are de
terminert hy simple fitting of a qua<'lratic equation to the experimental 
data points. The classical radiobiologic view is that these coefficients 
accurately measure the admixture of one- and two-track events. One 
modification of the classical theory would ascribe these values directly 
to the physical nature of radiation absorption, with the measured 
damage resulting from the interaction of two (or'more) lesions, which 
may come ahout as an effect of either a single track or two separate 
tracks. In this view, CL and S would vary according to the quality 
(LF.T) of the radiation. 

The dose-effect relationship, hased on physical microdosimetric 
considerations, can be expressed, 

(IV-2) 

where ais effect, e is a physical quantity equal to the dose average 
of the specific energy deposited in the target volume hy single 
ionizing events, and K is a "sensitivity" coefficient. If the 
spontaneous rate is taken into account, Equation IV-2 reduces to 
Equation IV-1 if CL= Kl; and S = K. The virtue of either form of 
this classical formulation, as seen by its advocates, is that good 
data will yield good values of these coefficients, which, when 
accurately determined, will lead to precise estimation of the effects 
that would be produced at very low doses and very low dose rates. 

Users of these equations verbally invoke an overlapping of 
lesion induction and lesion repair to account for the dose-rate 
effect, but do not include these formally in the calculations; 
time is not includec'I as a variable. However, classical radiobiologic 
theory c'loes i~~lude this in a seldom-used correction factor for two
track events, -

(IV-3) 

where G is a correction factor for yield of two-track events, Tis the 
average elapsed time between breakage and restitution (i.e., lesion 
induction and lesion repair), and Tis duration of treatment. From 
the equation from which Eq.uation IV-3 is derived, it is seen that the 
relation to yield for two-track events is y ~ n2G. 
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The maximal value approached by G is unity, when T approaches zero. 
In the range where T and Tare approximately equal, the value of G 
is reduced to 0.736, which amounts to about a one-fourth reduction 
in yield below simple, two-track expectations. Although this correc
tion 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 factor is not dose-dependent. 

An alternative interpretation is that the end points in question-
e.g., specific locus mutation--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" mechanism 
of physical absorption. There may be more than one class of event 
involved in "point mutation," as pointed out in the BEIR I paragraphs 
cited above. Furthermore, the end point, "mutation," may result from. 
the operation both of repair and of damage mechanisms and may involve 
a variety of lesions. From this standpoint, it might be argued that, 
for reasons of prudent conservatism, the best estimate of damage at 
very low doses would be a linear extrapolation between the yield at 
the lowest dose point for which reliable data exist and the incidence 
at zero dose. Such an estimate would not differ appreciably from 
tha2 based on the quadratic relationship, provided that the value of 
8 D at the lowest measured dose point is not appreciably different 
from zero. 

There is yet another viewpoint, perhaps more pertinent to the 
kinetics of induction of two-break rearrangements than to gene 
mutation, but not strictly limited to the two-break rearrangements: 
the observed rates of damage_may not reflect the rates of induced 
damage in any simple way, because of the nature of the screening 
process by which the end points were detected. In consequence, it 
can be argued that the values of a and Slack real biologic meaning; 
that is, 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 values of a and 8 obtained may differ 
markedly from their true values. Furthermore, because the estima
tions of a and 8 are not independent (the total number of observations 
predicted by the equation must equal the total number of observations 
made), the overestimation of one is accompanied by a compensatory 
underestimation of the other; this leads to an even greater error 
when it is their quotient,a /8, that is considered. Advocates of 
this point of view would also agree that it is prudent to use simple 
extrapolation between the lowest dose point for which good data exist 
and the zero-dose yield, when low-dose estimates are made. 
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Each of the views presented here may well contain some elements 
of truth. However, inasmuch as there is hardly any difference 
between them in the extent of effects to be expected at low doses, 
the Subcommittee feels no pressing need to adjudicate a difference 
of opinion that would be better resolved in the laboratory. Thus, 
we adhere to the words and methods of BEIR I in this matter. 
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NOTE 4 

THE HIGH FREQUENCY AND HETEROZYGOUS EXPRESSION OF MINOR MUTATIONS 

"It has been known for many years that minor deleterious mutations in 
Drosophila are more numerous than those that produce a lethal or near-lethal 
effect. The first accurate quantft~jive assessment of the mutation rate 
of such minor genes was by Mukai, who used the device of letting 
mutations accumulate on~ chromosome that was protected from the effect of 
natural selection by being kept heterozygous generation after generation 
with careful precautions to minimize natural selection. From the mean and 
variance of the decline in viability when such chromosomes were later made 
homozygous, he inferred that the mutation rate is at least 15 times the 
lethal mutation rate. Ty~ii results have ••• been 5~nfirmed in three 
independent experiments. [More recently, Ohnishi found an in-
crease of 12 times.] Further confirming evidence comes from microorganisms 
showing that mutations resulting from substituting one amino acid for 
another (missense mutations) are very much underrepresented relatf3j iB 
chain-terminating (nonsense) mutations among conditional lethals. ' 91 
Presumably, the former are producing effects too small to be detected by 
the system employed. 

"Although these mutants are found in very high frequency in natural 
populations of Drosophila, they are not as frequent as they would be if 
they were completely recessive. This means that fh~y mvst be eliminated 
from the population through heterozygous effects, 44, 911 [and it appears 
from Drosophila data that, the smaller the effect of a mutant, the more 
nearly additive is its influence on viability, so lethals and mild 
detrimentals are likely to ~ersist in the population for about the same 
period (30-50 generations. 17 , 92 )]. The high frequency of these mutants 
and their degree of heterozygous expression is such that they should 
have appreciable effects on the viability or fertility of the population. 
An increased mutation rate would, therefore, be expected to cause a 
general, non-specific reduction in the fitness of the individuals in 
the population through the production of such mutants. 

"A mitigating factor is that these individually minor mutants are 
less frequent, relative to s1~11e mutants, among radiation-induced than 
among spontaneous mutations. [Another mitigating factor is the 
possibility that the elimination of such mutants will be to a large 
extent thrf~g~ fertility differences, rather than by differential 
viability. ' 2 ] Radiation is known to produce genetic changes at 
all levels--single base replacements, insertions and deletions of 
nucleotides, changes involy\gJ several bases, and on up to gross 
chromosome rearrangements. However, the ratio of deletions and 
chromosome rearrangements to single base effects is likely to be 
much higher for radiation-induced than for spontaneous changes." 
(BEIR I, PP• 63-64) 

- 133 -



NOTE 5 

GENETIC HAZARDS OF PLUTONIUM 

Autoradiographic studies have established that [239Pu]plutonium 
citrate injected intravenously into mice is deposited quite nonrandomly 
in their testes; 2 this results in an alpha-particle dose to the peri
tubular spaces and tissue near the outsides of the seminiferous tubules 
that is about 2 or 2.5 times the average dose to the whole testicular 
mass. Because the stem cell spermatogonia are near the periphery of the 
tubules, the dose to them is larger than would be calculated simply from 
the testicular plutonium content per gram. Whether this is true for 
other isotopic or chemical species is unknown, and there is no information 
on the distribution of plutonium deposited in the mammalian ovary. The 
EPA, in a report in preparation on plutonium hazards, makes the reasonable 
assumption that the genetically significant doses resulting from a given 
blood plutonium content will be essentially the same in males and females, 
because the larger dose to spermatogonia will be essentially offset by the 
smaller per-gram plutonium content in testis than in ovary. 

Although there is a good deal of information on genetic effects of 
other high-LET radiation, mainly fast neutrons (protons), experimental 
data that will allow the determination of plutonium alpha-particle RBE 
values for genetic effects in mammals are very sparse. Luning et a1. 38 

have reported experiments on dominan23gethal induction in male micethat 
received intravenous injections of [ Pu]plutonium citrate, but the informa
tion presented doe~ not allow the calculation of an RBE value. (Interest
ingly, injected [ 2 9Pu]plutonium ~~trate appeared ineffective in the 
same experiments.) Searle et al. have reported results for several 
genetic end points--including dominant lethals, reciprocal translocations, 
and chromosom,39 fragments--in male mice that received intravenous in
jections of [ Pu]plutonium citrate or were subjected to chronic gamma 
irradiation. RBE values of 22-24 were calculated. Allowance for the 
nonuniform distribution of plutonium alpha-particle dose across the 
seminiferous tubules was deemed inappropriate, because the effects were 
induced in cells of various types, rather than in spermatogonial stem 
cells. Gralm (personal communication), who is also determining dominant
lethal and translocation frequencies in meiot~ij and postmeiotic stages 
in male mice that were given injections of [2 Pu]plutonium citrate, 
reported RBEs, compared with chronic gamma radiation, of 13 for dominant 
lethals and 40-50 for translocations. These values arg about half and 
twice the respective values observed by Searle~ al. 3 Preliminary re-
sults reported by Russell et al. (Russell et al. ~nd personal communication) 
on s~1gific-locus mutations induced in mouse spermatogonia after injection 
of [ Pu]plutonium citrate indicate an RBE of only 4, compared with 
chronic gamma irradiation. This is considerably lower than the RBE obtained 
with fission neutrons. 
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NOTE 6 

TRANSMUTATION EFFECTS 

Three radioactive isotopes--hydrogen-3 (tritium), carbon-14, and 
phosphorus-32--may be incorporated directly into the DNA of organisms 
encountering them in the environment. When such incorporated atoms 
decay, the resulting change in atomic number, recoil, or excitation-
often collectively referred to as transmutation--may give rise to 
biologic effects, including mutation, beyond those induced by the 
attendant ionizing radiation. In consequence, concern has arisen 
that the genetic hazard presented by these radionuclides might be 
seriously underestimated. The problem is compounded by the fact that 
all three isotopes decay by emission of a low-energy beta particle that, 
especially in the case of hydrogen-3, limits energy deposition to .the 
vicinity of the decaying atom and greatly complicates the design of 
experiments to detect any effects of transmutation. 

BEIR I concluded (in its Note 7) that the genetic effects of decays 
of hydrogen-3, carbon-14, and phosphorus-32 can in fact be attributed 
almost entirely to their beta radiation and that the contribution 
from transmutation is so small in comparison that it is "justified 
to consider the main effect to come from the radiation.emitted when 
the isotope disintegrates." However, when BEIR I was being prepared 
there was evidence of a transmutation effect on mutation caused by 
decay of tritium in only one specific site in DNA (the number 5 ring 
position of cytosine) and some suggestive evidence of a slight trans
mutation effect of incorporated carbon-14 in Drosophila. A good deal 
of evidence has since been accumulated, and it seems appropriate to 
reevaluate the question of genetic ef£,cts of transmutation. The evi
dence has been extensively documented and will be only briefly summarized 
here. 

Tritium has now been demonstrated to produce measurable trans
mutation effects in microorganisms whgy in the 6 ring position of 
thymidine, the 2 position of adenine, and the 5 position of cytosine. 
The last one of the three has a much higher efficiency of transmgfation 
than the other two. Tests for transmutation effects on mutation 
for decay of tritium in the other stable DNA base positions--the 
methyl group of thymidine, the 6 ring position of cytosine, the 8 
position of adenine, and the 8 position of guanosine--are negative, 
or nearly so. The three "sensitive" positions together constitute 
only about 6% of all DNA hydrogen and only about 0.1% of all nuclear 
hydrogen. Furthermore, data are now becoming available from mouse 
experiments on both dominant lethal and specific-locus mutations 
that suggest that any contribution of transmutation is too small 
to be detected when the tritium is randomly incorporated (see Carsten 
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and Commerford; 11 Carsten and Commerford, personal communication; and 
W. L. Russell, personal communication). Thus, in spite of the demon
stration of new positions in DNA at which tritium transmutation effects 
can occur, it still seems unlikely that they contribute importantly 
to mutation. 

Earlier experiments had suggested that significant transmutation 
effects might be associated with the decay of carbon-14 incorporated 
into DNA in Drosophila, but more recent mutation experiments with 
substantial carbon-14 incorporation in this organism have failed to 
detect any mutations not attributable to the beta-particle dose alone. 34 

It thus still seems unlikely that the genetic hazards from the decay of 
tarbon-14 are significantly underestimated by considering only the 
ionizing-radiation dose accumulated by germ-line cells. 

Mutation experiments in Drosophila have clearly demonstrated that 
the transmutation of phosphorus-32 incorporated into DNA does cause sex
linked lethal mutations in addition to those caused by the attendant 
beta-particle dose; interestingly, however, they are detected only in 
the F3 , suggesting

3
~hat the F2 flies are mosaics for the transmutation-

induced mutations. The efficiency is very low, and the yield of 
mutations from transmutation is thus very small, in comparison with 
that from the ionizing-radiation dose. It therefore still appears 
justifiable to ignore the small contributions of transmutation to 
genetic hazards associated with phosphorus-32. 
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NOTF. 7 

THE LINEARITY, NO-THRESHOLD ASSUMPTION 

"There is strong evi<lence that, for single locus mutations 
in Drosophila, the dose-response relationship is linear down to the 
lowest doses that have been adequately tested. There is no evidence 
for any threshold. If there is none, then the curve, when extrapolated 
to lower doses, should intersect the zero-dose ordinate at a value 
equal to the spontaneous rate. The observations are compatible with 
this, hut the statistical error is too large for this expectation to 
be tested with any rigor. 

"As mentionerl in fNote 3], another reason to expect a linear 
relationship is that for very low doses there is very little opportunity 
for ionizations from indeoendent ion tracks to occur in the same cell 
locality. Any effect following exponential kinetics with an exponent 
larger than one is hound to disappear at sufficiently low doses." 
(RF.IR I, P• 64) 

"In the monse, two opposite tyoes of departure from 
have been foun<l for acute irradiation of spermatogonia. 
has been explained by differential cell killing, and the 
repair of premutational damage. 

linearity 
One of these 
other by 

"111e first departure consists of an upward convexity of the 
dose-effect curve at high doses: an x-ray dose of[?OOO factually 
producerl fewer mutations than did a dose of 600 R. l, 79 Russell's 
hypothesis to account for this result is that in the heterogeneous 
population of spermatogonial cells some cells are more sensitive 
to hoth killing and mutation. Thus, at high doses, the sensitive 
cells are aestroyed, leaving only those cell types that produce fewer 
mutations. If this effect were to extend down to lower dose levels, 
then the mutation rate at these levels would be higher tha·n predicted 
from a linear interpolation between 600 Rand OR. However, at 300 R, 
no signfH9ant departure from li.nead.ty was observed. Recent wor~ by 
Oakherg --- indicates that the true stem cells in the mouse testis are 
not as easHy killed by radiation as are the rest of the spermatogonia, 
and that differential killing among these stern cells is not, in fact, 
likely to ~ave any humping effect on the dose curve in the range below 
500 R. Furthermore, mutation-rate studies in tlie low dose range indi
cate that if there is any tendency toward such a humping it is more 
than counterbalanced by the opposite departure from linearity, to be 
described below." (RFIR I, p. 65) 
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"The second type of departure from linearity observed in the 

mouse consfsty of an upward concavity of the dose-effect curve at 
low doses. 75 This non-linear relation for mutations 2hg4 9ieo/ Jo 
be mainly the result of single-track ionization events[ ' ' ' 5 is 
explained on the hypothesis that there is repair of mutational or 
premutational damage, but that the repair process is either damaged 
or saturated at high doses and high dose rates. This hypothesis, 
which was originally derived from ty; d~s1overy of a dose-rate effect 
in mouse spermatogonia and oocytes, 6, 1 predicts that repair could 
operate even at high dose rates, provided that the total dose were 
small or given in small fractions at intervals long enough for the 
repair process to recover. As shown above, this prediction was met 
for small total doses. It has also proved true for fractionation. 
[As pointed out in Note 3, it is possible for events scored as point 
mutations to arise from either one- or two-track events. At low dose 
rates, two-track products are expected to decline, owing to a decreased 
likelihood of the simultaneous presence of two potentially interacting 
lesions. Because this model gives virtually the same hazard estimation 
as does the repair model, the Subcommittee leaves the evaluation of the 
models to those who would test them in the laboratory.] 

"The finding of a dose-rate effect for mutation induction in 
mouse spermatogonia and oocytes raised anew the question of whether 
there might be a threshold dose or dose rate below which all mutational 
damage would be repaired. Exploration of a range of dose rates pro
vides no evidence of a thresh~ld dose rate for mutation induction in 
mouse spermatogonia. [7z, 75 , 77 Mutation frequency drops as the dose 
rate is lowered from 90 R/min through 9 R/min to 0.8 R/min; but below 
that level, to 0.009 R/min and even 0.001 R/min [and now 0.0006 R/min], 
there is no further reduction in mutation frequency. Therefore, we 
shall make the prudent assumptions that there is no threshold dose 
rate in the male and that the dose response at low dose rates is 
linear." (BEIR I, P• 65) 
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NOTE 8 

ESTIMATION OF THE RELATIVE MUTATION RISK 

The rate of induced mutation is measured as an absolute rate, 
but its significance is best seen when it is related to the rate 
of spontaneous mutation. This relationship is commonly given as 
a "doubling dose," the amount of absorbed radiation that would be 
required to produce as many mutations as are already occurring 
spontaneously--i.e., to double the existing mutation rate. This 
quantity is expressed in rems and in the simplest case is determined 
by dividing the spontaneous-mutation rate by the induced-mutation 
rate per rem. Actually, we use its reciprocal, which BEIR I called 
the "relative mutation risk." This is the quotient that results from 
dividing the induced-mutation rate per rem by the spontaneous-mutation 
rate, and it gives the risk of induced mutation per rem, expressed 
as a fraction of the current risk of spontaneous mutation. 

It is the average mutation rate for the two sexes that is 
used in the calculation of the relative mutation risk. For much 
of the reproductive cycle of the male, the germ cells are present 
as stem cell spermatogonia; mutation-rate data for use in risk 
estimates are taken from this stage in mice. The stage of 
longest duration in the female is the oocyte, which is formed in 
the ovary during fetal development and remains without further division 
until about ready for ovulation. The induced-mutation rate for chronic 
exposure in female mice is either a very small fraction or some fraction 
up to about 40% of the rate in spermatogonia, depending on the 
stage of oocyte development being treated (see Note 9). The average 
mutation rate that will be used in calculating relative mutation risk 
is thus from 0.5 to about 0.7 times the male rate. The average rate 
is expressed in this manner, rather than as an absolute per-rem rate, 
because it must be used with mutation-rate data based on different 
sets of looi. 

A precise calculation of the relative mutation risk would require 
that measurements of rates of spontaneous and induced mutation be 
based on the same loci in the same species. Ideally, the loci chosen 
would be reasonably representative of the entire genome, and the human 
would be the species of choice for study. Because there are no per
locus induced-mutation rates for humans, BEIR I used the mouse induced
mutation rate measured for some 12 specific loai and the human 
spontaneous mutation rate estimated from population surveys. 
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BEIR I took the average induced-mutation rate for the !¥0 sexes 
to be half the male rate and divided this number (0.25 X 10 per 
locus per rem) by the order-of-magn~6ude range of ~ge estimated human 
spontaneous-mutation rate (0.5 X 10 to 0.5 X 10 ) to obtain a relative 
mutation risk ranging from 0.005 to 0.05 per rem (corresponding to 
a doubling dose of 200-20 rems). If our factors are substituted for 
the average induced-mutation rate, this range is extended to become 
0.005-0.063 per rem (or a doubling dose of 200-16 rems). 

Some believe the BEIR I method to be flawed, in that the degrees 
of diligence exercised in choosing each of the sets of data that are 
used in the comparison are not the same. Specifically, which human 
loci will supply the data for the spontaneous-mutation rate, and are 
these loci comparable with the mouse loci used for

1
1etermining the 

induced mutation rate? Cavalli-Sforza and Bodmer, the source 
of the spontaneous-mutation-rate estimates used by BEIR I, pointed out 
that, "if we want to study mutation rates and if we choose for this 
purpose to observe loci at which we already know mutations have 
occurred, we will be working with a biased sample." This, of neces
sity, is the case with the loci chosen for study in mice, and these 
authors so stated: "The average spontaneous mutation rate obtained ] 
for the seven loci was 8.4 X 10-6 in males and 1.4 X 10-6 in females. [7_6 

The average for the two sexes is 4.9 X 10-6, which must be biased upwards, 
for the reasons already discussed. • • • " 

Cavalli-Sforza and Bodmer made the point that spontaneous-mutation 
rates are quite similar in a var~gty of animals, including humans, 
and the order of magnitude is 10 "or less." The major source of 
information that they used for human rates was a population survey 
giving an es£imated mean rate for spontaneous X-linked mutations of 
about 4 x 10 , but with an estimated median rate about an_grder of X 

10
_

5 magnitude lower. The BEIR I choice of a range of O. 5 X 10 to 0.5 
conformed closely to the median and mean rates estimated from this survey. 

Thus, the difficulty that some have in accepting the BEIR I 
estimate is that they have chosen to compare induced-mutation rates 
for loci that, from the standpoint of spontaneous mutability, are made 
up of "a biased sample" with spontaneous-mutation rates that include 
loci with much more typical spontaneous-mutation rates. It would not 
seem imprudent to choose, for comparison, loci that have similar 
spontaneous mutabilities. This difficulty can be avoided in either 
of two ways: by using the more biased mean human spontaneous-mutation 
rate, or by using the mouse data for spontaneous mutation at the same 
loci that are used to measure the induced-mutation rate. Exercise 
of either option would give quite similar results. 
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The estimates of the relative mutation risk that follow are 
based on specific-locus mutations in the mouse, both spontaneous 
and induced. We use data from fewer loci than did BEIR I: for 
BEIR I, it was necessary to base the mouse induced-mutation rate 
on as many loci as possible, to minimize the effects of large differ
ences in mutability of different loci. To compare mutations at the 
same loci requires good data on rates of both induced and spontaneous 
mutation. For this reason, our consideration is limited to data from 
the seven most commonly used loci. 

The point estim~!e of the spontaneous-mutation frequency in 
the male is 7.5 X !g mutation £gr locus, and in the female it 
is either 2.1 X 10 or 5.6 X 10 mutation per locus, depending 
on how a cluster of mutations is dealt with in the cal~glation. 
Thus, the average for the two sexes is either 4.8 X 10 or 
6.6 X 10~ mutation per locus per generation. ' 

The induced-mutation rate in mouse spennatogonia irradiated 
at 0.009 rem/min and below is 6.6 X 10-8 mutation per locus per 
rem. As discussed above, the average induced-mutation frequency 
for the two sexes depends on the oocyte stage in the mouse that is 
chosen as being more comparable with resting oocytes in humans and 
will be either 0.5 or 0.7 times the spennatogonial rate. Multiplying 
by these factors and dividing by the spontaneous-mutation rates yields 
an array of values of the relative mutation risk ranging from a high 
of 0.01 to a low of 0.005 per rem (corresponding to doubling doses 
of 100 and 200 rems). 

The maximal relative mutation risk has also been estimated from 
data on offspring of survivors of the Hiroshima and Nagasaki exposures. 50 

For the types of genetic damage resulting in death during the first 
17 yr after live birth, the maximal value is not greater than 
0.00725 (minimal doubling dose, 138 rads) for males and not greater 
than 0.001 (minimal doubling dose, 1,000 rads) for females. This 
gives an average value of 0.00412 (minimal doubling dose, about 240 
rads) for the two sexes. These data, collected on humans, suggest 
that the experimentally derived range of values of the relative mutation 
risk may overestimate that risk. However, we feel that it is better 
to use the more cautious approach and adopt a range that takes experi
mental animal data into account. 

We have adopted for our calculations a range for the relative 
mutation risk of 0.02-0.004 per rem (doubling dose, 50-250 rems). 
This is based mainly on our best substantiated estimate of the 
doubling dose--namely, 114 R for mouse spermatogonia. (For x and 
gamma radiation, the roentgen, R, and the rem are virtually equal.) 
We approximately halve and double this to get our range of 50-250 R, 
which we believe overlaps the true value. Further reason for think
ing that this range is broad enough comes from the estimates of 
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100-200 R obtained when data from both sexes are combined. The 
approach used by BEIR I yields values of 16-200 rems. The value of 
16 rems, as discussed above, seems unreasonably low. If the BEIR I 
approach is used, with the modification suggested above (using the 
mean human spontaneous-mutation rate), the estimated doubling dose 
is 200 rems. The few human data suggest that humans are not notably 
more sensitive, and are probably less sensitive, than mice. 
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NOTE 9 

OOCYTE SENSITIVITY 

"The reproductive cells of the female fmouse], for most of their 
. lifetim~, are very much less mutable than those in the male, even from 
acute irradiation. Furthermore, the germ cell stages in the female 
that have a high mutational sensitivity to acute irradiation, namely, 
the mature oocytes, give a very low mutation rate with chronic irradiation." 
(BEIR I, P• 52) 

"Mature oocytes in the mouse are relatively susceptible to radia
tion effects. The rate of production of point mutations is about 
5 X 10-? per locus per rem with acute radiation. However, there is 
a reduction to about 1 /20 of this amount for chronic radiation. The 
stages prior to the mature oocyte are very resistant to mutation; 
hardly any mutations are produced. In the mouse the duration of the 
mature oocyte is about 7 weeks. It is reasonable to assume that in 
the humans the stage of sensitivity is short relative to the total 
pre-reproductive life cycle, as it is in the mouse, but there is 
no direct evi<lence for this." (BEIR I, pp. 65-66) 

BEIR I concluded that the data from irradiated female mice showed 
mutation at low doses and low dose rates to be so much less frequent 
than that in the spermatogonia that the average mutation rate for 
the two sexes effectively was half the male rate. This value 
was then used in its estimation of human risk. The present Subcommittee 
has reexamined the BEIR I conclusion in the light of new data and some 
published contrasting reassessments. 1, 73 

The female germ cell stage of primary importance in radiation 
genetic hazards is the immature, arrested oocyte. In mice, this 
stage has zero or near-zero sensitivity to mutation induction by 
radiation. 69 , 77 However, two major questions must be considered 
in the application of these mouse results to women. One arises 
from a possible relationship between sensitivity to cell-killing 
and mutation induction, the other from differences in nuclear 
morphology. 

Although immature oocytes of adult mice are resistant to muta
tion induction, they are highly sensitive to killing by radiation, 
whereas immature oocytes in adult humans are resistant to killing. 
In mice, maturing oocytes are resistant to killing, but show high 
mutability, at least with sufficiently high doses of acutely de
livered radiation. If this is taken as evidence of a consistent 
inverse relationship, or negative correlation, between oocyte
killing and mutational response, then it can be argued that the 
resistance of human oocytes to direct killing implies a greater 
sensitivity to mutation induction. 

- 143 -



In connection with this first question, however, there are 
two new pieces of evidence that fail to support such a negative 
correlation. It has been shown that the fully mature oocytes of mice 
are less sensitive to both killing and mut,§ion induction by radia-
tion than the slightly less mature stages. Thus, here there is 
a positive correlation, rather than a negative one, between killing 
and mutational sensitivity. The author concluded: "It appears, 
from the lack of consistent correlation, that mutation induction 
and killing are independent events." For another type of genetic 
damage, an inverse relationship between cell-killing and mutation 
was denied by a recent study in which guinea pigs showed less 
killing of immature than of mature oocytes, and golden hamsters 
showed the reverse, whereas in both species lower amounts of 
dominant-iethal genetic damage occurred in immature than in mature 
oocytes.1 On the basis of this finding, the authors stated: 
"Thus no general pattern has emerged from this work of correlation, 
either positive or negative, in the sensitivities of oocytes to 
killing and to dominant lethal induction." 

The second question with regard to using the mutational 
insensitivity of immature, arrested oocytes of mice in risk 
estimation for arrested oocytes of women arises from the fact 
that the nuclear morphology of this stage in mice, the so-called 
dictyate, is not like the typical diplotene found in humans and 
many other species. Again, new evidence apparently diminishes this 
objection. Recent oocyte-maturation timing studies 54 showed that 
the shift in mutational sensitivity from low to high (at about 6 weeks 
before ovulation) appears to coincide with the beginnings of zona 
pelluc!da formation, thereby confirming an earlier, independent 
report of a change in oocyte nuclear morphology from the dictyate 
to a rather typical diplotene before this time. Furthermore, 
"resting" oocytes from stage 2 until about the time of zona pellucida 
formation apparently retain the low sensitivity to mutation induction 
found in resting oocytes in the dictyate stage (stage 1). Thus, 
there are oocytes in mice that show exceedingly low sensitivity to 
mutation induction and whose nuclear morphology is similar to that 
of arrested human oocytes. 

It is concluded that there is less reason now than there was 
at the time of BEIR I for considering differences in sensitivity to 
cell-killing and nuclear morphology as grounds for preventing the 
use of the mutational response of arrested mouse oocytes as a guide 
for risk estimation in humans. The problem is not, however, fully 
solved, and the Subcommittee has reexamined the results of another 
approach used by experimenters--the determination of mutation rates 
in other mouse oocyte stages, particularly the maturing and mature 
ones, which are resistant to killing by radiation. 
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It was first determined many years ago that, although these 
stages are mutationally sensitive to high doses of acute irradi~Oion, 
they have low mutational response to low-dose-rate irradiation. 
It was recognized at that time that one of the difficulties in 
measuring the effect of low-dose-rate irradiation on mutation fre
quency in maturing oocytes is that the duration of radiation exposure 
necessary to accumulate a sizable dose may approach the duration of 
the oocyte stage under measurement. This was circumvented in the 
publication cited above by showing that a large dose-rate effect 
persisted when comparison was restricted to conceptions that occurred 
within 2 weeks after the 3 weeks required for accumulation of the dose. 
A few years later, it was discovered that the mutation rate resulting 
from acute irradiation decreases sharply to zero or near-z,,o in 
ovulations that take place 7 weeks or more after exposure; this 
afforded a firmer basis for determining the interval over which 
data from chronic irradiation eould be collected for comparison 
with the results from acute irradiation. This was done in the 
computations used to arrive at the figure of one-twentieth, which, 
as quoted at the beginning of this note, was accepted in BEIR I as 
the ratio of effects of chronic to acute irradiation in maturing 
oooytes. 

The "effeative dose"--i.e., the portion of the dose of chronic 
irradiation received when the oocytes are in mutationally sensitive 
maturing stag1s--was later computed in a different way in a theo-
retical paper that concluded that the dose-rate effect was less 
than had been estimated earlier; in other words, the mutation fre-
quency from chronic irradiation of maturing oocytes was greater than 
had been calculated in BEIR I. The calculation of effective doses 
made use of follicle kinetics derived from data obtaigOd from the 
labeling of granulosa cells with tritiated thymidine. This method de
pends on an estimated doubling time for granulosa cells, which is calcu
lated by using the labeling index together with the lengths of t~e S-phase 
and the G2-phase plus half the mitotic phase. The latter quantities 
were estimated from the "percent labeled mitoses" curve. The transit 
time f9r each type of follicle could then be estimated by taking the 
doubling time in conjunction with the minimum and maximum of granulosa 
cells for that particular follicle type. 

More recent tiyin~ studies have been based on the labeling of 
the zona pellucida; ' 4 these have shown a longer interval between 
the beginning and the completion of follicle development, with the 
period between the appearance of the zona pellucida and ovulation 
being about 6 weeks. 

There is no disagreement that effective doses should be calcu
lated on the basis of the duration of the more sensitive stages of 
oocyte development. In the computation made for BEIR I and in a 
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recent reevalua tion7~ of all the chronic-irra,Uation results ( in
cluding new data) on maturing 111.ouse oocytes, the approach userl 
rlepenrled not on either set of timing studies, hut on the actual 
pattern of mutation recovery from acutely :irradiated females. The 
c'lata reaffirmed that the oocytes that are highly sensitive to muta
tion induct:i.on are not exhausted until 6 weeks after irradiation. 
Hence, the estimated effective dose is based on the dose received 
during the 6 weeks before ovula ti.on. 

The reality of a pronounced dose-rate effect on maturing 
oocytes arri.ved at in this evaluation was given further support 
by the reduction in mutation yield that was found when the total 
dose was fractionated. 3q Hig~-dose-rate administration of a total 
dose of ?00 rads in 20 fractions of 10 rads each, over a period of 
either 4 weeks or 5 days, led to a much lower yield of mutations than 
administration of a single 200-rad exposure. Recause of the manner 
in which the single, acute treatments were given, germ cell attrition 
can he rule<l out as a contributing factor in the lower yields that 
followed fractionated treatment. This argument carries special 
weight in the series in which the fractionated treatment was given 
over a 5-day oeriod. 

There is <lisagreement over whether the dose-rate effect is due 
to two-track mutational events or mainly to single-track events com
bine<l with namage or saturation of the repair process at high doses 
and dose rates. The Subcommittee finds it unnecessary to discuss 
either view, hecause hath agree that the results at low doses and 
dose rates are best fitted by the simple linear equafion y = C +a. D, 
where v is mutation frequency per locus, C is control rate, a. i.s in
rlucen-mutation frequency per rem, a.nd D is dose. 

In the latest reevaluation of data on maturing mouse oocytes, 73 

weighted least-square regression lines were fitted to all the avail
able low-dose-rate results and to the fractionation data <lescrihed 
ahove, making use of the calculate<l "effective d9ses." Four values 
of ~were ohtaineo; they ranged from 0.111 X 10- to 0.206 X 10-7 , 
nepending on which data and which control rate were used. It is 
noteworthy that only the highest of these four values is signifi
cantlv greater than the control rate. The advantage of using these 
more recently estimated values is that they were hased on effective 
doses determined from the actual pattern of mutation recovery, rather 
than on expectations as to the rate of follicle development and 
ovulation derived from the timing of oogenesis. 

In summary, there seems to he mor~ justification now than at the 
time of BF.IR I for using data on immature~ arrested mouse oocytes 
to estimate the ri"sk to immature, arrested human oocytes. If, on 
the side of caution~ one continues to consider the possibility that 
immature, arrested human oocytes might he mutationally as sensitive 
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as the most sensitive of all oocyte stages in mice--maturing ooaytes-
then the values given here can be used. These translate into esti
mated mutation frequencies of 0.17-0.44 times that in spermato-
gonia, but again it should be remembered that in three of the four 
estimates the frequencies are not significantly above control values. 

The estimate of relative mutation risk discussed in Note 8 is 
given as a range of values that takes into account the degrees of 
uncertainty that have been encountered in our efforts to make use 
of the data on female mice. 
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NOTE 10 

RELATIVE-RISK CALCULATION FOR AUTOSOMAL TRAITS 

If the "m~tational component" of a deleterious trait is near 
unity--i.e., if there is strong reason to believe that the incidence 
of the trait is maintained in the population exclusively by recurrent 
mutation--then an increase in exposure of 1 rem per generation will 
lead to an equilibrium increase equal in amount to the calculated 
relative mutation risk. The value range that we have chosen, 
0.004~0.02 (corresponding to a doubling-dose range of 250-50 rems), 
when multiplied by the current incidence of autosomal dominant traits 
(approximately 10,000 per million liveborn), yields the range of values 
found in the column of Table IV-2 that shows equilibrium expectations, 
40-200 per million livehorn. · That is, the incidence after a number of 
generations will have increased from an initial 10,000 per million 
liveborn (the incidence without any added radiation) to 10,040-10,200 
per million livehorn. 

The number of generations required to reach equilibrium will 
depend on the rate of elimination of these added mutants from the 
population. If, for autosomal dominants, we were to take the mean 
persistence to be about 5 generations (as was done in BEIR I), there 
would be about a 20% probability that the mutant would be eliminated 
in any given generation. Equilibrium would be reached when the rate 
of elimination was exactly balanced hy the rate of addition of new 
mutants to the population. For all practical purposes, this would 
be achieved in some 10-20 generations in the example chosen. If 
the persistence is 5 generations, then the amount of first-generation 
expression would be one-fifth of the equilibrium expression; if it 
were 10 generations, the first-generation expression would be one
tenth of the equilibrium expression; etc. If we were to use the 
BEIR I method of estimating first-generation expression from equi
librium estimates, then a mean persistence of 5 generations would 
imply first-generation expression in the range of (40/5) to (200/5), 
or 8-40 per million liveborn per rem of parental exposure. These, 
of course, would be in addition to the 10,000 per million that would 
be expected in the absence of added radiation exposure. 

For the more complex situation involving irregularly inherited 
diseases, we must also introduce a factor for the mutational component 
that is somewhat less than unity. We have rather arbitrarily chosen 
the range of 5-50% for this value. If we multiply the current inci
dence by these factors, as well as by the relative risk factors, we 
arrive at the range of values listed in Table IV-2. The maximum is 
obtained hy multiplying, 90,000 X 0.02 X 0.5 = 900; the minimum, by 

- 148 -



multiplying, 90,000 X 0.004 X 0.05 = 18. These mutants would be ex
pected to persist for longer periods than would the simple, autosomal 
dominants. BEIR I assumed a mean persistence of 10 generations, 
which would lead to an expectation of a first-generation expression 
of about o~e-tenth the equilibrium expression. 

Thus, at equilibrium many generations later, the incidence of 
diseases due to gene mutation would have increased from an initial 
approximately 107,100 per million liveborn to around 107,160-108,200 
per million liveborn, tf there were an average exposure of the general 
population amounting to 1 rem per person per 30-yr generation 
in each intervening generation. 
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NOTE 11 

COMPARISON OF EQUILIBRIUM INCIDENCE AND FIRST-GENERATION 
EXPRESSION OF X-LINKED DISEASES 

We assume that X-linked mutations have an average fitness of 

roughly half the nomal. (Both X-linked and autosomal recessive 

mutations, on the average, cause a greater reduction in viability 

than do dominants.) At equilibrium, the incidence of affected people, 

almost all of whom would be males, would be approximately 3 times the 

mutation rate. The equilibrium gene frequency would be (3~)/~, where 

u is the mutation rate ands is the selection coefficient, in this 

case 0.5. Thus, the affected proportion of males would be 6u. 

Because almost all those affected are males, the affected proportion 

among both sexes would be 3u. The incidence of persons affected by 

a new mutation is half the iutation rate (in this case, the mutation 

rate in females, inasmuch as an affected male gets the mutant gene 

from his mother.) Thus, we would expect the number of persons affected 

in the first generation to be about one-sixth of the number affected 

at equilibrium. If the female mutation rate were less than the male 

rate in humans, as it is in mice, the expected number affected by 

new mutations would be less than one-sixth of the equilibrium number. 

Because the current incidence of such diseases is 400 per million 

liveborn, the incidence at genetic equilibrium, after an exposure 

increase of 1 rem per generation, is estimated to be increased by 

1.6-8 per million (i.e., from 400 X 0.004 to 400 X 0.02 per million). 

Thus, under these exposure conditions, the number of induced serious 

genetic diseases of this type in the first generation should be less 

than 1.3 per million (i.e., 8 divided by )6). 

- 150 -



NOTE 12 

EMPIRICAL STUOIES ON MOUSE POPULATIONS 

"Although the simplest approach to assessing radiation risks 
would seem to be direct observation of harmful changes in offspring 
and later descendants of irradiated mammals, such studies are generally 
believed to reveal only part of the total genetic damage. Recessive 
lethal changes in particular tend to escape detection unless special 
stocks and special breeding systems are employed, and the same may 
be said of recessive detrimental changes and mutations associated 
with small dominant effects. fr;e88~eless, induced hereditary changes 
leading to skeletal anomalies, ' loss of learning abili(S an1 
changes in such quantitative characteristics as body weight, · I, 52 

have been detected by this method. 

"Where the irradiations have heen repeated over many generations, 
such mammalian studies have posed a curious problem. If, as is 
generally believed, most induced mutations have slight deleterious 
effects in the heterozygous state, the continued accumulation of such 
change without apparent eliminations through deaths and failures to 
reproduce would be expected to cause eventually some obvious and 
substantial effects on the members of the population. This has not 
yet happened in any of the large-scale studies. 

"Results obtained by Spalding and his co-workers [93 J are of 
special relevance in that the exposures, in this case 200 rems per 
generation to the male line, were continued over a total of 45 
generations. It was reasoned that, if mutations with individually 
small effects do, in fact, occur with much greater frequency than 
mutations with major effects, and can accumulate to constitute a 
damaging genetic load, the presumed effects would eventually be 
reflected in measurable alterations of the growth and death rates. 
The experiment was carried out with a highly inbred strain of mice 
to minimize initial chance differences in the irradiated and un
irradiated lines. There were no significant differences between 
the irradiated and control strains in growth rate or in mortality; 
the lifetime survival curves are almost identical in the two groups. 
Other such studies of mammals have shown changes in growth rates, 
but not in any consistent direction. 

"As summarized by Green, [25 1 these negative results may be due 
to the non-existence of in<luced mutations having only moderate indi
vidual effects on heterozygotes, to the failure to find the right 
indicator trait, or to the relatively small sizes of the experiments 
so far conducted and their relative lack of power for discriminating 
small genetic differences in the presence of large amounts of non
genetic variability." (BEIR I, PP• 61-62) 
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It is worth noting that, if mice are similar to Drosophila in 
that most mutations have small selection coefficients, the effects 
exerted by the few induced mutations per mouse that would have 
accumulated in these experiments may have easily been obscured by 
this nongenetic variability. 

A recent experiment,88 discussed in detail in this report, has 
shown that there is a fairly high frequency of induced dominant muta-
tions that cause extensive skeletal anomalies. Most of these mutations 
can be maintained easily for many generations in the laboratory. Thus, 
there is no reason to asswne that such mutations would not have accumu
lated in the multigeneration experiments. It now seems certain that the 
negative or equivocal results of the multigeneration experiments occurred 
because the traits studied had lower heritability or were associated with 
greater background noise than the traits studied in the skeleton experiments. 
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NOTE 13 

DIRECT ESTIMATION OF TOTAL PHENOTYPIC DAMAGE IN THE FIRST GENERATION 

88 · In the new skeleton study, mouse spermatogonia were exposed to 
a fractionated dose of gamma radiation of 100 R + 500 R, delivered at 
60 R/min with a 24-h interval between fractions. This procedure was 
used because it causes a high mutation frequency, which made it possible 
to subject as many suspected skeletal mutants as possible to breeding 
tests, to confirm (by their transmission of effects) that they were 
indeed mutants. Thirty-seven dominant mutations were found in the 
sample of 2,646 F1 male progeny, for a mutation frequency of 1.4% 
per gamgtg~ Thirty-one of the mutations were confirmed by breeding 
tests; 8 ' the remaining six are includg~ ~8 the basis of presumed
mutation criteria supported by the data, ' even though they had no 
progeny. In the absence of a contemporary control, the mutation 
frequency of 1. 4% is assumed to be the induced-mutation frequency. 
The reason for making this assumption is that the earlier skeleton 
studies indicated that the spontaneous-mutation frequency is very 
low, and the new study indicated that some induced mutations would 
almost certainly have been overlooked in the experimental approach 
used, owing to incomplete penetrance or viability effects. It was 
thought that these overlooked mutations counterbalanced any spon
taneous mutations included in the 37 mutations reported. 

Almost every region of the skeleton was affected by at least one 
of the 37 mutant genes. The abnormalities were easily seen in cleared 
and alizarin-stained skeletal preparations observed through a dissecting 
microscope. The effects found consisted mostly of the following changes: 
too few or too many bones, major changes in the shapes of bones caused by 
too little or too much bone growth, fusions of bones, and changes in the 
relative positions of bones. For three mutations, the only skeletal abnor
mality was a pronounced decrease in general body size. Many of the abnormal
ities are similar to malformations found in humans. Essentially all the 
mutations had incomplete penetrance for some or all of their effects. (At 
least nine.had incomplete penetrance for all effects.) Very few of the 
mutations caused externally visible effects, most of which were manifest in 
only some of the carriers. 

It is now known that some of the mutations, and very likely as 
many as four of them, are inseparable from reciprocal translocations, 
as though there were a dominant mutation at one of the breakpoints 
(P. B. Selby, personal communication). Such a class of translocation 
is not known to exist in humans, although it has been suspected in 
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a few pedigrees. It is important to recognize that, in the direct 
estimation of abnormalities caused by chromosomal aberrations (made 
elsewhere in this chapter), reciprocal translocations themselves are 
not considered to be harmful in translocation heterozygotes. Thus, this 
small fraction (perhaps four of 37) of the skeletal mutations may represent 
a category of genetic disorders actually resulting from chromosomal aberra
tion, which in humans might at present be confused with autosomal dominant 
and irregularly inherited disorders. That is, the genetic disorders 
caused by such translocations would be grouped with the non-chromosomal
aberration disorders in both the current-incidence figures and the risk 
estimates. It should be pointed out that translocations that have 
this phenotypic expression would also be scored in the direct measurement 
of the rate of induced translocation. However, their significance 
is far greater for their associated phenotype than as ordinary 
rearrangements. In any case, genetic analysis of the skeletal dominants 
will reveal occurrences of this kind. The skeleton data suggest that 
very few if any of the remaining 33 dominant mutations are associated 
with rearrangements. Carriers of the great majority of dominant skeletal 
mutations have normal fertility. 

To convert data from this experiment, which used acute frac
tionated exposures, to the expected rate of induction for con
tinuous, low-dose-rate exposure, we divide by 1.9 to correct for 
the fractionation effect and by 3 to correct for the dose-rate 
effect; both corrections are based on results of specific-locus 
experiments. Because about three-fourths of specific-locus muta
tions are homozygous lethal, the assumption that results from 
specific-locus mutation experiments can be used for this correction 
is strengthened by the finding tha

87
the first four skeletal mutations 

tested were all homozygous lethal. The application of these correc-
tions to dominant skeletal mutations yields an estimated induced-mutation 
rate u~ger protracted exposure of (37/2,646) X (1/600) X (1/1.9) x1~1/3) = 

4 X 10 mutation per gamete per rem. In the earlier experiments, 
a single acute x-ray dose of 600 R to spermatogonia produced five 
presumed skeletal mutations in 754 offspring, in comparison with 
the control observation of one presumed mutation in 1,739 offspring. 
After correction for the control observation and for the effect of 
low dose rate, the rate of indu~;ion of presumptive skeletal mutants 
in that experiment was 3.4 X 10 per gamete per rem for chronic 
exposure--in good agreement with the results of the recent experiment. 

The proportion of dominant. conditions in humans for which the main 
effect is on the skeleton can be used in conjunction with the mouse 
mutation rate to estimate total effects on a!f systems. A tabulation 
of monogenic disorders ·in man (see McKusick, 4th ed.) showed that, of 
583 "proven" autosomal dominants, 328 were clinically important, and 
about 20% of the latter (74 disease entities) involved at least one part 
of the skeleton to some extent. This figure is likely to be high, because 
of the ease of clinical diagnosis of such abnormalities, so we concur 
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with the recent UNSCEAR estimate of 10%.106 Because it is known that 
such dominant mutations may affect other systems in addition to the 
skeletal system, in both mouse and man, our estimate makes allowance 
for such pleiotropy. If mutations that affect the skeletal system con
stitute about 10% of mutations that affect any body system, then the 
total mutation rate must be some 10 times the rate of skeletal muta
tions alone, and we take this factor to be within the range of 5-15. 

Many skeletal abnormalities caused by mutations in mice have 
effects that would undoubtedly impose no real harm if they occurred 
in humans, but would simply contribute to what is considered normal 
variation. Of the 37 dominant skeletal mutations in mice found in 
the experiment just described, about half were in this category; 
we thus reduce the estimated mutation rate by a factor of 0.25-0.75, 
to exclude mutations whose effects are slight. 

Thus, after 1 rem of paternal (spermatogonial) irradiation, 
the probable increase in incidence of dominant genetic disorders that 
lead to serious handicaps at some time during life amounts to 
5-45 per million li~eborn. 

No data are yet available on skeletal mutations resulting from 
maternal irradiation, but we can estimate the rate of such mutations 
if we assume that the relative sensitivities of oocytes and stem 
cell spermatogonia will be similar for different methods of detection 
of gene mutation. The mutational response of resting oocytes in 
mice is negligible, compared with that of spermatogonia, and mature 
and maturing oocytes in mice have a mutation rate no greater than 
0.44 times that found in spermatogonia. We do not know which of 
these two classes of oocytes would have a mutational response more 
similar to that of arrested oocytes in women. To incorporate this 
range of uncertainty into our risk estimate for the combined effect 
of irradiation of both sexes, we have simply kept the lower limit 
of our estimate the same as it was (assuming a negligible mutation 
frequency in resting oocytes) and multiplied the upper limit by 
1.44 (assuming the maximal estimate of the mutation frequency in 
mature and maturing oocytes). This gives an esti~ate of 5-65 
induced serious dominant disorders per million liveborn as the first
generation expression, after exposure of the entire population to 
1 rem per generation (Table IV-2). 
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NOTE 14 

CHROMOSOMAL REARRANGEMENTS 

Translocations can be detected in a variety of organisms by test-
ing the fertility of F1 offspring and looking specifically for partial 
sterility of heterozygotes, or by examining cytologically the primary 
spermatocytes of irradiated males for multivalents at diakinesis or 
metaphase. Data obtained by the latter method have indicated a rate ozo 
induction about twice that determined by the partial-sterility method. 
This discrepancy remains after one takes into account dominant lethality, 
which occurs in about the same ratio to transmissible partial sterility as 
would be expected from the usual frequencies of adjacent, as opposed to 
alternate, segregation products from translocation heterozygotes. No 
assumption other than selective elimination of some translocation-bearing 
cells can account for the discrepancy in the two methods of screening. 
Studies on postmi0otically induced translocations, recovered in partially 
sterile females, have shown clearly that an appreciable fraction of 
these translocations cannot be transmitted through the male. Other studies 
on sons of males irradiated in postmeiotic stages have indicated that a 
considerable fraction (up to one-third) of tr~nslocation carriers are totally 
sterile, owing to a block in spermatogenesis. Most of the translocations 
responsible for this male sterility are exchanges between two autosomes in 
which at least one of the breakpoints is near a centromere or telomere; and 
some are Y6gutosome translocations. Independent work (see Russell and 
Montgomery and L. B. Russell, personal communication) has also shown 
that all balanced segregants of balanced X-autosome translocations in the 
mouse are associated with this type of male sterility. Because most of the 
genetic effects of radiation in human populations would, however, result 
from exposure during spermatogonial-rather than postmeiotic--stages, male 
sterility resulting from spermatogenic blocks would probably be only a very 
rare consequence of translocations, inasmuch as it would be filtered out in 
spermatogenesis of the exposed male himself. 

In BEIR I, it was not necessary to take nontransmissible re
arrangements into account; they did not contribute to the incidence 
of transmissible partial sterility, and it was this quantity that was 
used to measure the rate of induction of translocations. (Although 
the occurrence of nontransmissible rearrangements is a matter of 
considerable theoretical interest, no appreciable hazard to human 
reproduction, survival, or health is to be expected if a very small 
fraction of human germ cells are unable to continue through their 
development and form functional sperm.) However, estimates for trans
missible rearrangements can now be made on the basis of newer data, derived 
from human sources and from marmosets.6 The disadvantage of having to 
estimate the fraction of new rearrangements that could not, under any 
circumstances, be transmitted to offspring is, we feel, more than offset by 
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having good data derived from humans and from another primate. The fre
quency of translocation multivalents in the pri~iry spermatocytes 
in humans and marmosets is approximately 7 X 10 per rem. In mice, 
the ratio of the observed incidence of partial sterility to that calcu- • 
lated on the basis of incidence of multivalents in primary spermato-
cytes was app7oxima;ely 1:2 for several dose points, including 300 Rand 
higher doses. , 20 , 2 However, at the lowest ~o~~ tested, 150 R, the 
ratio was 1:1, for reasons not yet explained. ' We have assumed an 
overall ratio of 1:1.5 for our calculations, so that we shall err in the 
direction of conservatism, if the true relation is 1:2, as indicated by the 
bulk of the data. We believe that it is reasonable to expect about the same 
ratio in other mammalian species, so we divide the observed incidence by 
1.5, and this yields an incidence~ potentially transmissible rearrangements 
in spermatocytes of ahout 4. 7 X 10 per rem. 

The new human data resulted from acute exposures at 100 R or 
less. Because lowering the dose rate or dividing the dose into small 
fractions has been found to decrease the total yield of aberrations, 
it is necessary to adjust this value to take into account our concern 
over low-dose, low-dose-rate exposures of humans. In mice, irradiation 
with a total gamma-ray dose of 600 R, delivered at a variety of dose 
rates from 83 R/min down to 0.02 R/min, showed a consistent lowering 
of yield as dose rate was lowered; the yield of the lowest dose rate 
was about one-ninth that of the highest dose rate. 84 To make our 
estimate adequately conservative, we have attempted to estimate the 
reduction facto~, on the basis of a quadratic model, where the yield, 
y, is a D + B D + C (see Note 3). This model may be unsatisfactory, 
especially at high doses (where considerable curve saturation may 
occur), but it will not result in overestimation of the reduction 
factor to be used for low dose rates at doses of around 100 R. On 
this basis, we assume that only one-track events are able to occur 
at the lowest dose rates; for mice, the values of a !ould be 2 X 10-5 

(B = 2.9 X 10-7) for the 0.02-R/min data and 5 X 10- (8 = 2.5 X 
10-7) for the 0.09-R/min data. (The 8 values are those required to 
give, in conjunction with the one-track contribution, the total yield 
observed at 600 R, delivered at 83 R/m.) From these, it is simple to 
calculate an expected reduction in yield for lower total doses. The 
estimated factors at 100 Rare 2.5 and 1.5, respectively, for the two 
pairs of estimates of a and 8 given. 

If we assume that the dose-rate reduction fact.grs in humans will 
he much the same as in mice, then it will be appropriate to reduce the 
incidence of expected multivalent configurations, at low doses and 
low dose rates, by a factor of 2. Accordingly, the incidence of newly 
induced translocation multivalents, where the spermatocytes carrying 
them would be capable of undergoing meiosis and could give rise later 
to functional sperm, would be 2.3 X 10-4 per rem. 
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Not all the products of such spermatocytes would carry reciprocal 
translocations. Transmission of a translocation requires that, in 
meiosis, alternate segregation or its equivalent occur. A transloca
tion multivalent (usually quadrivalent) may orient on the division I 
spindle in a number of ways, influenced to some extent by the occur
rence and placement of chiasmata. In turn, depending on this orienta
tion and on the locations of chiasmata, the segregation products going 
into functional sperm will be of balanced or of unbalanced chromosomal 
constitution; i.e., segregation may be alternate (or its equivalent) 
or adjacent, of which there are two kinds. The probability of recovering 
a reciprocal translocation from such a quadrivalent therefore de-
pends on the ratio of alternate to adjacent segregation. This 
ratio is not identical for all translocations; it depends on the 
locations of breakpoints. In no case will the ratio exceed unity; 
to the extent that adjacent-2 segregation occurs, the incidence of 
alternate segregation will be below 50%. Only if there is no 
adjacent-2 segregation, if there is at least one interstitial chiasma, 
and if centromere orientation is such that two always proceed to each 
pole of the spindle at division I, will the recovery of alternate 
segregation products reach the maximum of 50%. However, even in this 
case, half the recoveries will be of normal-sequence (nontranslocated) 
chromosomes. Hence, no more than 25% of the sperm produced by sperma
tocytes carrying a heterozygous translocation will themselves carry a 
balanced reciprocal translocation. 

We have assumed that, on the average, alternate segregation will 
occur in 45% of these spermatocytes--only slightly less than the 
maximal rate. Application of these factors yields the expectation 
that the probability of transmitting a newly induced translocation 
to an offspring will he 5.2 X 10-5 per re~. To accommodate the un
certainties as to reduction because of low dose rate, we prefer to 
present the pro~gbility as a range: it almost certainly will not 
exceed 1. 7 X 10 per rem, and it is rather unlikely to be less than 
1.7 X 10-4 per rem. 

Judging from data on partial sterility, the induction of re
ciprocal translocations in mature and maturing oocytes of mice is 
considerably lower than in spermatogonia, and it appears that immature 
oocyte stages also have a low incidence. This is expected from the 
finding thaj

0
interchanges induced in dictyate oocytes are between 

chromatids, which suggests that balanced reciprocal translocations 
should be poorly recdverahle when induced in immature oocytes. That 
is the case in Drosophila, in which i.t is found that chromatid inter
change, at least in the simpler cases, makes it highly likely that 
the halves of a reciprocal translocation will assort apart during 
meiosis. 58 Thus, a low yield of reciprocal translocations from 
irradiated immature oocytes can be expected on the basis of meiotic 
mechanics alone, regardless of differences in mechanisms of induction 
and repair of damage in different species. 
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Robertsonian translocation is a quite different matter, in that 
it is immaterial whether the reciprocal product of the translocated 
(metacentric) product is recovered. The reciprocal product is a 
small, centric fragment, almost or entirely lacking in significant 
genetic content. Robertsonian translocations can be induced in 
females of Drosophila, although at low frequencies. These, in their 
recovery, show a remarkable parallel to new recoveries of Robertsonian 
translocations in humans. In both cases, most recoveries are in 
zygotes of unbalanced (or, in the case of Drosophila, potentially 
unbalanced) chromosomal constitution, with eight of ~R §jcoveries 
in each species having involved an aneuploid gamete. ' However, 
in both species, transmitted Robertsonian translocations show a much 
lower incidence of aneuploidy in the translocation carriers. This 
rather strongly suggests that these interchanges in humans occurred 
in meiotic prophase (as they are known to have occur.red in the insect). 
It is likely that meiotic mechanics, at least in this respect, are 
similar in the two species. 

If the probability that a chromosome will undergo breakage and 
rearrangement is a function of its size, then we should expect only 
a small fraction of all breakages to be in the short arms of the five 
acrocentrics of humans, and it would require an additional breakage 
in the proximal region of the long arm of another acrocentric for a 
Robertsonian metacentric to be formed. Of the possibilities for all 
types of interchange, four remaining acrocentric arms and 36 meta
centric arms (in a haploid set of chromosomes) would be available to 
form the desired product. A nonrandom association of nonhomologous 
chromosomes is possible, but the expectation remains that most inter
changes involving the short arm of an acrocentric would be with some
thing other than the base of the long arm of another acrocentric. 

In view of all the above, we expect that the production and trans
mission of new translocations from oocytes would be quite small, relative 
to those generated in spermatogonia. 

Except as pointed out in Note 13 and except for rearrangements that 
cause male sterility, the deleterious consequences of reciprocal trans
location will result only from the production of chromosomally un
balanced gametes. The incidence of zygotes with unbalanced segrega
tion products (segmental aneuploids) will be slightly more than twice 
the incidence of zygotes carrying reciprocal translocations. However, most 
of these chromosomally unbalanced zygotes would be eliminated in early 
development--many too early to be recognized as spontaneous abortions, 
because the loss would occur before implantation. 

Our confidence in making this assessment originates in the findings 
of an ex~gnsive cytogenetic survey of a human population in the United 
Kingdom; it was found that, in spite of the substantial numbers of 
people studied, none carried an unbalanced form of the rearrangement, 

- 159 -



when ascertainment had been through a proband with a segregating balanced 
translocation. Furthermore, there had been no detectable reduction 
in the reproductive fitness of carriers of such balanced rearrangements. 
In contrast, when ascertainment was through an aneuploid person, the 
risk of having a child with an aneuploid form of the rearrangement 
was about 10-20% when it was the mother who carried the balanced re
arrangement and about 2-5% when the father was the carrier. Although 
it was not explicitly stated, examination of the data strongly suggest 
that most of the rearrangements ascertained through aneuploid probands 
were of the Robertsonian type. 

We assume that randomly induced translocations will not differ 
greatly in nature or behavior from randomly ascertained translocations 
in human populations, especially because about one-fifth of the latter 
are new, spontaneous occurrences of translocations. Certainly, the 
vast majority of translocations induced in mouse spermatogonia are 
not associated with the production of viable segmental aneuploids. 
Therefore, it is likely that very few of the translocations induced 
in humans would be capable of producing a class of viable segmental 
aneuploids. 

If no more than 5% of all translocations are capable of producing 
viable aneuploids, then we can derive an expectation for the production 
of these from the figures given earlier in this note. We had concluded 
that the frequency of newly induced translocation multivalents in which 
the spermatocytes exhibiting them would be capab!! of undergoing meiosis 
to form functional sperm would be about 2.3 X 10 per rem. Because we 
assumed 45% alternate segregation: the combine~

4
expectation f~i all 

adjacent segregations would be 55% of 2.3 X 10 , or 1.3 X 10 • Five 
percent of this quantity is 6.3 X 10-6• However, we would expect only 
one of the four kinds of aneuploid segregation products to be capable 
of giving rise to viable zygotes. Taking into account that this might 
not always be one of the less frequent or more frequent products, 
dividing by 4 t~

6
accommodate the one-out-of-four expectation gives the 

figure 1.6 X 10 • Using the order-of-magn~5ude range ~i uncertainty 
we adopted earlier gives the range 0.5 X 10 to 5 X 10 per rem. 

We have no data on induced translocations in human oocytes. It 
is not clear that the female rate would be higher than the male rate 
and there is some evidence that it may be lower; we therefore follow the 
approach taken in BEIR I and assume that it will be equal to the male rate. 
Thus, the expected frequency of viable aneuploids for both sexes is 
assumed to range from 1 X 10-b to 10 X 10-6 per rem. 

In keeping with the human population studies, we believe that 
in the vast majority of cases, no adverse effects of segmental aneu
ploidy would be detectable, either by reduced reproductive performance 
or by increased fetal or infant deaths, except for 10 (or fewer) 
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severely affect ec' persons (accounted for in the preceding paragraph) 
per million liveborn per rem. 

An alternative and independent approach based on the litter-size 
reduction observed after acute irradiation of mouse germ cells sug
gests that this upper limit of 10 X 10-6 for both sexes combined 
may be an overestimate, and that the true value could indeed be near 
zero. 

In an experiment in which sperrnatogonia were given an acute 
exposure of 600 Rat 90 R/min, the mean litter size 3 weeks after 
birth was 5.58 for a sample of 12,986 litters. 70 In contrast, it 
was S. 75 for an unirradiated control sample of 9,710 litters. Thus, 
the decrease attributable to irradiation :was 2. 96% [i.e., (5. 75-5. 58)/ 
5.75 = 0.0296]. This includes dominant lethality from all causes 
(segmental aneuploidy, monosomy, trisomy, gene mutation, and so on, 
as well as dominant subvital mutations resulting in death during 
the first 3 weeks of life), but as a "worst case" we will assume 
that all the decrease in litter size resulted from segmental aneu
ploidy. We will further assume that 6% of all human conceptions 
with a structurally unbalanced ~hromosome complement survive birth 
and are seriously handicappedl0 5 ,I06 (BEIR I adopted a figure 
of 5%). In the mouse, it is known that the unbalanced products of 
balanced translocations arise in meiosis at expected frequencies 
and show normal transmission. Most, however, cause lethality around 
the time of implantation, and only a very small fraction of the 
embryos carrying such products survive to produce viable offspring. 40 , 68 
If we assume, on the basis of the human estimate, that 94% of the 
segmental aneuploids die before birth, then the maximal percentage 
of all zygotes that were segmental aneuploids in the mouse experiment 
is 3.15% [i.e., (2.96)(100)/94 = 3.15], and the percentage of such 
zygotes surviving birth is 0.19% (i.e., 3.15% - 2.96% = 0.19%). 
Dividing by 600 R, the maximal estimate of the frequengy of all 
live-horn mice with segmental aneuploidy is 3.17 X 10- per R of 
acute x irradiation. Allowing a dose-rate reduction factor of 9, 84 

this yields an upper-bound estimate of 0.35 X 10-6 individuals 
seriously handicapped by segmental aneuploidy per R of chronic gamma
ray exposure. 

A similar calculation for mature oocytes that uses a dose-rate 
reduction factor of 12, a conservative value based on the considera
tion that the female is about twice as sensitive to specific-locus 
mutation induction as the male for acute irradiat~~n but only about 
half (0.44) as sensitive for chronic irradiation, yields a maximal 
estimate of 2.3 X 10-6 individuals seriously handicapped per R of 
chronic gamma irradiation. (Dominant lethality ~n mature oocytes, 
after 400 R of acute x irradiation, was 17%. 7) 
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Because these estimates represent extreme maximums, owing to 

the conservative assumptions involved, most Subcommittee members 

felt that our estimate of 10 seriously handicapped individuals per 

rem per million given in Table IV-2 is likely to be too high, and 

that the true value may be near zero; one Subcommittee member, 

however, felt that the value of 10 per million live births, based 

as it is on human observations, is more likely to represent the true 

value. 
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NOTE 15 

IS NONDISJUNCTION INDUCED BY RADIATION? 

Nondisjunction of a given chromosome produces trisomy and 
corresponding monosomy. The latter is less important in evaluation 
of human· risk, because it is almost certainly lethal at a very early 
embryonic stage (probably before a woman even knows that she is preg
nant), except when the sex chromosomes are involved. X-chromosome 
monosomy (X/0) leads to the Turner syndrome of amenorrhea and various 
morphologic anomalies. Monosomy can be produced by several mechanisms 
in addition to nondisjunction, so determinations of the frequency of 
monosomy give no clue as to frequencies of trisomy. 

In man, trisomics are viable not only when the sex chromosomes are 
affected, but also in the case of a number of autosomes. Trisomies .can 
cause severe abnormalities, some of them resulting in early death and 
others (such as Down's syndrome) afflicting people throughout life. 

There have been conflictinij results concerning radiation induction 
of trisomies in humans. Uchida 9 has reviewed 11 epidemiologic studies 
on the association between maternal preconception irradiation and sub
sequent birth of a child with Down's syndrome. Of these, four (including 
two by Uchida) showed a significant positive association; five, a 
nonsignificant positive association; and two, a nonsignificant nega-
tive association. A population exposed to high natural background 
radiation (1.5-3 R/yr) in Kerala, India, has recently been reported30 
to have a higher frequency of Down's syndrome than that found in nearby 
controls; but, because the control frequency seems unusually low 
and the Kerala frequency is not out of line with data from unexposed 
populations elsewhere, a further investigation seems warranted. 

Among studies that failed to show an effect of preconception 
irradiation of either parent in the frequency of Down's syndrome 
is a recent Baltimore series1 involving 150 cases and 150 controls. 
An earlier Baltimore study (one of the fy~r positive studies just 
referred to) by some of the same authors showed a positive associa
tion; and the difference between the two sets of results was ascribed 
to the more careful radiologic techniques (and thus smaller doses) 
used in recent years. 

Another negative body of data caine from the large series of 
children examined for Down's syndrome in Hiroshima and Nagasaki 
(three of 5,582 of exposed parents vs. 12 of 9,452 of control 
parents). 82 A later cytogenetic study3 of roughly the same populations 
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found no autosomal trisomies in 2,885 children of exposed parents and 
1,090 controls and a nonsignificant increase (eight of 2,885 vs. one 
of 1,0QO) in the frequency of cases with supernumerary sex chromosomes 
(XXY, XYY, XXX). 

Studies on the induction of nondisjunction in experimental mammals 
have involved either the sex chromosomes (diagnosis after birth) or 
all chromosomes (cytologic diagnosis in embryonic stages or at meiosis). 
The fomer studies, 65 which have involved irradiation of virtually 
the gamut of germ-cell stages in both sexes, have failed to demonstrate 
radiation-induced nondisjunction (i.e., supernumerary sex chromosomes), 
although X-monosomy was readily induced. 

Because human data indicated a higher incidence of Down's 
syndrome in children of older mothers, recent experimental series 
have attempted to determine whether there is an age effect on in
duction of nondisjunction. Of five sets of data, one was. positive 
and four were equivocal or negative (although one was claimed to 
be positive.). The positive results were reported by Uchida and 
FreemanlOO in a study of meiotic (metaphase II) chromosomes after 
irradiatio~ of oocytes with 10, 20, or 30 R. In old females, the 
frequency of hyperhaploid metaphases was significantly greater in 
the combined radiation groups than in controls. In y~ung females, 
this difference was on the borderline of significance. There 
was no significant effect of age within the irradiated or control 
groups. Using a similar method, Reichert et a1. 63 found a non
significant increase in hyperhaploids after22-200 R irradiation 
of the "preovulatory" stage (probably diakinesis) of young females 
(six of 204 in irradiated groups; none of 143 in controls). In two 
experiments the cytologic scoring was done in 10. 5-day embryos of 
mothers whose oocytes had been irradiated in dictyate. Yamamoto et 
al.llO claimed an increase in nondisjunction from low-dose irradiation 
Ts R of x rays) of a rather small group of aged mice, hut they included 
mosaics and monosomics in their cal2~lations. A statistical evaluation 
of their data by Gosden and Walters · yielded no evidence of an 
int~5action of maternal age and radiation treatment. Strausmanis et 
al.· failed to detect any nondisjunctional effect of 4, 8, or 16 R 
given to aged female mice. Similarly, L. B. Russell (personal communi
cation), studying sex-chromosome nondisjunction with genetic markers, 
obtained negative results for both young and old female mice that had 
received 200 R. Thus, only the data of Uchida an~ FreemanlOO indicate 
a significant effect of radiation on the induction of trisomy. 

On the assumption that all the autosomal monosomies resulting 
from nondisjunction, and virtually all the trisomies as well, would 
lead to prenatal death, dominant-lethal projections may be made from 
the data of Uchida and Freeman.lOO Such a calculation for 400 R, for 
example, results in frequencies that are not accommodated by the observed 
dominant-lethal incidence (Note 14). Indeed, each embryo would have to 
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die more than once. Because.other factors are known to contribute to 
dominant lethality, it may be concluded from the mouse data that any 
hazard from radiation-induced nondisjunction is probably quite small. 

Studies on insects showed conclusively that trisomy can be induced 
by the irradiation of prophase I in oocytes, and there is a considerable 
volume of evidence that this induction results 1~8gely, if not exclusively, 
from a kind of direct damage to the chromosomes. There i's no longer 
any support for an earlier belief that there might be a threshold for 
the induction of trisomy. The implication of the insect work is that, 
as a result of chromatid interchanges and of the operation of simple 
meiotic mechanics, similar mechanisms might also operate in meiosis 
in any other species that have discrete centromeres (such as humans 
and mice). Hence, it is prudent to believe that the exposure of 
appropriate stages of the oocytes of humans can lead to trisomies. 
However, even assuming much higher sensitivity in the human female 
germ cells than in those of insects, the incidence expected would be 
quite low, because doses as high as 1,000 R produced only a barely 
detectable increase in insects, even in experiments in which large 
numbers of offspring were examined. 
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NOTE 16 

CALCULATIONS OF GENETIC RISK FOR OCCUPATIONAL EXPOSURES 
AND OTHER LIMITED EXPOSURES 

The genetic-risk estimates in BEIR I and those in Table IV-2 
are for a model population in which the germ cells involved in each 
conception have accumulated an average radiation dose essentially 
chronically over an average interval of 30 yr. Specifying the 
population dose in terms of that accumulated by gametes before 
conception offers the not inconsiderable advantage that one need not 
be concerned with the precise makeup of the parent population, nor 
worry about the distribution of dose, at least within reasonable 
limits, among its members. However, one of the uses to which we 
presume our estimates will be put is the calculation of genetic 
effects to be anticipated as a consequence of an increase in the 
radiation exposure of a real population. The exposure is likely 
to be expressed in person-rems per year, making conversion to 
gamete- or zygote-rems necessary. The exposure will often be markedly 
inhomogeneously distributed among the population, with a substantial 
fraction contributed by occupational or other exceptional exposure 
of a relatively small group. The added radiation exposure is often 
of short duration, so genetic equilibrium is never established, and 
some of the dose may even be delivered acutely. The estimation of 
genetic effects for such cases requires consideration of a number of 
factors. 

For convenience, we have taken the mean parental age at the 
birth of a child to be 30 yr (as did BEIR I), although it is 
currently several years less in the U.S. population. Therefore, 
the preconception dose per year accumulated by the gametes 
contributing to the million live births for which estimateg are 
given in Table IV-2 is 1 rem divided by 30 yr times 2 x 10 
gametes, or 66,667 gamete-rems/yr, but this is clearly not neces
sarily the total person-rem exposure of the total population 
within which the million live births occur. For example, if the 
parent population for which the genetic-effects estimates are 
given in Table IV-1 is assumed to have the same age, sex, and 
reproductive characj5,istics as those of the U.S. population as 
estimated for 1974, then this gamete-rem dose corresponds 
to about 66,667 gamete-rems per 3.1 children per mother, which 
is about 21,500 person-rems/yr to the parents. Because about 
half the population is over the age of 30, the total person-rem 
dose to the entire.population would be about twice this figure, 
or about 43,000 person-rems/yr~ Obviously, differences in the 
average family size or in the age distribution of the population 
would change the population doses correspondingly. ' 
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The practice of expressing population dose in person-rems implies 
that the distribution of dose among population members makes no 
difference; hut it plainly does make a difference for estimates of 
genetic effects in real situations. Genetic consequences of person
rems received by women over 50 are clearly much less likely than those 
of person-rems received by adolescent males. This factor can become 
especially important if the hulk of the population dose is received 
by a small group, such as diagnostic x-ray technicians or nuclear
power-plant workers, whose age and sex distribution is very different 
from that of the general population. In cases involving substantial 
occupational or other limited exposures, then, it is particularly 
important to take into account the age, sex, and dose distribution 
and the probability that people at each age and of each sex will have 
further children, as well as the mutational-sensitivity difference 
between males and females. This may be done by calculating a gonadal
dose estimate for separate age cohorts of each sex, weighting this by 
the probable number of additional children for each cohort, and then 
multiplying by the appropriate factor to allow for the different 
mutational sensitivities of spermatogonia and immature oocytes 
(this assumes, of course, that procreation will he delayed long 
enough after any substantial acute exposures 'tor these germ-cell 
stages to he applicable). Such a procedure gives doses in gamete-rems, 
so the estimates of Table IV-2 may be used directly. Because, in 
making these estimates, the Subcommittee assumed the mutational sensi
tivity of immature oocytes to be between O and 0.44 (an average of 
0.22) times that of spermatogonia (see Notes 8, 9, and 13), appropriate 
adjustment factors are roughly 0.82 and 0.18, respectively, for male and 
female exposures. 

Occupational radiation exposures may include an irregular series 
of acute qoses, any one of which can, at least in theory, be as 
large as the 3-rem quarterly maximal permissible dose. It may thus 
be questioned whether the estimates in Table IV-2, for which a low 
dose rate was assumed, are entirely appropriate for calculating the 
genetic effects expected as a consequence of occupational exposure. 
However, both radiobiologic theory (see Note 3) and empirical data 
from mouse mutation studies ·with fractionated doses strongly 

1 suggest that even doses· as large as 3 rems are small enough to 
be properly treated as though delivered at low dose rates, even 
if they are acute. Nevertheless, other special cases for which 
genetic-effects estimates might be wanted, such as accidental or 
therapeutic radiation exposures, may involve .acute gonadal doses 
of tens of rems or more. In such cases, it is appropriate to adjust 
the estimates of Table IV-2 upward by a factor of 3 to allow for 
the high dose rate (again, assuming that procreation is delayed 
long enough for the estimates to be appropriate). 
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Many occupational exposures include a substantial high-LET 
component--e.g., the fast-neutron exposures of high-energy-particle 
accelerator workers. Accidental and therapeutic exposures may also 
involve high-LET radiation. Not only have questions been raised 
as to whether the RBE values currently used in the conversion of 
rads to rems for high-LET radiation are entirely appropriate for 
low doses (see Note 5), but it is well established that there is 
little if any dose-rate effect of such radiation. Because the RBE 
factor incorporated into the calculation of rems is usually based on 
acute-exposure data, the dose-rate reduction factor incorporated in 
the genetic-effects estimates in Table IV-2 is inappropriate for 
high-LET exposure, and upward correction by a factor of 3 is in 
order for such exposures. 

The estimation of genetic effects to be expected from exposure 
of limited populations has a further complication: the size of the 
population in which the genetic effects will be expressed is often 
not clear. This becomes particularly troublesome when, as is not 
infrequently the case, what is wanted is an estimate of the increase 
in relation to the "current incidence" in the absence of the added 
radiation exposure. ·First-generation risk may be calculated on a 
per-live-birth basis for any offspring of exposed individuals or 
groups. If genetic equilibrium is eventually established, however, 
the effects ascribable to exposure of the prior generations will 
have been distributed among the members of an undefined larger 
population, and no estimate of individual risk will be possible. 

When an added radiation exposure is limited to one individual, 
or to a group in which all members are of one or a few generations, no 
genetic equilibrium will be established. An alternative to the 
equilibrium estimate that is appropriate for such instances is an 
absolute "effects-over-1:lll-time" estimate. At genetic equilibrium, 
exactly as many future genetic effects are induced as are eliminated 
in any one generation. It follows that the total of all genetic 
effects that will be expressed over all future generations as a 
consequence of exposure limited to a single generation is numerically 
equal to the total for each generatiqn in the equ~librium situation. 
Thus, an absolute "all-time" estimate may be derived directly from 
the equilibrium estimates in Table IV-2. 

Another type of exposure requiring special consideration is 
that delivered prenatally. Although the mutational sensitivity of 
the early germ-line cells in the male seems unlikely to be very 
different from that of spermatogonia, the sensitivity of the early 
germ-line cells and the oogonia present during female fetal develop
ment could well be somewhat higher than that of the immature oocytes, 
which are at risk after birth. Unfortunately, no experimental data 
are available; but it seems possible that the sensitivity of these 
cells to chronic irradiation could even be as high as the sensitivity 
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of spermatogonia. The estimates in Table IV-2 assume a female sensi
tivity ranging from negligible to 0.44 that of the male, so it seems 
conservative to adjust them upward by a factor of about 1.6 (thus making 
female equal to male in mutational sensitivity) if they are to be used 
to estimate genetic effects that might result from chronic fetal 
irradiation. For acute exposures of immature cells in the male and 
femalg~ published data on the mutational sensitivity of mouse gono
cytes and of thosr2oocytes preseRG in mouse fetuses at 17.5 
days postconception and at birth make it seem likely that the 
genetic risk would not be much, if any, greater than the range calcu
lated for chronic exposure of these stages. No mutation-induction 
data exist for mouse oogonia exposed to low-LET radiation. However, 
because at a few months postconception hlUllan ovaries already contain 
many oocytes that are probably comparable with those studied in mutation 
studies on newborn mice, it seems reasonable to think that the mouse 
studies mentioned may relate to hazard estimates made for the greater 
part of human pregnancy. 
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This chapter deals with cancer induction, which the Committee 
considers the most important somatic effect of low-dose ionizing 
radiation. The chapter reviews the extensive epidemiologic and 
laboratory-animal literature and describes the train of logic that 
leads to the estimation of cancer risk coefficients; it is neces
sarily long, and to some it will appear complex. The following may 
guide the reader. 

Chapter II, "Scientific Principles in Analysis of Radiation 
Effects," discusses the basic information that Chapter V applies 
to the subject of cancer induction due to low-dose ionizing radiation. 

For the reader not intimately knowledgeable in the biologic 
effeGts of ionizing radiation, the first section of the present 
chapter, "Summary and Conclusions," may provide sufficient informa
tion on the Committee's major conclusions. The section includes an 
abbreviated set of tables of lifetime cancer risk estimates for 
various situations of exposure to low-dose, low-LET whole-body 
radiation. 

The remainder of the chapter is directed primarily to those 
who are knowledgeable in the subject. The second section, "General 
Considerations," describes both the major data sources and the major 
assumptions used in interpreting the data on the carcinogenic effects 
of ionizing radiation. 

Appendix A presents and evaluates the results of studies of 
radiation effects on specific organ sites and thus provides a 
perspective on the assessment of total risk from radiation by 
discussing the relative importance of radiation induction of cancers 
at various individual sites. 

The information in the "General Considerations" section and 
the literature review in Appendix A is used to develop the third 
section, "Estimating the Total Cancer Risk of Low-Dose, Low-LET 
Whole-Body Radiation." This necessarily detailed section concludes 
with risk estimates based on the Committee's extensive deliberations. 
Those deliberations dealt largely with the question of which method 
to use in estimating carcinogenic effects of low doses of ionizing 
radiation, in light of the lack of definitive data on the effects 
of such exposure and the lack of agreement on how to extrapolate 
data on high doses to estimate the effects of low doses.· The 
Committee chose to explain, in deta~l, its process of accepting 
or discarding various lines of reasoning, so that those who must 
decide on radiation-protection ·policy and those who in the future 
will be able to refine the estimates with the benefit of additional 
data can trace the Committee's steps. 

Appendix B contains the Committee's evaluation of specific 
studies that have attracted much public attention. These studies 
have provoked public controversy, because their authors have 
attached a greater risk of cancer to exposure to low-dose ionizing 
radiation than that identified by most other investigators in this 
field or predicted by the various models used to estimate such 
effects. 
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Two members of the Committee, Dr. Radford and Dr. Rossi, 
dissent from the report. Their statements appear immediately 
after the section, "Estimating the Total Cancer Risk of Low-Dose, 
Low-LET Whole-Body Radiation," to which their dissent is primarily 
related. Comments by Dr. Webster subscribed to by two other members 
of the Committee also follow this section. 

SUMMARY AND CONCLUSIONS 

The Committee considers cancer induction to be the most important 
somatic effect of low-dose ionizing radiation. The induction of cancer 
by radiation is detectable only by statistical means; that is, the 
cancer of any given person cannot be attributed with certainty to 
radiation, as opposed to some other cause. In general, the smaller 
the dose of radiation, the smaller the likelihood that radiation was 
the cause. 

There are good observational data relative to cancer induction in 
humans over a range of higher doses, but little direct evidence is avail
able for doses of a few rads. Estimation of the excess risks at these low 
doses usually involves extrapolation from observations at higher doses 
on the basis of assumptions about the nature of the dose-response 
relationship. Unfortunately, too little is known about the mechanisms 
of radiation carcinogenesis for dose-response models to be specified 
with any certainty, except as a general parametric family of functions. 

CANCER INDUCTION 

In considering the cancers attributable to radiation exposure, 
the following comments are pertinent: 

• Cancers induced by radiation are indistinguisha~le from those 
o~curring naturally; hence their existence can be inferred only on the 
basis of a statistical excess above the natural incidence. 

• Cancer may be induced by radiation in nearly all the tissues 
of the human body. 

• Tissues and organs vary considerably in their sensitivity 
to the induction of cancer by radiation. 

• The natural incidence of cancer varies over several orders 
of magnitude, depending on the type and site of origin of the neo
plasm, age, sex, and other factors. 
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• With respect to excess risk of cancer from whole-body exposure 
to radiation, solid tumors are now known to be of greater numerical 
significance than leukemia. Solid cancers characteristically have 
long latent periods; they seldom appear before 10 yr after radiation 
exposure and may continue ~o appear for 30 yr or more after radiation 
exposure. In contrast, the excess risk of leukemia appears within a 
few years after radiation exposure and largely disappears within 
30 yr after exposure. 

• The major sites of solid cancers induced by whole-body radiation 
are the breast in women, the thyroid, the lung, and some digestive 
oqau. 

• The incidence of radiation-induced human breast and thyroid 
cancer is such that the total cancer risk is greater for women than 
for men. Breast cancer occurs almost exclusively in women, and 
absolute-risk estimates for thyroid-cancer induction by radiation 
are higher for women than for men (as is the case with the natural 
incidence). With respect to other cancers, the radiation risks in 
the two sexes are approximately equal. 

• There is now considerable evidence from human studies that 
age is a major factor in the risk of cancer from exposure to ionizing 
radiation. Both age at exposure and age at cancer diagnosis are im
portant for interpretation of human data. If risks are given in 
absolute form--i.e., numbers of cancers induced per unit of population 
and per unit of radiation exposure--then a sing!g value independent of 
age may be inappropriate. The 1972 BEIR report concluded that the risk 
of some kinds of cancer was greater after irradiation in childhood and 
in utero than in adult life. It is now apparent that oth~r age groups 
may also have risks that differ from the average for all ages; e.g., 
women exposed during the second decade of life have the highest risk 
of radiation-induced breast cancer. 

• Various host or enviromnental factors may interact with 
radiation to affect cancer incidence in different tissues. 
These may include hormonal influences, immunologic status, exposure 
to various oncogenic agents, and nonspecific stimuli to cell prolifera
tion in tissues sensitive to cancer induction by radiation. 

• The time elapsing between irradiation and the appearance of a 
detectable neoplasm is characteristically long, i.e., years or even 
decades. This long latent period must be taken into consideration in 
all risk calculations, whether these are estimates of the risk experi
enced by populations under study or projections into the future. 
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• The variety of possible biologic mechanisms responsible for 
human cancer suggests that the dose-response relationship may not be 
the same for all types of radiation-induced cancer. The fact, however, 
that epidemiologic studies of widely differing human populations ex
posed to radiation have given reasonably con~ordant results for some 
cancer sites and for a broad range of radiation dose adds considerable 
strength to the dose-response information now available. 

• Some of the existing human and animal data on radiation-induced 
cancers are derived from populations exposed to internally deposited 
radionuclides for which dose-incidence relationships are influenced by 
marked nonuniformities in the temporal and spatial distribution of 
radiation within the body. 

• Some of the human data concern cancer mortality; others, 
cancer incidence. It is appropriate to distinguish radiation-induced 
cancers that may not greatly alter the death rate (e.g., skin and thyroid 
cancer) from others that are generally fatal (e.g., leukemia and lung 
cancer). 

• It is not yet possible to estimate precisely the risk of cancer 
induction by low-dose radiation, because the degree of risk is so 
low that it cannot be observed directly and there is great uncertainty 
as to the dose-response.function most appropriate for extrapolating 
in the low-dose region. 

Studies by a number of scientists who have claimed a greater 
carcinogenic effect due to exposure to low-dose ionizing radiation 
than generally accepted are reviewed in Appendix B. None of these 
studies was considered by the Committee to constitute reliable 
evidence at present for use in risk estimation, for various reasons, 
including inadequate sample size in some instances, inadequate 
statistical analysis, and unconfirmed results. 

Despite the difficulties and uncertainties, a clear-cut increase 
in incidence or mortality with increasing radiation dose has been demon
strated for many types of cancer in human populations, as well as in 
laboratory animals. At the time of the 1972 BEIR report, 50 almost all 
evidence of radiation-induced cancer was from observations at relatively 
high doses and high dose rates. This is still the case, although there 
is now somewhat more dose-response information related to lower doses. 
Most of the information now available is reasonably consistent from 
one irradiated human population to another; this suggests that it can 
be applied to the general population for purposes of risk estimation. 

PROBABILITY OF CANCER INDUCTION AT LOW DOSES AND LOW DOSE RATES 

There are two questions of major interest: (1) Will such 
effects as may be calculated with the use of the available risk 
factors actually occur in a general population exposed to tens or 
a few hundreds of millirads of low-LET radiation per year in addition 
to the natural background of about 100 mrems/yr? (2) Will such effects 
actually occur in an occupational population exposed to about 0.5-5 
rems/yr in addition to the natural background ang medical exposures? 
With respect to question 1, the 1972 BEIR report 6 stated that 
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expectations based on linear extrapolation fran the known 
effects in man of larger doses delivered at high dose rates 
in the range of rising dose-incidence relationship may well 
overestimate the risks of low-LET radiation at low dose rates 
and may, therefore, be regarded as upper limits of risk for 
low-level low-LET irradiation. The lower limit, depending 

- on the shape of the dose-incidence curve for low-LET radiation 
and the efficiency of repair processes in counteracting carcino
genic effects, could be appreciably smaller (the possibility of 
zero is not excluded by the data). On the other hand, because 
there is greater killing of susceptible cells at high doses and 
high dose rates, extrapolation based on effects observed under 
these exposure conditions may be postulated to underestimate 
the risks of irradiation at low doses and low dose rates. (p. 88) 

The present Committee endorses this view. It is by no means clear 
whether dose rates of gamma or x radiation of about 100 mrads/yr are in 
any way detrimental to exposed people; any somatic effects v.10uld be 
masked by environmental or other factors that produce the same types 
of health effects as does ionizing radiation. It is unlikely that 
carcinogenic effects of low-LET radiation administered at this dose 
rate will be demonstrated in the foreseeable future. Notwithstanding 
these limitations, the Committee recognizes the need to estimate the 
effects on human populations exposed to radiation at very low doses. 
In most cases, the linear hypothesis, as the 1972 BEIR report indi
cated, probably overestimates, rather than underestimates, the risk 
from low-LET radiation. For high-LET radiation, such as from 
internally deposited alpha-emitting radionuclides, the application 
of the linear hypothesis is less likely to lead to overestimates of 
risk and may, in fact, lead to underestimates. (See Figure II-2, 
Chapter II, for the equations describing the linear, the quadratic, 
and the linear-quadratic functions.) 

In studies of animal or human populations, the shape of a dose
response relationship at low doses may be practically impossible to 
ascertain statistically. This is because the sample sizes required 
to estimate or test a small absolute cancer excess are extremely 
large; specifically, the required sample sizes are approximately 
inversely proportional to the square of the excess. For example, 
if the excess is truly proportional to dose and if 1,000 exposed and 
1,000 control subjects are required to test the cancer excess adequately 
for 100 rads, then about 100,000 in each group are required for 10 rads; 
and about 10,000,000 in each group are required for 1 rad. Experimental 
evidence and theoretical considerations are more likely than empirical 
data to guide the choice of a function for radiation carcinogenesis in 
humans. 

In regard to question 2, the Committee believes that a distinct 
carcinogenic effect could be discernible for the large doses that 
may be associated with lifetime occupational exposure. 
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RELATIVE BIOLOGIC EFFECTIVENESS 

There is substantial evidence, from both epidemiologic and 
experimental data, of wide variation in relative biologic effective
ness (RBE) for different types of ionizing radiation. This variation, 
which is related to differences in the microdistribution of radiation 
energy deposited in the tissues and of linear energy transfer (LET), 
may cause a given absorbed dose to differ in its biologic effect by 
a factor of 20 or more, depending on the type of radiation. The 
RBE for a given type of radiation is defined as the ratio between 
the doses of a reference radiation and the type in question that 
produce the same biologic effect. The wide variations in RBE pertain 
directly to the interpretation of epidemiologic data from several of 
the important available sources--atomic-bomb survivors of Hiroshima, 
underground miners exposed to radon gas and its radioactive decay 
products, and a number of populations with relatively high body burdens 
of alpha-emitting radionuclides. 

Many radiobiologic experiments indicate that the risk per rad 
for low-LET radiation, such as x rays and gamma rays, decreases to a 
greater degree with decrease in the dose and dose rate than does the 
risk for high-LET radiation. Hence, the RBE of high-LET radiation 
can be expected to increase with decreasing dose and dose rate. For 
radiation-protection purposes, the RBE for fast neutrons relative to 
gamma radiation has been fixed at 10 by standard-setting organizations 
(e.g., ICRP, NCRP). However, this Committee has chosen not to use 
an arbitrary average RBE for fission neutrons in its calculations, 
but to derive RBE estimates from the Hiroshima and Nagasaki data. 

The data available on human populations exposed to alpha-emitters 
(e.g., underground miners, Thorotrast- or radium-treated patients, 
and radium-dial painters) indicate that, for cancer production, alpha 
radiation is many times more effective per rad of av,erage tissue dose 
than are x rays or gamma rays delivered at high dose rates. Epidemio
logic and experimental data suggest that the effect per dose of alpha 
radiation at low dose rates (i.e., because of protraction or frac
tionation) is greater than that at high dose rates. 

DOSE-RESPONSE MODELS 

The sampling requirements for direct observations of cancer 
risk at low doses are so formidable that estimation can be done 
only by applying one or another dose-response model to exposure 
data that include observations at doses high enough to give fairly 
stable risk estimates. 
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( 

The cancer-risk estimates presented in the 1972 BEIR report56 

for whole-body exposure were derived from observations at doses 
generally of a hundred or more rads. These linear-model estimates 
have been criticized on the grounds that the increment in cancer 
risk per rad may well depend on dose and that the true risk at low 
doses may therefore be lower or higher than the linear model predicts. 

In animal experiments, it has been shown, often with consider
able statistical precision, that the dose-effect curve for radiogenic 
cancer can have a variety of shapes (sometimes including even a nega
tive initial slope). As a rule, the curve has positive curvature 
for low-LET radiation, i.e., the slope of the curve increases with 
increasing dose. However, at higher doses (around 100 rads or more), 
the slope often decreases and may even become negative. Dose-effect 
curves may also vary with the kind of cancer, with species, and with 
dose rate. On the basis of extensive experimental work and current 
microdosimetric theory, the Committee has adopted a parametric family 
of functions as a general dose-response model for low-LET radiation. 
This family is the product of a general quadratic ("linear-quadratic") 
form representing carcinogenesis and an exponential form representing 
the competing effect of cell-killing often suggested by experimental 
data in which the observed dose response has declined at high doses~ 
The cell-killing phenomenon has been less often suggested by epidemio
logic data, particularly those involving whole-body exposure; in this 
report, only the linear-quadratic form representing carcinogenesis 
and its limiting forms having either only a linear term in dose 
("linear") or only a dose-squared term ("pure quadrat'ic") have been 
fitted to human data. 

Human populations are genetically more diverse than the inbred 
animal strains used in most experimental studies. The existence in 
man of subsets of high or low susceptibility to radiation carcino
genesis could very well influence the dose-effect curve. The most 
likely effect of such diversity is probably a tendency toward linearity, 
although the existence of exquisitely sensitive subgroups of suit-
able size conceivably would produce a dose-response curve that showed 
a greater effect per rad at very low doses than at high. The hypothesis 
of sensitive-subgroups does not itself suggest a particular shape 
for the dose-effect curve. 

For the most part, the available human data fail to suggest 
any specific dose-response model and are not robust enough to 
discriminate among a priori models suggested by theoretical and 
experimental work. -However, there are exceptions. For example, 
cancer of the skin is not observed at low doses, and dose-response 
relationships observed in the Nagasaki leukemia data appear to have 
positive curvature. The incidence of breast cancer seems to be 
adequately described by a linear dose-response model. 
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The Committee was in general agreement that, for most radiation
induced solid cancers, the dose-response relationship for low to 
intermediate doses of low-LET radiation is best described by a linear
quadratic function of dose with nonnegative curvature. Nevertheless, 
there are arguments in favor of other models, especially the linear 
and the quadratic, which lead to widely divergent estimates. For 
these reasons, and because of the basic uncertainty associated with 
the choice of a single model, the Committee decided to present an 
envelope of estimates bounded by the linear and the pure quadratic 
models, with the linear-quadratic providing intermediate values. 

RISK ESTIMATION 

The quantitative estimation of the carcinogenic risk of low-dose, 
low-LET radiation is subject to numerous uncertainties. The greatest 
of these concerns the shape of the dose-response curve. Others per
tain to the length of the latent period, the RBE for fast neutrons and 
alpha radiation relative to gamma and x radiation, the period during 
which the radiation risk is expressed, the model used in projecting 
risk beyond the period of observation, the effect of dose rate or 
dose fractionation, and the influence of differences in the natural 
incidence of specific forms of cancer. In addition, uncertainties 
are introduced by the characteristics of the human experience drawn 
on for the basic risk factors, e.g., the effect of age at irradiation, 
the influence of any disease for which the radiation was given thera
peutically, and the influence of length of followup. Moreover, these 
uncertainties, unlike sampling variation, cannot be summarized in 
probabilistic terms; their collective influence is such as to deny 
great credibility to any estimates that can now be made for low-dose, 
low-LET radiation. Therefore, the Committee has placed more emphasis 
on methods of estimation than on any numerical estimates derived 
thereby. 

The chief sources of data used in this report are the populations 
exposed to whole-body irradiation in Hiroshima and Nagasaki, patients 
with ankylosing spondylitis and other patients who were exposed to 
partial-body irradiation therapeutically, and various occupationally 
exposed populations, such as uranium miners and radium-dial painters. 
Most epidemiologic data do not systematically cover the range of low 
to moderate doses for which the Japanese data appear to be fairly 
strong. Analysis in terms of dose response must therefore rely 
heavily on the Japanese atomic-bomb survivor data. The substantial 
neutron component of the dose in Hiroshima and its strong correlation 
with gamma dose severely limit the relevance of the more numerous 
Hiroshima data for the estimation of risk from low-LET radiation. The 
Nagasaki data, for which the neutron component of dose is small, are 
weaker for doses below 100 rads; it is necessary, therefore, to 
obtain the maximal benefit from the Hiroshima data. In any analysis 
of the Japanese data that attempts to separate the effects of 
neutrons and gamma rays, however, the gamma-ray coefficients are 
determined mainly by the Nagasaki data. With respect to incidence, 
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the Hiroshima data are known to be incomplete, and some estimates 
have been computed from the Nagasaki tumor-registry data alone. 

For its illustrative computations of the lifetime' risk from 
whole-body exposure, the Committee chose three situations: 

• A single exposure of a representative (life-table) population 
to 10 rads. 

• A continuous, lifetime exposure of a representative (life
table) population to 1 rad/yr. 

• An exposure to 1 rad/yr over several age intervals exempli
fying conditions of occupational exposure. 

The three exposure situations do not reflect any circumstances 
that would normally occur, but embrace the areas of concern--general 
population and occupational exposure and single and continuous ex
posure. Below these doses, the uncertainties of extrapolation of 
risk were believed by some members of the Committee to be too great 
to justify calculation. The selected annual exposure, although only 
one-fifth the maximal permissible dose for occupational exposure, is 
consistent with average occupational exposures in the nuclear industry. 
The U.S. 1969-1971 life tables5 were used as the basis for the calcu
lations, and all results were expressed in terms of excess cancers 
per million persons throughout their lifetime after exposure. Although 
in the 1972 BEIR report56 estimates were made for an expression time of 
25 yr for leukemia and either 30 yr or a full lifetime after exposure 
for other forms of cancer, in the present report the expression time 
is taken as 25 yr for leukemia and the remaining years of life for 
other cancers. Separate estimates were made for mortality and incidence. 

The resulting mortality estimates for all forms of cancer differ 
by as much as an order of magnitude; and, clearly, some are more 
plausible than others. The uncertainty derives chiefly from the 
range of dose-response models used, from the alternative projection 
models, and from the sampling variation in the source data. The 
lowest estimates are derived from the pure quadratic model; the 
highest, from the linear model. The constrained linear-quadratic 
model provides estimates intermediate between these two extremes. 

In the absence of any increased radiation exposure, among 
one million persons of life-table age and sex composition in the 
United States, about 164,000 would be expected to die from cancer, 
according to present mortality rates. For a situation in which 
these one million persons are exposed to a single dose increment 
of 10 rads of low-LET radiation, the constrained linear-quadratic 
model predicts about 766 additional deaths from all -forms of cancer 
according to one projection model and about 2,255 according to the 
other--increases of about 0.5% and 1.4% over the normal expectation 
of cancer mortality, respectively (see Table V-1 and similar tables, 
which demonstrate the range of estimates that results from use of 
alternative projection models). 
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TABLE V-1 

Estimated Excess Mortality per Million Persons from All Forms of Cancer, 
Linear-Quadratic Dose-Response Model for Low-LET Radiationa 

Single exposure to 10 rads: 
Normal expectation 
Excess cases: number 

% of normal 

Continuous exposure to 1 rad/yr, 
Normal expectation 
Excess cases: number 

% of normal 

Absolute-Risk 
Projection Model 

163,800 
766 

0.47 

lifetime: 
167,300 

4,751 
2.8 

Relative-Risk 
Projection Model 

163,800 
2,255 

1.4 

167,300 
12,920 

7.7 

alntermediate results in this table and throughout the report, 
including estimated risk coefficients and numbers of normally 
expected and excess cancer deaths and cases, are given to four 
significant digits. The intention is to facilitate the recon
struction of the final results by readers who may wish to re
construct them, rather than to suggest an unwarranted accuracy 
of the estimates. 

Table V-2 shows the variation in mortality risk estimates 
associated with the choice of dose-response model and projection 
model for a single exposure of the general population to 10 rads 
of low-LET radiation. In that. exposure situation, the choice of 
dose-response model involves differences of about 20 to 1, and the 
choice of projection model, differences of 3 to 1. 

Table V-3 shows that, for continuous lifetime irradiation at 
1 rad/yr beginning at birth, risk estimates increase roughly in 
proportion to the increase in duration of exposure and, therefore, 
total dose (from 10 rads to a lifetime dose of about 75 rads). 
Here, the normal lifetime expectation of dying of cancer is 167,000 
per million births. 
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TABLE V-2 

Estimated Excess Mortality per Million Persons from All Forms of Cancer, 
Single Exposure to 10 rads of Low-LET Radiation, by 

Dose-Response Model 

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

Leukemia Other 
And Bone Cancer 

Normal expectation of 
cancer deaths 163,800 163,800 

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

L:--L L-L Excess deaths: number 1,671 5,014 
% of normal 1. 0 3.1 

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

TABLE V-3 

Estimated Excess Mortality per Million Persons from All Forms of Cancer, Continuous 
Lifetime Exposure to 1 rad/yr of Low-LET Radiation, by Dose-Response Model 

Dose-Response 
Model 

Absolute-Risk 
Projection Model 

Relative-Risk 
Projection Model 

Leukemia 
and Bone 

LQ-L 

L-L 

Q-L 

Other 
Cancer 

LQ-L 

L-L 

Q-L 

Normal expectation of 
cancer deaths 

Excess deaths: number 
% of normal 

Excess deaths: number 
% of normal 

Excess deaths 

167,300 

4,751 
2.8 

11,250 
6.7 

a 

aEstimates not calculated, because Q-L coefficients were so s,all, 0.014 
excess leukemia and bone cancer per million per year per rad and 0.018 
excess fatal cancer other th~n leukemia and bone cancer. 
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12,920 
7.7 

30,520 
18.2 

a 



For continuous lifetime exposure to 1 rad/yr, the increase 
in cancer mortality, according to the linear-quadratic model, ranges 
from about 3% to 8% over the nonnal expectation (Table V-1). 

To compare these estimag~s with those of the 1972 BEIR report56 
and the 1977 UNSCEAR report, it is convenient to express them as 
cancer deaths per million persons (including both sexes) per rad of 
continuous lifetime exposure. The age-specific risk factors in 
the 1972 BEIR report were used with 1969-1971 life tables and with 
the computation procedures developed for the present report. In 
this form, the risks are based on average values per rad received 
over a lifetime and should not be taken as estimates of the excess 
for a single dose of 1 rad. The linear-quadratic dose-response 
model for low-LET radiation yielded estimates below the comparable 
linear estimates given in the 1972 BEIR report, especially for the 
relative-risk model (Table V-4). For continuous lifetime exposure 
to 1 rad/yr, the relative-risk projection is 182 excess cancer deaths 
per million persons exposed per rad, compared with 568 in the 1972 
BEIR report, and the absolute-risk projection is 67 deaths, compared 
with 115. Although the present report uses much information not 
available for the earlier report, the differences mainly reflect 
differences in the assumptions made by the two Committees. The 
present Committee preferred a constrained linear-quadratic, rather 
than the linear, dose-response model for low-LET radiation and 
preferred not to assume a fixed relationship between the effects of 
high- and low-LET radiation. There is an additional difference 
between the two reports with respect to the relative-risk projections: 
the present estimates do not, as in the 1972 report, carry through 
to the end of life very high relative-risk coefficients obtained 
with respect to childhood cancers induced by radiation; this accounts 
for about half the magnitude of the 1972 relative-risk estimates. 
The present linear-quadratic estimates do not differ appreciably 
from those in the 1977 UNSCEAR report. 82 The comparison differs 
when made on the basis of the alternative BEIR 1980 models, because 
the linear model estimates in the first footnote of Table V-4 are 
about twice as large as the linear-quadratic model estimates, and 
the pure-:quadratic model estimates are substantially smaller than 
the linear-quadratic. 

Cancer-incidence risk estimates are less firm than mortality 
estimates. The present Committee used a variety of dose-response 
models and several data sources. The dose-response models produced 
estimates that differed by more than an order of magnitude. The 
different data sources gave broadly similar results. In particular, 
_analysis of the Nagasaki tumor-registry data agreed well with sex
specific expansions of estimates of excess cancer mortality. For 
the linear-quadratic model and for continuous lifetime exposure to 
1 rad/yr, the increased risks, based on the Nagasaki tumor registry 
and on the leukemia registries ·in Hiroshima and Nagasaki and expressed 
as percent of the normal incidence of cancer in males were: (a) 
relative-risk projection model, 5.6%, and (b) absolute-risk projection 
model, 2.8%. As previously mentioned, risks for females are substan
tially higher than those for males, owing primarily to the relative 
importance of radiation-induced thyroid and breast neoplasia. 
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TABLE V-4 

Comparative Estimates of the Lifetime Risk of Cancer Mortality Induced by 
Low-LET Radiation--Excess Deaths per Million, Average Value per Rad 

by Projection Model, Dose-Response Model, and Type of Exposure 

Projection Model 

Source of Estimate 

Dose
Response 
Modelsa 

Single Exposure to 
10 rads 
Absolute Relative 

Continuous Lifetime 
Exposure to 1 rad/yr 
Absolute Relative 

BEIR, 198rf; 

1972 BEIR report factorsc 

UNSCEAR 197"P 

LQ-L, LQ-L 

Linear 

Linear 

77 

117 

226 

621 

75-175 

67 

115 

aFor BEIR 1980, the first model is used for leukemia, the second for 
other forms of cancer. The corresponding estimates when the other 
models are used (thereby providing an envelope of risk estimates) are: 

L-L, L-L 167 501 158 

Q-L, Q-L 10 28 

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

cl972 BEIR56 postnatal, age-specific risk factors used with 1969-1971 
life tables, with plateau extending throughout the lifetime remaining 
after irradiation, estimate (b) in the 1972 report. The average age 

.. of the 1969-1971 life-table population exceeds that of the 1967 U.S. 
population used for the 1972 BEIR report. For this reason, the numbers 
shown here for continuous exposure are larger, on a per-rad basis, than 
those obtainable from Tables 3-3 and 3-4 of the 1972 BEIR report. 

dUNSCEAR ran82 of estimates for low-dose, low-LET radiation (p. 414, 
para. 318). 
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Estimates of excess risk for individµal organs a~d tissues 
depend in larg~ part qn partial-body ir:radiatioq and 4se a wider 
variety of data sources. Except for leukemia and bonr= cancer, 
estimates for individu~l sites of cancer were made only on the 
basis ~f the linear model (cf. Appendix A) and are stated in 
terms of excess qases per year per million persons exposed per 
rad. For leukemia, the linear~quadratic wodel yielded: for males, 
excess leukemia c~ses (o:r deaths) per mil;l.ion p~rsons per year= 
l.37(gamma dose)+ 0.0117(gamma dose) 2; f9r fem~les, excess 
leukemia cases (or deaths) per million ~e:rsons exposed per year= 
0.904(gamma dose)+ 0.00772(gamma dose) • For solid tumors, 
parallel linea:r-model estimates, expressed as excess cancer cases 
per year per million persons exposed per :rad, were, for ~ample: 
for thyroid, male, 2.2, and female, 5.8; for f~male breast, 5.8; 
and for lung, male, 3.6, and female, 3.9. The1:1e coefficients of 
risk derive largely from epidemiologic data in which exposure was 
at high doses, anq these risk values may, in some cases, over-· 
estiniate risk at low doses. Tpey yield final estimates of excess 
solid.tumors that are 3-6 times those derived by expanding the 
mortality estimates on the basis of the linear~quadratic model. 
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GENERAL CONSIDERATIONS 

In this chapter, we consider the effects of radiation in those 
who are exposed (somatic effects), as distinct from effects trans
mitted to their offspring genetically. Effects on the developing 
embryo and fetus irradiated in utero and other noncancer somatic 
effects are described in Chapter VI. 

This report does not address pathologic changes caused by high 
doses of radiation delivered at high dose rates. The primary emphasis 
is on effects of relatively low doses of radiation--that is, below 100 
rads--because we anticipate that most future exposures of radiation 
workers and the general public should be well below such doses. In 
addition, we consider only effects of radiation that lead to disease 
or disability; thus, we do not deal with cytologic or cytogenetic 
abnormalities, which may be detected in cells of persons exposed to 
relatively low doses, but whose significance with respect to later 
disease or disability remains unclear (see discussion of cytogenetic 
effects in the 1977 UNSCEAR report~2). · 

The effects considered here are expressed in defects or in 
disease states that usually arise many years after radiation exposure. 
These diseases are, however, similar to those occurring spontaneously 
in man. Thus, detection of the contribution of radiation exposure 
is often difficult and depends heavily on an adequate duration of 
followup of irradiated groups. An important justification for this 
updating of the 1972 BEIR report is therefore the need to assess the 
extent to which our understanding of delayed or long-term effects 
of radiation exposure has been altered by new evidence, particularly 
from further followup of a number of human groups irradiated under a 
variety of circumstances. Especially important have been data obtained 
from such populations exposed to doses well below 100 rads; effects 
of these low doses are usually difficult to distinguish from spontaneous 
disease, so adequate followup is crucial. Regrettably, there is 
still a paucity of information at these low doses, but adgitional 
studies have become available since the 1972 BEIR report. 

In the 1972 BEIR report, the Committee tried to estimate the risk 
of somatic effects in an entire population that received a cumulative 
radiation exposure at a low dose rate. The principal risk was from 
the major somatic effect produced--cancer. The present Subcommittee 
on Somatic Effects has also made quantitative risk estimates, especially 
for cancer, albeit with some modifications of the methods used in the 
1972 BEIR report. 

This chapter emphasizes risk estimates derived from epidemio
logic data on human populations, as was the case in the 1972 report. 
Chapter II gives some of the scientific background on how risks are 
assessed by these methods. We include some discussion of laboratory 
animal data where relevant, to emphasize the importance of laboratory 
animal studies to an understanding of effects on man (see Appendix A). 
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Two long-term studies of irradiated human populations are of 
special interest, because of the numbers of persons involved, the 
fractio~ of the body exposed to radiation, and the duration of follow
up: the Japanese survivors of the atomic bombings of Hiroshima and 
Nagasaki and a group of British patients with ankylosing spondylitis 
who were treated with deep x-ray therapy to the spine and pelvis. 
Because of their importance and because new information available 
from them since the 1972 BEIR report .has added to our understanding 
of cancer induction by radiation, these two studies are described 
in some detail in this chapter. Important new dosimetric data 
from these two studies are also included. 

At the time of the 1972 BEIR report, the Subcommittee on Somatic 
Effects concluded that evidence on man was insufficient to determine 
whether the absolute-risk or the relative-risk projection model (see 
Chapter II) of radiation-induced cancer was more applicable to the 
determination of lifetime risks on the basis of incomplete followup 
data. Review of the current data has led the present Subcommittee 
to conclude that the relative-risk model does not apply generally, 
but is applicable to the effect of age on cancer incidence for many 
sites at which cancer -is induced by radiation. Thus, age at exposure 
and at cancer development has emerged as a major determinant of 
cancer risk from radiation. For this reason, this subject is also 
considered in some detail; both projection models have been used. 

THE EXPERIENCE OF THE ATOMIC-BOMB SURVIVORS AS A SOURCE OF DATA 
ON THE LATE SOMATIC EFFECTS OF IONIZING RADIATION 

The experience of the survivors of the atomic bombings of 
Hiroshima and Nagasaki constitutes a major source of in!grma-
tion on the late somatic effects of ionizing radiation. Some of 
the characteristics that make it extremely useful for radiobiologic 
research are as follows: the samples available for study are generally 
the largest of their kind; the population was relatively unselected 
with respect to disease or working status; a formal program of intensive 
study has been under way for over 30 yr; an elaborate dosimetry 
program has yielded individual dose estimates for the major samples, 
initially in terms of kerma, but recently for the tissues of major 
organs; and the family registration system of Japan guarantees virtually 
100% mortality followup. There are, however, disadvantages and 
limitations: the samples available are not large enough to detect 
with high probability some of the presumably smaller risks, e.g., in 
the very-low-dose region; there was a single exposure at a very high 
dose rate; the radiation was a mixture of neutrons and gamma rays; 
the radiation dose of a survivor depended on his location and shielding 
situation, i.e., there was no random assignment; the energy released 
by the bombs was in the form of heat and blast, as well as radiation; 
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each city was so devastated that living patterns were profoundly 
disrupted; and the fact that tens of thousands were killed by the 
bomb in each city raises the possibility that the survivors were, in 
some respects, fitter than those who died. 

At the time of the 1950 national census in Japan, 284,000 
survivors were enumerated by means of a supplementary schedule, 37 
and this is the source that was used in selecting survivors for the 
life-span study (LSS) sample of which the adult health study (AHS) 
sample is a part. Table V-5 lists the major fixed samples from which 
data have been derived on late somatic effects; information on 
cataractogenesis was developed from ad hoc samples before the 
Atomic Bomb Casualty Commission (ABCC) adopted its relatively 
strict fixed-sample approach. The LSS sample is the primary 
source of information on m~6t~6ity, but is also used in studies 
on the incidence of cancer ' and heart disease. For this sample, 
observations began October 1, 1950. The AHS sample if the vehicle 
for biennial physical examinations

3
and history-taking 3 and also 

for much of the cytogenetics work. The two in utero samples are 
based on birth.certificates and early specialcensuses, 12 and their 
functions parallel those of the LSS and AHS samples. 

The dosimetry of atomic-bomb survivors rests o~ the exposure 
histories of survivors obtained by ABCC technicians 7 and the work 
of the Ichiban group of the H~alth Physics Division, Oak Ridge 
National Laboratory (ORNL), 2 , 41 supplemented in recent years by 
parallel research at j2e National Institute of Radiological Sciences 
(NIRS), Chiba, Japan. Individual (T-65) dose estimates are avail
able for all but 3% of the survivors in the LSS sample. Gamma and 
neutron components are istimated separately and expressed in terms 
of rads of tissue kerma in air. The potential contribution of any 
fallout or residual radiation is believed to have been negligible.57 
Correspondingly, early entrants into the cities within the first few 
days after the bombings are not thought to have been exposed to sub
stant!fl radiation. For s~2ected organs of interest, the Oak Ridge 
group and the NIRS group have provided the basis for a preliminary 
conversion of the T-65 kerma dose into a tissue dose. Ratios (R) of 
absorbed tissue dose to kerma have been estimated for external gamma 
radiation as Ry= Dy/Ky, for neutrons as~= Dn/Kn, and for n-capture 
gamma radiation as Rc = Dc/Kn, for various organs, where Dy, Dn, and Dc 
represent absorbed dose to tissue for gamma, neutron, and n-capture 
gamma radiation, respectively, and KY and Kn are the kerma doses for 
gamma radiation and neutrons, respectively. 

The recent ORNL ratios41 are given in Table V-6. They can be 
used to estimate the ratios of organ dose to average kerma dose for 
survivors exposed to lo+- rads. Column 4 in Table V-6 shows the values 
for specific organs and tissues, on the assumption of an RBE of 1. 

*Kerma (kinetic energy released in material)= a unit of quantity 
that represents-the ki~etic energy~ransferred to charged particles 
by the uncharged particles per unit mass of the irradiated medium. 
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TABLE V-5 

Major Fixed Samplesa Studied at the Radiation Effects 

Research Foundation (Formerly Atomic Bomb Casualty Commission) 

Year 
Observations 

Sample Begun Size 

Life-span study (LSS) sample (extended) 1950 109,000 

Adult health study (AHS) sampleb 1958 20,000 

In utero mortality sample 1945 2,800 

In utero morbidity samplea 1950 1,600 

aAll samples include some representation of those who were not in 
the city at the time of the bombing, i.e., not directly exposed. 

bA subsample of the life-span study sample. 

<:!progressively enlarged from 1950 to 1959. 
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TABLE V-6 

Ratio of Organ Dose to Kenna Dose for Atomic-Bomb Survivcirsa 

Ratio, Or~an Dose to Kerma Dose 
Dy/Ky Dn/Kn Dy/Kn Ai.Terage 

Organ or .Tissue (Ry) iW (R) RBE .= 1 s 

Bcme .marrow 0.56 0.28 Q~067 0.53 
Bladder 0~45 0.18 0.072 0.42 
Breast 0.80 0.55 0.045 0.77 
Fetus 0.42 b.14 0.077 0.39 

l '. 

Intestinal tract 0.40 0.14 0.077 0.38 
Kidney 0.52 0.24 0.065 0.49 
~iver 0.47 0.18 0.075 d.44 
Lung 0.50 0.22 0~070 0.47 
Ovary 0.40 0.12 0;080 0.37 
Pancreas 0.40 0.12 0.080 0.37 
$tomach 0.47 0.18 b.012 0.44 
Thyroid 0.70 0.4.5 0.035 o;67 

aDa ta fr-om Kerr. 41 
bFor survivors exposed to lo+ rads, combined Hiroshima and Nagasaki 
average. 
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The calculation requires only the ratios (R), the fraction of the 
kerma dose derived from gamma radiation (Py) and that derived from 
neutrons (Fn), and ari RBE factor (Q) for neutrons. Then the conversion 
ratio for a kerma of 1 rad is equal to 

The NIRS values of R for selected tissues are similar to those of 
ORNL, but not precisely the same, especially for Ry. The effect of 
varying RBE may be seen in the following comparison by city, for 
several organs: 

Organ dose (rems)/air kerma (rads) 
Organ RBE H + N H N 

Marrow 1 0.53 0.51 0.56 

5 0.69 0.77 0.57 

10 0.88 1.09 0.59 

15 1.07 1.41 0.61 

Breast 1 0.77 0.75 0.80 

·s 1.08 1.26 0.82 

10 1.46 1.89 0.86 

15 1.83 2.52 0.89 

Lung 1 0.47 0.45 a.so 

5 0.59 0.65 o. 51 

10 0.75 0.90 0.53 

15 0.90 1.16 0.54 

Ratios like those in Table V-6 may be used to adjust any linear 
coeffictent of the combined gamma and neutron risk expressed in 
rads kerma to an approximate rad {or rem) organ-dose risk estimate by 
dividing the estimate expressed in rads kerma by the appropriate 
ratio. For example, McGregor et al. gave absolute-risk estimates 
of 1.8 excess breast cancers per milS&on women per year per rad kerma 
for Hiroshima, and 2.0 for Nagasaki. Division by the ratios 
0.75 and 0.80 gives approximate organ-dose risk estimates of 2.4 and 
2.5, respectively. These values are very close to those obtained 
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by transforming average k.erma values for the dose groups used in 
the regression calculation. 

The completeness of ascertainment of disease states, impairments, 
laboratory abnormalities, and deaths is variable, as is the quality of 
the observations made. By virtue of the family registration system 
of Japan and restriction of samples to those of Japanese citizenship 
and known place of famfnY registration, the ascertaiment of mortality 
is virtually complete. Clinical and laboratory observations have 
been less canplete, but participation has been consistently above 80% 
for those living within the range of con3acting, and essentially 
independent of dose or exposure status. 1 Death-certificate diagnoses 
differ greatly in their accuracy, even within the set of neoplastic 
diseases; but for the atomic-bomb survivors, an active autopsy program 
in the period 1961-1969 has provided ufgsually good information on 
errors in death-certificate diagnoses. The quality and uniformity 
of laboratory observations and the cytogenetics have been controlled 
at a high level, whereas the clinical observations have been more 
variable in quality. 

Special disease registries are of particular importance. A 
registry was set up for leukemia very early, and efforts to ensure 
its completeness, combined with binational reviews of the series, 

6 have made the leukemia registry invaluable for epidemiologic studies. 3 

In 1957-1958, tumor registries were established in both cities, and 
these were supplemented in the early 1970s by the so-called "tissue 
registries" for neoplasms that include permanent slide collections 
and review diagnoses. The tumor-registry data for 1959-1970 have 
been used in parallel with the analyses of mortality in the LSS 
series for 1950-1974; 9 but, because of their incompleteness, 
especially in ,Hiroshima, less confidence can be placed in them than 
in the death-certificate data. The tumor-registry data do, however, 
have some value for selected sites of cancer often not well recognized 
by the certifying physicians as primary causes of death, e.g., lung, 
liver, and pancreas. In Nagasaki, where reporting was more complete, 
there is no reason to suppose that ascertainment depended in any way 
on radiation dose, but these data have not been critically examined. 
Estimates of excess risk for breast and, lung cancer based on tumor
registry data for Hiroshima, where the opportunity for ascertainment 
bias was greater than in Nagasaki, are consistent with estimates 
based on the mortality ascertainment, which is unbiased as to dose. 
When tumor-registry data are used here, they are limited to cases 
within the fixed LSS cohort, as is true with death-certificate data. 
Because local registries do not cover migrants from the areas, the 
registry counts are necessarily incomplete and absolute-risk estimates 
correspondingly low; but migration from the cities has been carefully 
monitored and is known to be relatively independent of radiation dose 
and to be appreciable for only the youngest members of the cohort. 
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There are no true "controls" in the experimental sense, but the 
not-in-city (NIC) components of the samples have some value as a com
parison group and are often used in conjunction with low-dose groups 
in making high-dose--low-dose comparisons. The zero-dose group is 
believed to be superior to the NIC group as a control group, however, 
especially in the early years of followup, largely because the NIC 
group has the characteristics of an imo/igrant population with a 
different medical history before 1950. Unfortunately, although the 
0-rads group amounts to 48% of the Hiroshima sample, it is only 
23% of the smaller Nagasaki sample and often seems too small to 
stand alone, especially in the examination of end results of low 
frequency. For this reason, the 0-9-rads group is often used as the 
basis for statistical comparisons with higher-dose groups. The 0-9 
component represents 22% of the Hiroshima survivors and 33% of the 
Nagasaki survivors; their average doses were 3.7 and 3.9 rads (kerma), 
respectively. Increasingly, however, the need for information 
about dose response requires that various parametric functions 
be fitted to data arrayed by size of dose, and simple case-control 
comparisons are replaced by regression analyses. In this context, 
the NIC group may or may not be used. The use of all-Japan age-, 
sex-, and time-specific death rates as a basis for calculating 
expected deaths among atomic-bomb survivors, to be compared with 
observed deaths, is valid only when the national mortality rates 
coincide with those for the cities of Hiroshima and Nagasaki, 
and often this is not the case. Investigators at ABCC have generally 
preferred not to draw inferences about the effects of radiation from 
such comparisons and have used the national rates only as a device 
to standardize dose-specific mortality-risk estimates f~O age and 
sex, preparatory to comparing the dose groups directly. 

The general applicability of risk estimates based on tg7 experience 
of the atomic-bomb f~rvivors has been questioned by Rotblat and by 
Kneale and Stewart. Impressed by the failure of investigators to 
derive positive evidence of genetic effects of the atomic radiation, 
by the absence of evidence of a general life-shortening proportional 
to dose, and by the absencg of evidence of a carcinogenic effect of 
fetal irradiation, Rotblat 7 argued that the survivors of the bombings 
might have been genetically selected for a lower sensitivity to the 
late effects of ionizing radiation. He also cited published estimates 
of leukemia incidence among early entrants into the cities after the 
bombings that seemed to show that their leukemogenic response was 
considerably stronger than that of sui2ivors directly exposed to 
comparable doses. Kneale and Stewart argued that, when cancers 
originate in the reticuloendothelial system (RES tumors), they may 
cause loss of immunologic competence before they are clinically 
recognizable and thus pave the way for lethal infections. Because 
the atomic-bomb s·urvivors had high mortality rates from infectious 
diseases for several years after the bombings, their argument continues, 
atomic-bomb victims with early radiogenic cancers may have succumbed 
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to fatal infections to such an extent that estimates of carcinogenic 
risk based on the at9mic-bomb experience would not be generally 
applicable to populations for which radiation protection guidelines 
are written. 

Whether the risk estimates derived from the experience of the 
Japanese atomic-bomb survivors are generally applicable is best 
determined empirically, by applying the test of consistency wi~h 
other human data. When this is done with attention to age at 
irradiation, quality of radiation, attenuation of external whole
body radiation by the various tissues of the body itself, and 
length of followup, risk estimates derived from the atomic-bomb 
experience are seen to be generally consistent with those based 
on other human exposure. The only very marked exception is the 
absence of a carcinogenic j~fect among those exposed in utero 
at Nagasaki and Hiroshima, in contrast wit9 the significant 
relative-risk estimates of Stewart and Kneale 6 and of MacMahon47 
for prenatal x-ray exposure. Other apparent differences in car
cinogenic effect--e.g., on tissues of the lung and stomach--apply 
only to the Nagasaki experience and may ultimately be better under
stood in terms of the shape of the dose-response curve for low-LET 
radiation. 

That genetic effects have not thus far been found does not 
necessarily argue against the general applicability of the atomic
bomb experience: no direct evi.dence of a genetic effect has been 
forthcoming for man, and presumptions as to the order 'of magnitude 
of any such effect (see Chapter IV) suggest that it is too small to 
be easily seen in samples of the size available to investigators in 
Japan. Nor is the absence of a 'general life-shortening effect any 
indication that the atomic-bomb experience is a dangerous basis for 
generalization: testing the hypothesis of radiation-accelerated 
aging is no longer a promising line of experimental investigation 
and has been replaced by the view that radiation at moderate to low 
doses (under 300 rads of low,..LET radiation) shortens life principally,. 
and perh§~s exclusively, by induction or acceleration of neoplastic 
disease. The.incidence of leukemia among "early entrants," although 
the subject of several publications, remains essentially unknown. 
The published data are inconsistent with what we know of the leukemo
genic response from other human data and are not of a quality to 
challenge estimates of the leukemogenic effect of ionizing radiation 
derived f1ym the experience of those directly exposed .to the atomic 
bombings. In any event, even for Nagasaki, the latter estima§~s 
are no lower than those obtained from other human observations. 

The argument of Kneale and Stewart42 rests on observations, 
made in the Oxford Survey of Childhood Cancers, that many childhood 
illnesses and injuries are more frequent before death from cancer 
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than in live controls, and progressively so as death approaches. 
The argument that early-occurring radiation-induced cancers would 
not come to light because of an "exceptionally high infection death 
rate for several years after the event" is not borne out. There 
were no major epidemics in Hiroshima and N!~asaki, perhaps because 
all who could do so fled the bombed areas. Whether the excess 
mortali77 that continued for perhaps 3 yr among the more proximally 
exposed differentially removed from observation those in whom a 
radiation-induced carcinogenic process had already started seems 
doubtful, for the following reasons: the leukemogenic effect began 
in 1948, peaked in 1951-1952, and then fell to nearly zero by 1974, 
in a temporal pattern quite like that seen in the ankylosing
spondylitis patients; 73 for solid tumors, minimal latent periods 
are much longer, and one would have to suppose that a carcinogenic 
process normally latent for many years would have such profound 
effects in 1945-1948 as to have influenced survival; and, in most 
instances, where close comparisons can be made, the atomic-bomb 
experience is not out of line with other human data. 

THE STUDY OF LATE EFFECTS OF X-RAY TREATMENT OF BRITISH PATIENTS 
WITH ANKYLOSING SPONDYLITIS 

In December 1954, the British Medical Research Council reviewed 
the evidence that leukemia mortality rates were rising sharply in 
the United Kingdom, as well as in many other countries, including 
the United States. Although some of the rise could be ascribed to 
better diagnostic criteria of the disease, recognized as a malignant 
neoplasm only in the 1930s, the impression in 1954 was that at least 
some of the more recent increase was real and reflected exposure to 
an environmental stimulus. In view of the mounting evidence that 
exposure to ionizing radiation could lead to increased risk of 
leukemia, fiPs§ially the evidence from the Japanese atomic-bomb 
survivors, ' the Council decided to initiate a study of late 
effects of exposure to radiation. Preliminary evidence had already 
been obtained by Court Brown and Windeyer that patients with 
ankylosing spondylitis given deep x-ray treatment to the spine and 
sacroiliac region had an increased risk of developing leukemia. 
This pr 21iminary study was published in June 1955 by Court Brown and 
Abbatt. 

Accordingly, an appeal was made in January 1955 through the 
British medical press to locate patients with the disease who later 
were found to have leukemia. It was recognized, however, that 
case-finding alone could not settle the questions of the relationship 
of radiation dose to the probability of developing leukemia or other 
bone-marrow disease; therefore, an extensive survey of patients with 
ankylosing spondylitis was commissioned in 1955. This extensive 
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epidemiologic investigation was put under the direction of Court Brown 
and Doll. With the aid especially of the directors of the radiotherapy 
clinics, within 9 months the followup of over 13,000 patients was com
pleted, radiation doses 7ij the spinal marrow calculated, and dose
response data presente~2 The full report of this phase of the study 
was published in 1957. 

The patients enrolled in the study were identified from records 
of 81 radiotherapy centers throughout the United Kingdom. All the 
patients had received x-ray therapy during the period 1935-1954. 
The treatment was given in "courses" lasting usually for 2 weeks 
to 2 months, generally with one to five treatments per week. On 
the average, about 10 individual radiation exposures over a period 
of a month constituted a single course, although there was consider
able variation from patient to patient. Elaborate efforts were made 
in 1956 to detennine the exposure dose to the spinal marrow. A 16% 
random sample of the entire study group was drawn from each of the 
clinics (stratified by number of treatment courses), and the mean 
spinal-marrow dose .was calculated from the treatment records of each 
person in the sample. 

By 1960, the study had been extended in two ways. First, the 
group treated with x rays before 1955 was somewhat increased by -, 
inclusion of patients from an additional six clinics, and the decision 
was made to investigate other causes of mortality by further followup. 
Second, records of a group of patients who were diagnosed as having 
ankylosing spondylitis at the same clinics, but whose records indi
cated that they had not been given x-ray therapy, were also collected 
to permit this "untreated" group to serve as a control for the irradi
ated group. The untreated patients were enrolled during the period 
1935-1957. 

In 1965, a further followup, to December 31, 1962, of the x-ray
treated group

13
now composed of more than 12,000 men and 2,300 women, 

was reported. The results of this followup included an evaluation 
of the risk of cancers other than leukemia, as well as of all causes 
of death. This study, which was reviewed in the 1972 BEIR report, 
showed that excess mortality in this large patient population was 
present for many causes of death besides cancer; not only leukemia, 
but also cancers of organs in the heavily irradiated areas of the 
body were significantly greater than expected, whereas the excess 
was not significant for cancers at sites likely to be lightly irradiated. 

Investigation of mortality in thg p,~ients not given x-ray 
therapy was carried out through 1967. 4, Among the untreated 
men, deaths from all causes were significantly greater than expected; 
and, for all causes except cancer, their mortality, compared with 
national s~atistics, was slightly greater than that of the group 
given x rays. On this basis, there is no indication that x-ray 
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treatment caused vascular or other degenerative diseases that could 
be associated with accelerated aging. The evidence on this point is 
not strong, however; there may have been a difference in the severity 
of spondylitis between the untreated men and those given x rays. 
The untreated women clearly had less severe spondylitis than the 
treated group as a whole. 

An important observation in the men was a high mortality rate 
in the period from their first clinic visit and enrollment in the 
study through the next year. The excess mortality arose from a 
small excess of cancer deaths, as well as from causes associated 
with spondylitis. A similar phenomenon was observed in the group 
given x-ray treatment; 2J the interpretation is that on their first 
visit a small proportion of the patients were terminally ill with 
spondylitis or its complications or had cancer that already involved 
the spine. In the latter case, because their symptoms were ascribed 
to reactivated spondylitis, they were included in the study, but 
they died of metastatic disease soon after enrollment. 

Analysis of mortality after this initial period showed that the 
untreated group had no increased risk of death from cancer: through 
1967, 21 cancer deaths were observed, compared with 21.51 expected, 
and there were no deaths from leukemia. Cancer was the only major 
category of cause of death that was not increased in the untreated 
group. Thus, the increased cancer mortality, observed 2 yr or more 
after x-ray treatment was begun in the group given radiation therapy, 
can reasonably be ascribed to the x-ray exposure. 

A preliminary report dealing with followup of the x-,~y-treated 
patients to January 1, 1970, has been published recently. This was 
a study of patients who had received only one course of x-ray treatment; 
about half the original 14,000 patients were later given a second x-ray 
course, and followup was included only through 18 months after the · 
second course was begun. Thus, the period of study for this retreated 
group was generally only a few years, and the primary long-term followup 
was for the group given only a single course. This makes the study 
especially v~luable, because the time of the split-dose x-ray exposure 
can be clearly specified. 

On January 1, 1970, the group not retreated with a second course 
numbered 4,420 patients still alive and 1,759 who had died (477 had 
emigrated or were otherwise lost to followup). A more extensive 
report of this followup has been made available to the Committee 
(R. Doll and P. G. Smith, Pg2sonal communication) and was included 
in the 1977 UNSCEAR report. 

Unfortunately, no radiation-exposure data for these patients 
h~ve ~~en published since the original very detailed analysis in 
1957. In the following section, the doses delivered to various 
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tissues in this group are estimated. 
are valid at least to within 50%, and 
risk estimates from the epidemiologic 
site) observed in these patients. 

We believe that these estimates 
they have been used to calculate 
evidence of excess cancers (by· · 

ESTIMATES OF RADIATION DOSES IN TISSUES AND ORGANS IN THE SINGLE
COURSE RADIOTHERAPY PATIENTS TREATED FOR.ANKYLOSING SPONDYLITIS 
IN ENGLAND AND WALES 

The available data on patients with ankylosing spondylitis who 
receivgd ~ single treatment course with x rays in the Doll and Smith 
study2 , 7 were reviewed, to estimate average radiation doses in tissues 
and·organs giving rise to excess leukemias and cancers of heavily 
irradiated sites. It was not possible to review the radiotherapy 
charts of each patient, and it was therefore necessary to make assump
tions on, for example, the selection of patients, the extent and 
severity of disease, the method of therapy, the radiotherapy dosimetry 
and exposures, the tissues·irradiated, and the doses absorbed. The 
number of assumptions was kept to a minimum; it was recognized that 
the selection of patients and the clinical courses of treatment 
chosen by the radiotherapist in individual cases were, understandably, 
extremely variable. In spite of these limitations, however, it has 
been possible to make reasonable assumptions and to develop a model 
of what probably occurred in the radiotherapy planning and treatment 
of these patients, on the basis of conventional orthovoltage radio
therapy of the 1930s-1950s. The estimates of radiation doses absorbed 
thus derived, however,·are imprecise and must be further corrected 
as new information becomes available, not only with respect to the 
assumptions made above, but' also with respect to subtle information 
still lack:i.ng--for example, on the location of the organ during 
treatment and on the fraction of the organ or tissue that was irradiated. 

Patients Studied 

Of the original 14,558 patients in the ankylosing-spondylitis 
study group, 4,420.(30.4%) patients who had ~gc71ved only one course 
of trecJ.tment were studied by Doll and Smith. ' The average peri,od 
of followup for patients who had only one course of treatment ~as 
16.2 yr. In addition, 52 patient histories and clinical courses of 
diseas~ ~ere ~,refully .detailed in the Medical Research Council 
(MRC) report; these patients had all developed leukemia after 
either· single or multiple courses of x-ray ther~py. 
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Radiotherapy Dosimetry and Treatment Planning 

The radiotherapy dosimetry of p,~ients was carefully reviewed 
and reconstructed in the MRC report. The most likely treatment 
ports, x-ray qualities, dose fractions, etc., were used, and depth
dose data for conventional orthovoltage x-ray therapy were used. 35 
The patients were classified in two groups, on the assumption that 
about one-third in the series were treated in the late 1930s and 
early 1940s, and two-thirds were treated in the late 1940s and early 
1950s. For the earlier patients in the series, it was assumed that 
the equipment used was a 100-kVp radiotherapy x-ray machine with 
a half-value layer (HVL) of 2 mm aluminum at a 30-cm focus-skin distance 
(FSD). For the later patients in the series, it was assumed that 
the equipment used was a 200-kVp radiotherapy x-ray machine with an 
HVL of 1 mm copper at a 50-cm FSD. 

It was assumed that the entire spine (cervical, thoracic, 
lumbar, and sacral) and sacroiliac joints were treated in the single 
course of radiotherapy. Therefore, on the basis of the range of 
rectangular skin-field _dime~~ions for spinal and sacroiliac fields 
described in the MRC report and the fact that multiple fields were 
used, ;twas assumed that in this analysis depth-dose data for a 
200-cm field would be appropriate to estimate organ-dose character
istics. The position of the cervical, thoracic, lumbar, and sacral 
spine were determined from the data of Brinkley and Masters, 1) on 
the assumption that all ankylosing~spondylitis patients were treated 
in the prone position. The positions of the various organs and tissues 
of the thorax, abdomen, and pelvis were determined from contours and 
relationships from computed-tomography ~~ages, cadaver correlative 
anatomy ~yblished by Gambarelli ~ al., and descriptions in Gray's 
Anatomy; it was recognized that computed-tomography patients and 
cadaver transverse sections were examined in the supine position. 

Patient Selection, Treatment, and Clinical Course 

To obtain some understanding of the rationale of patient selec
tion and course of radiotherapy, the histories of the 52 ankylosing
spondy~;tis patients who developed leukemia outlined in the MRC 
report were carefully reviewed. No selection process could be 
associated with the severity of disease at the time of the first 
course of radiotherapy or with the failure of palliation that warranted 
a second or additional courses of radiotherapy. Thus, it was assumed 
that these leukemia patients were no different from all other ankylosing
spondylitis patients when they began radiotherapy. For the purposes of 
the following analysis, therefore, it was assumed that these patients 
were not selected on the basis of severity of their disease or of any 
other predisposing factors and were therefore representative of all 
14,558 patients in the study at the start of their radiotherapy for 
ankylosing spondylitis. 
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It was further assumed that the 1~6g7 group of patients who 
required retreatment (7,453, or 51.2%) , 3 did not enter into their 
initial course of radiotherapy with a plan for retreatment. In other 
words, all patients were treated in the hope of palliating their disease 
in the first course of radiotherapy. There was no way for the radio
therapist to predict that a given patient in the series would require 
more than a single course of therapy for palliation, and thus each 
patient who received multiple courses of radiotherapy was initially 
judged to.be a single-course patient and treated accordingly. This 
would obtain for all 14,558 patients, and therefore for the 52 patients 
who ultimately developed leukemia. It is of interest that 34 (65.4%) 
of the initial 52 patients who developed leukemia did receive additional 
courses of x-ray treatment. 

Estimation of Mean Exposure of the Spinal Bone Marrow 

On the basis of the clinical and radiotherapeutic histories of the 
52 ank.ylosing-spondylitis patients, it was assumed that the general 
clinical trend was to begin with a single course of treatment. This 
resulted in a mean spinal bone-marrow exposure for the initial course 
of therapy for all 52 patients of 542 ±. 355 R (Figure V-1). There
after, if a patient returned for additional radiotherapy because of 
recurring disease, each additional course of therapy up through the 
fourth course resulted in an increment of 346 ± 319 R in mean spinal 
bone-marrow exposure. Both in the initial treatment course and in 
later courses, the standard deviations were extremely large. It was 
assumed, therefore, that the average spinal-marrow exposure for all 
4,420 patients who received a single course of therapy was 542 ±. 355 R. 
The average exposure of the spinal bone marrow represented a very wide 
spectrum of exposures selected by the radiotherapist. This suggested 
extreme variability in treatment techniques and in the clinical re
sponse of patients. 

The average exposure of the spinal bone marrow in the 18 single
course patients who developed leukemia22 was 668 + 325 R. This value 
is not significantly different from the mean spinal-marrow exposure 
of all 52 patients after the first course of radiotherapy. 

Estimation of Radiation Doses Absorbed in Tissues and Organs 
in Heavily Irradiated Sites 

On the basis of the assumptions outlined above, the average 
radiation doses to the spinal bone marrow and to the organs and 
tissues in heavily irradiated sites have been calculated (Table 
V-7.). It was assumed that all radiation-induced leukemias and 
cancers arose in irradiated tissues and organs. 
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TABLE V-7 

Estimated Radiation Doses in Tissues and Organs. in Heavily. 
Irradiated Sites in Patients with Ankylosing Spondylitis 

after a Single Treatment Course with X Rays 

Site of Cancer 

Spinal bone marrow (ieukemia) 

Lymphoma, mediastinal, lymph nodes 
excluding Hodgkin's disease 

Esophagus 

Stomach 

Colon 

Pancreas 

Bronchus 

Vertebral bone 

Spinal cord and nerves 

Kidney 

Bladder 

Dose, radsa 

214 

306 

306 

57 

bBased on average spinal bone-marrow dose of 505 rads. 
Assumes 50% of stomach irradiated; hypersthenic configuration. 

~Assumes 67% of stomach irradiated; asthenic configuration. 
Assumes 80% of bronchial epithelium irradiated. 

eDose to spinal bone-marrow cells and endosteal lining cells of 
bone-marrow cavities. 

!Lightly irradiated site; assumes 10% of organ (both kidneys) in 
irradiated field. 

gLightly irradiated site; assumes 33% of organ in irradiated field. 
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The estimated absorbed dose for leukemia was based on the 
assumption that spinal bone marrow constitutes 42.3% of the active 
bone marrow and the assumption that leukemia arose in irradiated 
bone marrow in the spine. 

The estimated absorbed dose for lymphoma (excluding Hodgkin's 
disease) was based only on the position of the most prominent lymph 
nodes in the mediastinum of the thorax. These included the lymph 
nodes lying in and around the trachea and the bifurcation of the 
main bronchi. If lymphomas arose in the lymph nodes of the posterior 
mediastinum, the dose would have been much higher, and the risk per 
rad would be reduced; if the lymph nodes of the anterior mediastinum 
were involved, the risk would be increased. 

The position of the esophagus varies considerably in the thorax; 
and kyphosis in ankylosing-spondylitis patients would affect its 
position. If neoplasms arose in the upper esophagus, the radiation 
dose could have been higher, and the risk lower. Because many 
patients received lumbar-spine irradiation, it is possible that the 
distal esophagus, although more anterior (and thus receiving a smaller 
dose), could have been· in the irradiated fields more frequently. The 
cervical portion of the esophagus was not included in this analysis. 

The lower value for the absorbed dose in stomach assumed that 
half of it was irradiated: this may have occurred in hypersthenic 
patients. The higher value assumed that two-thirds of the stomach 
was irradiated; this may have occurred in asthenic patients. 

The absorbed dose in the colon was based on the assumption 
that one-third to one-half the colon was in the irradiated field, 
primarily the transverse colon, the sigmoid, and the rectum. The 
dose in the pancreas assumed irradiation of the head and the portion 
of the body of the pancreas anterior to the lumbar spine; this accounts 
for two-thirds of the organ. 

The dose estimated in the bronchus assumed that bronchial cancers 
arose in the primary and secondary branches. Further branching-say, 
to the tertiary portions--would increase the amount of bronchial epi
thelium, but decrease the probability of the epithelium's being situ
ated in the irradiated field. It was assumed that 80% of the bronchial 
epithelium was irradiated. 

The absorbed dose in bone was low, with a large range. Corrections 
were made for x-ray absorption in bone relative to soft tissue, i.e., 
for osteocyte lacunae and bone-marrow cell spaces. The dose estimate 
refers to the bone marrow of the vertebral bodies, transverse and 
spinous processes, pedicles, etc. It was assumed that only the 
spine and the sacroiliac joints were irradiated, and no corrections 
were made for irradiation of other bony structures, such as ribs. 
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The absorbed dose estimated in the spinal cord and spinal nerves 
(nerve root and dorsal and ventral branches) originating from the cord 
assumed that these structures were in the field of irradiation. The 
dose could have been higher, because the cord and the origins of the 
spinal nerves are closely related to the surrounding bone of the spinal 
column. 

Conclusions 

The estimates of absorbed doses of x rays in bone marrow and 
heavily irradiated sites in the radiotherapy patients with ankylosing 
spondylitis in England and Wales after a single treatment course of 
x rays are extremely crude and are based on very limited data and on 
a number of assumptions. Some of these assumptions may later prove 
to be incorrect, but the general principles are valid and are probably 
reasonably appropriate. It is therefore important to place these 
estimates of absorbed dose into perspective, recognizing that they 
may be somewhat inaccurate, but not grossly so. It is probable 
that they are correct to within a factor of 2. This is particularly 
important for cancers of heavily irradiated sites with long latent 
periods. The mean followup period for the single-treatment-course 
ankylosing-spondylitis patients was 16.2 yr, and an increase in 
cancers of heavily irradiated sites may appear in these patients 
after 1969 in tissues and organs with long latent periods for the 
induction of cancer. 

The accuracy of these estimates is severely limited by the 
inadequacy of information on doses absorbed by the tissues at risk 
in the irradiated patients. The information on absorbed dose is 
essential for an accurate assessment of dose-related cancer incidence 
analysis, which c_ould provide valuable insights into the mechanisms of 
cancer induction in man. Furthermore, in this unusually valuable human 
series of irradiated patients, the information on radiation dosimetry 
entered on the clinical radiotherapy charts is central to any reliable 
determination of somatic risks of radiation with regard to carcino
genesis in man. The work necessary to obtain these data is under 
way in England; only when they are available can more precise esti
mates of risk of human cancer induction by radiation be obtained. 

AGE AS A FACTOR IN RADIATION CARCINOGENESIS 

Age at exposure to ionizing radiation is a major factor in the 
carcinogenic response. This is perhaps not surprising, in view of 
the regular increase in the spontaneous risk of most cancers with 
age, especially after the first two or three decades of life. 
Figure V-2 shows age-specific mortality from all malignant neoplasms 
in U.S. white males in 1970 and age-specific incidence rates from the 
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Third National Cancer Survey83 for cancers of all sites, for leukemia, 
and for cancer of lung, trachea, and bronchus in white males. and for 
cancer of the breast and thyroid in white females. These organ sites 
have been chosen largely on the basis of their sensitivity to the 
carcinogenic action of ionizing radiation. 

The age-specific curves for cancer mortality and in,cidence 
provide a point of reference for examining theories of carcino
genesis. D01124 has specified four patterns of relationship between 
age and the incidence of specific cancers: (1) a rise to a peak in 
childhood, adolescence, or early adult life, followed by~ decline, 
e.g., Wilms's tumor; (2) a rapid, regular increase from adolescence 
to old age, with practically no .. cases in childhood, e.g., cancer of 
the stomach; (3) same as (2), but with a marked turndown at the 
highest ages, e.g., bronchogenic carcinoma; and (4) a sharp rise 
until middle life, after which the increase slows down or ceases, 
e.g., cancers of the breast and cervix uteri in women. Thus, the 
influence of age is not uniform among cancers, but varies presumably 
in response to other host factors, such as- hormonal and genetic in
fluences, and to environmental conditions. Doll concluded that the 
influence of age on cancer rates is not direct, but is a measure of 
previous exposure to carcinogenic agents. 

For chemical carcinogens, to which exposure is often prolonged, 
as in many ~c~u~ational exposures, the literatu17 ~!v2~ ~

4
mi~ed picture 

of the sensitivity of people of different ages. ' ' ' ' _ In 
most studies, but not all, the carcinogenic risk of such exposure 
increases with the age when exposure started. In one study of nickel 
refiners, for example, occupational nasal sinus cancer was observed 
to increase sharply with age at first employment, but the incidence 
of occupational cancer of the lung rose to a peak among men first 
employed in their early 5wenties and then fell markedly in men first 
employed later in life. 2 Fears !:.E_ al., 28 in analyzing the age-specific 
incidence of both melanoma and nonmelanoma skin cancer, found that a 
simple power relationship between age and incidence fits the data well 
for nonmelanoma skin cancer and concluded that age represents the cumula
tive life-time exposure to ultraviolet (UV) radiation. For skin melanomas, 
however, they found that incidence is related to the annual amount of 
UV exposure--i.e., intensity of exposure, rather than its duration. 

Experimental Data on Role of Age in Radiation Carcinogenesis 

Although the influence of age has not held the importance for 
experimental radiation biologists that it has for epidemiologists 
studying radiation carcinogenesis in man, there is nevertheless a 
substantial body of animal data on this topic. For the most part, 
in both mice and rats, investigators have reported a decreasing 
sensitivity to the carcinogenic influence of ionizing radiation 
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with age. Although in some instances18 the apparent advantage of 
the oldest animals may arise from the fact that the latent period 
for a particular radiogenic cancer exceeds their life expectation 
at irradiation, this is clearly not the entire explanation for 
the frequently observed relationship. But the picture is far from 
uniform, as illustrated by the results of Lindop and Rotblat45 
and of Vesselinovitch et a1. 86 The former reported a decreasing 
risk of leukemia with increasing age at exposure in the rat, in 
contrast with an increasing risk of pulmonary tumors, and a peaking 
of risk of ovarian tumors at about age 15 weeks, with a decline 
thereafter. Vesselinovitch et al., in experiments on mice (newborn, 
15 days old, and 42 oays oldatexposure), found little or no associa
tion of risk with age at irradiation for leukemia and lung adenoma, 
an increase with age for Harderian gland cystadenoma and ovarian 
tumors, and a decrease with age for hepatoma ig males and for tumors 
other ijgan those mentioned. Both Upton et al. 5 and Vesselinovitch 
et al. attributed much of the apparent influence of age to specific 
biologic factors present at the time of irradiation. Upton and Furth84 
found that susceptibility to induction of thymic lymphomas declined 
with natural or hormone-induced thymic involution and increased with 
thymic hyperplasia. 

Peto et a1. 61 reported on an experiment in which benzo[a]pyrene 
was appliedtwice a week to the skin of mice of different ages, and 
the animals were carefully observed for the occurrence of malignant 
epithelial tumors over time. The incidence of tumors increased 
steeply with time in direct association with duration of exposure, 
but, for fixed duration of exposure, was independent of age at 
start of exposure. The authors postulated that it is the rate at 
which somatic mutations are generated that determines both the rate 
of aging and the age-specific incidence of cancer. 

Human Data on Role of Age in Radiation Carcinogenesis 

Analytic Considerations. If, to spontaneous incidence, irradia
tion at any age (Xe) adds an increment of cancer incidence, after a 
minimal latent period (1) this increment may be proportional to the 
spontaneous incidence (relative-risk model) or may be a constant 
number of cases (absolute-risk model). Figure V-3 shows the time 
course of such a radiation effect. The minimal latent period may 
or may not depend on age at irradiation. Figure V-4 shows some 
possible patterns by which the effect of radiation may be added 
to spontaneous incidence, depending on age at irradiation. In 
the upper panels (a and b), irradiation at age X occurs before 
spontaneous incidence normally becomes perceptible. The two upper 
figures show graphically the difference between the absolute-risk and 
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relative-risk models. According to the former (a), the excess 
rate is independent of the spontaneous rate; according to the 
latter (b), the excess is proportional to the spontaneous rate. 
Figure V-4 might represent any form of cancer except leukemia, 
for which the natural incidence (Figure V-2) is high even in the 
first few years of life. 

In panels a and b of Figure V-4, the excess age-specific risk 
is assumed to continue for the lifetime of the irradiated persons. 
In panels c and d, the excess is assumed to disappear after some 
period, as has been observed, for example, with radiation-induced 
leukemia. Panels c and d contrast the effect of different ages of 
exposure with the total excess risk proportional to the spontaneous 
rate at the ages when the radiation effect is observed. 

If irradiation occurs at an age when the expectation of life 
is less than the minimal latent period,.l., the risk estimates for 
that older group will approach zero. If the duration of followup 
is less than!, no age group will show an appreciable effect. More 
important is the determination of the basis for comparing different 
age groups as to their sensitivity to the carcinogenic effect of 
ionizing radiation. If observations are made on the basis of a 
completed lifetime experience for each group, the options are clear 
and easy to understand, provided that there are appropriate controls 
and the radiation dose is the same for both groups. In that event, 
comparison with the controls provides an estimate of the excess for 
each group, and they may then be contrasted in terms of the probability 
of excess cancers per spontaneously occurring cancer. Only repetition 
at different doses, however, will determine whether relative sensi
tivity varies with dose. If doses are not fixed, then the comparison 
must be adjusted for dose on the basis of a dose-response function. 
Sensitivity to the effects of ionizing radiation for particular 
cancers is not the only element of interest _in the experience of 
exposed subjects of different ages. Other characteristics of the 
radiogenic increase in risk are the minimal latency and the duration 
of the effect. 

For no human series with dosimetry is observation complete for 
the lifetime of the subjects after exposure, however. When this 
condition is not met, but observations are complete throughout the 
period when the radiogenic excess is being expressed, the excess for 
each group can be estimated, and the age groups compared in terms of 
excess cancers per person or in terms of excess cancers per spontaneous 
cancer, if the' latter can be estimated from other data, such as life 
tables and cancer-death rates. Of the available human data, it would 
appear that only those for leukemia in the atomic-bomb survivors meet 
these conditions, because the excess seems to have disappeared among 
those under age 10 in 1945, and those 50 or older have been reduced 
by death to negligibly small numbers. 
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Leukemia. Figure V-5 shows thg age-specific data for leukemia 
induction for atomic-bomb survivors and for §he British spondylitis 
cases, both expressed in rads to the marrow; 7 the marrow dose for 
the spondylitics is from Table V-7. The British experience does not 
cover the first two decades of life, but thereafter there is an 
upward movement with age that parallels that of the Japanese survivors. 
The age-specific incidence of the spontaneous disease differs greatly 
in the two areas 6H after the age of 50, with much higher rates in 
England and Wales than in Japan. 

The fact that the excess radiation-induced rates are so much 
higher in the Japanese than in the British patients at all ages shows 
that increased incidence is not simply proportional to the spon
taneous rate in a particular population. 

Ichimaru et a1. 36 recently analyzed the ieukemia experience of 
atomic-bomb survivors from the standpoint of age in 1945, latent period, 
and type of leukemia. Their analysis shows that those under age 15 had 
the highest incidence of both acute and chronic leukemia early and that 
older survivors experienced a lower incidence of chronic leukemia only 
somewhat later than th~se under age 15. In the older survivors, however, 
the appearance of an excess of acute leukemia was progressively delayed, 
depending on age, with the oldest subjects experiencing the greatest 
delay. 

Thyroid Cancer. Although there is some evidence among the 
Japanese bomb survivors of a higher excess risk of thyroid

6
bancer 

among those under 20 in 1945 than among those 20 or older, the 
contrast is based on small numbers and is therefore subject to 
considerable sampling variability. In their 1975 report on medical 
findings in the Marshallese exposed to radioactive fallout in 1954, 
Conard et al. 1~ reported 22 thyroid lesions, 19 benign and three 
malignant,among 64 inhabitants of Rongelap, where fallout was 
heaviest. Those under age 10 at exposure had far more benign lesions 
than older children or adults; even after adjustment for differences 
in estimated organ dose, the risk of benign lesions in children 
under 10 was about 4 times that in older inhabitants. There was one 
malignant lesion among the children under 10 and two among the 45 
older inhabitants. Further observations will be required to determine 
whether age at irradiation plays an important role in radiation-induced 
thyroid cancer. 

Lung Cancer. Only the reports on Czecijoslovakian uranium miners, 70 

fluorspar miners, and atomic-bomb survivors contain information 
on age differentials. Although the reported data are still in-
complete for the purpose of comparing age groups as to sensitivity 
to the~carcinogenic effect of ionizing radiation, the observations 
on atomic-bomb survivors show clearly that the appearance of lung 
cancer in younger cohorts is not appreciably accelerated in time 
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and that excess deaths begin to appear only at the ages at which 
mortality from lung cancer of other etiology normally becomes 
apparent. Thus, the period from irradiation to a perceptible 
increase in risk depends markedly on age among the Japanese survivors. 

Age at exposure influences the reported risk 8f lung cancer 
among underground miners. Czechoslovakian miners7 showed a marked 
effect of age at initial exposure on lung-cancer excess from radon 
daughters. DeVilliers and Wigle (unpublished manuscript), reporting 
on lung-cancer mortality in Canadian fluorspar miners, found an 
increasing risk of radiogenic cancer with increasing age at entry 
into the mines. They also found no relationship between age at 
entry and mean latent period, which is in contrast with the findings 
on Japanese atomic-bomb survivors. One explanation for this difference 
is that the miners were exposed to alpha radiation, with a high RBE 
and thus a high rem dose, compared with the Japanese bomb survivors. 
Another possibility is that differences in smoking experience can 
account for this discrepancy. SmokinT ts known to affect the latent 
period for lung cancer in the miners. ' The Japanese have bejg 
rela~!vely light smokers with a high proportion of nonsmokers, 
whereas the miners were heavy smokers with relatively few nonsmokers. 
This marked difference in the effect of age on the minimal latent 
period for lung cancer may therefore be related to cigarette-smoking. 
In any case, in all the groups studied, lung-cancer induction by 
radiation depends markedly on age at exposure, with no evidence as 
yet of excess risk before age 35. 

Breast Cancer. There are four major series with age-specific 
risk information, but two are sharply restricted as to age r!2ge 
and amount of information at higher ages. Boice and Monson, 
reporting on a follow-up study on the effect of repeated fluoroscopy 
of tuberculosis patients, observed the highest excess risk in women 
aged 15-19 at the start of therapy. In the sample of women treated 
with x rays for mastitis, 72 there were very few women under age 
20, and absolute risks were 7.9 excess breast cancers per million 
women per year per rad for women under 30 vs. 9.2 for women 30-44 at 
irradiation--a small enough difference to be compatible with random 
variation. The Swedish series5 represents women treated during 
1927-1957 for fibroadenomatosis, acute mastitis, chronic mastitis, 
and unilateral breast hypertrophy (13 young females) and followed 
to 1975. Although age and dose are highly correlated, incidence 
per rad is highest in women aged 20-24 at therapy and declines pro
gressively thereafter when the analysis is confined to those treated 
for 1 yr or less, with 88 observed canc~rs of the breast vs. 24 ex
pected. In the Tokunaga et al. series,ijO observations on atomic-bomb 
survivors over the. complete-interval 1950-1974 reveal considerable 
variation in risk by age. Th~ rate is highest for women 10-19 yr 
old in 1945 and declines progressively until age 50, after which it 
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ts agaip high, but based on very few cases. Especially important 
are the absense of breast cancer among those who were under 10 in 
1945, regardless of dose, and the absence of any excess breast 
cancer among those ~ged 40-49 at that ~ime. 

Other Gancers. The radiogeni§ mortality from gastrointestinal 
cancer among atomic-bqmb survivors is rather small, both absolutely 
(about 50 deaths) and relatively (50 among 770 cancers in those ex
posed to lo+ rads), so sampling errors are large; but there is an 
increasing trend of risk with age. Polednak et al. reported much 
higher excess mortality from bone cancer associated with radium
dial-painting in worn.en first emplo62d under ag~ 20 than among those 
first employed at age 20 or older. 

Summary. This review shows that age· at exposure to ionizing 
radiation has an important influence on its carcinogenic ~ffect, 
but that the available data are inadequate to resolve all the im- · 
portant issues. The influence of age is not uniform in human 
carcinogenesis, but more information may make it possible to perceive 
regularit:j.~s that occur in the age-specific incidence of spontaneous 
tumors. The clearest evidence of a very high risk in those irradiated 
in the first years of life, for e~ample, is found in the leukemia ex
perience of atomic-bomb survivors. Women exposed ~n the second 4ecade 
of l;ife., when major hormonal changes are taking place, appear to be 
at highest risk of breast cancer. The rising excess of risk of 
leukemia with increasing age of irradiated ank.ylosing-spondylitis 
patients in the United Kingdom now seems not too different from the 
trend for atomic-bomb survivors, despite the difference in spontaneous
leukemia incidence in th~ two countries. 

For the major solid tumors, whatev~r the age differential in 
susceptibility, a differential in length of the minimal latent period 
seems quite well established, younger subjects generally taking longer 
to begin to show the effect. Although in some animal experiments 
tumors appear to be accelerated in their appearance, in comparison 
with the age distribution of spontaneous tumors, little evidence of 
this is seen in the human data on solid tumors. However, radiation
induced leukemias have shorter appearance times in children than in 
adults. 

It is somewhat difficult to mea~ure age differences in suscepti
bility to the tumorigenic action of ionizing radiation, because the 
different age groups do not have equal life expectancies--i.e., equal 
opportunities for expressing the effect--but useful indexes can be 
derived, especially when the effect has subsided before observations 
cease. 
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D01124 has argued that age may serve merely as a measure of the 
opportunity for inciting events to occur; this seems doubtful, in 
view of the varied ways in which age appears to influence the carcino
genic response to ionizing radiation. There is now considerable evidence 
that younger people are at higher risk of some tumors than older people. 
It is clear that other factors must also be involved in controlling ex
pression of cancer after irradiation. 

ESTIMATING THE TOTAL CANCER RISK 
OF LOW-DOSE, LOW-LET WHOLE-BODY RADIATION 

Those responsible for determining radiation-protection policy and 
procedures must take some position on the somatic risks of low doses of 
ionizing radiation, e.g., doses of a few rads. That direct observations 
on the effects of such small doses in man are lacking does not remove 
this responsibility if society is to benefit from the applications of 
nuclear and radiation technology in industry and medicine. The potential 
risk of cancer induction in man from low-dose radiation exposure and the 
development of nuclear technology require continuing scrutiny of the scien
tific basis for maximal permissible dose limits. 

After a review of !gat was known of the effects of ionizing radiation, 
the 1972 BEIR Committee made the first effort to provide quantitative 
estimates of the possible effect on cancer mortality of increasing the 
whole-body exposure of an entire population by a small finite amount, 
0.1 rem/yr. The estimating process was stated to be arbitrary and of un
certain validity, especially because values for the low-dose region were 
estimated by linear extrapolation from data on the high-dose region (100 
rads or more) to which most human data pertained. The 1972 BEIR Committee 
recognized that such linear estimates might be regarded as upper limits of 
risk for low-LET radiation at low dose rates (see Chapter VII, Section IV.A., 
1972 BEIR report). These estimates were disputed by those who argued that 
scientific estimation should be confined to the dose range for which there 
were direct observations55 and that the linear hypothesis was not consis
tent with much of the experimental evidence on the effects of low-LET 
radiation. 

The 1972 BEIR Committee, in its final estimates of total cancer risk 
from whole-body exposure, distinguished between low-LET and high-LET ra
diation only in that it used various quality factors for neutrons and alpha 
particles. The principal concern of the present Committee is the cancer 
risk from low-dose, low-LET radiation. The Committee recognizes that the 
scientific basis for making such estimates is inadequate, but it also 
recognizes that policy decisions cannot be reached or regulatory authority 
exercised without someone's taking a position on the probable cancer risk 
associated with such radiation. Because critical analysis of the different 
data bases disclosed major inadequacies, however, the Committee decided 
to emphasize the assumptions, procedures, and uncertainties involved in 
the estimation process, and not specific numerical estimates. The variety 
of mathematical functions that could be used to express dose-response 
relationships reflects additional uncertainty. Therefore, the Committee 
concluded that the best method of expressing the range of uncertainty 
associated with these problems would be to present an envelope of risk 
estimates. 
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AVAILABLE DATA BASE FOR LOW-LET RADIATION 

The evidence of human cancer effects from low-dose low-LET radiation 
is incomplete, and human studies provide only an approximate guide for risk 
estimation. Demographic information on the available population cohorts 
is especially deficient; age-specific risks are not generally available 
or do not ordinarily pertain to a wide age span. Whole-body exposure to 
man-made radiation is rare; the exceptions are the circumstances surround
ing nuclear explosions, fetal irradiation, and some occupational exposure. 
Most human exposure above background is from diagnostic or therapeutic 
medical radiation and is limited to specific organs or tissues. The 
atomic-bomb exposures included both high- and low-LET radiation and 
provide no information on the effect of dose rate or dose fractionation. 

Most human data on low-LET radiation result from medical radiation 
of fairly high dose rate--e.g., radf~therapy of the spine and p~!vi~ in 
adults with ankylosing spondylitis, of the ~h7mus in infants, ' 
of the scalp in children with tine' capitis, 5 ' 1 and of the breast 
in women with postpartum ~stitis; 2 fluoroscopy for pneumothorax in 
women with tuberculosis; 1 and radiographic pelvimetry in obstetrics. 48 

The best available human data on dose fractionation are related to 
female breast cancer and to repeated fluoroscopit

4
examination of pulmonary 

tuberculosis patients treated with pneumothorax, for whi~~ total doses 
cover a wide range. Occupational exposure of radiologists is of special 
interest because of dose fractionation, but yields no truly quantitative 
data. 

The 1950-1974 Life Span Study (LSS) of Hiroshima and Nagasaki survivors8 
is a major data base, but is not completely satisfactory for estimating the 
risk of low-dose, low-LET radiation, although it provides in this report 
the major data base for the mortality estimates of risk. The leukemia 
observations provide the strongest body of data relating radiation dose to 
incidence, latent period, expression time, and type of disease induced. 
The data are statistically rob~st in the high-dose region, but not at low 
doses, especially in Nagasaki, and it is the Nagasaki data that determine 
the estimates for low-LET radiation. The mortality data are less robust 
for solid cancers than for leukemia, and they produce estimates for low-LET 
radiation with minimal variance only when a fixed RBE for neutrons is 
assumed. The advantages of this series are its relatively large size, 
the full range of dose from Oto 600 rads (kerma), the almost exclusively 
gamma-ray exposure in Nagasaki, the complete and unbiased ascer~ainment of 
death, and the proven validity of death-certificate information on cancer. 
The disadvantages include the mixed and highly correlated types of radiation 
in Hiroshima and the major differences between Japan and the United States 
with respect to the normal pattern of cancer incidence. 

The Committee has considered several sources of data related to cancer 
risk expressed in terms of incidence. One data base was developed from 
the mortality estimates modified by sex-specific expansion factors that 
take into account the normal site-specific ratio of incidence to mortality 
and the relative size of site-specific estimates of excess cancer risk. 
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The Nagasaki Tumor Registry data8 are useful for low-LET incidence 
estimation because the exposure was almost entirely to gamma rays, and 
the Registry is said to be among the most reliable in Japan (I.M. Moriyama, 
personal communication); in 50% of cases there was pathologic confirmation, 
and in only 13% was the death certificate the only information available 
(T. Itoga, personal communication). However, there are no reports of 
case-by-case comparisons in which representative Tumor Registry cases 
have been examined for validity of diagnosis and dose-related bias of 
ascertainment. The Tumor Registry data also have an underascertainment 
bias caused by migration from the registration area. The Committee 
concluded that the Tumor Registry data could be used only tentatively 
and not accorded the importance attributed to the mortality data. 

The last data source is the site-specific estimates in Appendix A. 
They have potential value in their provision of the only means of consider
ing dose-incidence data other than those from the atomic bombs. Many of 
the site-specific estimates are based on data from samples exposed to 
fairly high doses of partial-body irradiation. Application of these 
estimates to low-dose exposures requires an assumed dose-response relation
ship, the usual assumption being that of linearity. Because these data 
are not generally age- and sex-specific, it is necessary to use data 
from other series--e.g., the atomic-bomb survivors--to adjust the 
site-specific coefficients to an age- and sex-specific basis. The 
data are reasonably firm for only a few organs. 

Whether individual-organ risks derived from partial-body data from 
many diverse sources and types of radiation can, in fact, be summed to 
predict radiation risk after whole-body irradiation is not resolved; the 
Committee remained divided on this procedure. Some members of the 
Committee, recognizing the many uncertainties in the quantitation of the 
carcinogenic risk of low-dose, low-LET radiation, believe that the partial
body data provide the broadest scientific basis from the vast body of 
epidemiologic data on human populations; they argue that there is reasonable 
concordance in the site-specific coefficients for estimation of whole-body 
risk and thereby lessen the dependence on solely the Japanese atomic-bomb 
survivor data. Other members of the Committee dispute the validity of 
the summed-sites method to estimate the cancer risk of low-dose, low-LET 
whole-body radiation; they argue that the variation in radiation-induced 
cancer incidence in different human populations and in different animal 
strains precludes summing of the partial-body data for whole-body risk 
estimation. The problem is particularly complex in the case of endocrine
dependent tumors, such as those of the thyroid. If thyroid cancer is to 
be induced experimentally by iodine-131, high c~~centrations of thyroid
stimulating hormone (TSH) must also be present. If pituitary function 
is r~duced, as might occur after whole-body irradiation, the effectiveness 
of concomitant thyroid irradiation would be less than that after direct 
irradiation of the thyroid (i.e., partial-body irradiation). 

Duration of followup is important in relating risk estimates to an 
appropriate period during which radiation-induced cancer develops. Data 
on the atomic-bomb survivors are currently available through 1974, 29 
yr after the bombings. Risk estimates can be derived for 1955-1974 to 
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approximate the effect of a latent period of 10 yr. The average duration 
of followup of patients irradiated for enlarged thymus glands in infancy 
is 24 yr; that of ankylosing-spondylitis patients is 16 yr for those with 
a single course of treatment. The followup period for most epidemiologic 
surveys is 20 yr or less. 

CANCER MORTALITY AND CANCER INCIDENCE 

The risk estimates presented in Appendix A are for human cancers for 
which there is epidemiologic evidence that exposure to low-LET radiation 
may increase the risk. Epidemiologic surveys on radiation-induced cancer 
in man use both mortality and incidence data as endpoints in the estimation 
of risk. In the past, estimates of the carcinogenic risk of whole-body 
exposure to ionizing radiation have been based principally on mortality 
data; recent reports have provided more information on cancer incidence. 

For some sites of cancer--e.g., of the esophagus, pancreas, and 
lung--incidence is fairly well approximated by mortality, but for other 
sites, such as the thyroid and breast, this is not the case. Except for 
leukemia, thyroid cancer, and breast cancer, most site-specific data are 
available only as mortality information. 

Many members of the Committee believe that the incidence of radiation
induced cancer provides a more complete expression of the total social 
cost than does mortality. Three important sites contribute to differences 
between cancer incidence and cancer mortality: the thyroid (a major 
effect with low associated mortality), the female breast (a major effect 
with moderately high mortality), and the skin (rarely fatal). It is 
primarily because of breast and thyroid cancer that whole-body risk 
estimates based on incidence are higher than those based on mortalilty. 

DOSE-RESPONSE RELATIONSHIP 

Knowledge of cancer induction is inadequate to derive carcinogenic 
risks at low doses of .low-LET radiation from those at higher doses with 
confidence. There are a number of possible dose-response functions, 
but there is no compelling evidence of the validity of any one. Although 
none can be proved to be inapplicable to carcinogenesis, in its estimates 
of low-dose risk the Committee chose not to include the class of functions 
with a threshold, i.e., functions in which the cancer risk is zero up to 
some positive value of the dose scale. 

Dose-response functions for radiation carcinogenesis may be broadly 
classified as linear, nonlinear with upward curvature, nonlinear with 
downward curvature, and nonlinear with both upward and downward curvature 
(cf. Chapter II). Human data on radiation-induced cancer are seldom ex
tensive enough to provide dose-response data extending into the low-dose 
region and, when they do, they do not permit discrimination among the 
possible mathematical models. Some studies provide only a single deter
mination in the high-dose region, but there are some important exceptions 
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in which observations range over a wide interval of dose (as in the 
Japanese atomic-bomb survivors) and can be fitted to a variety of dose
response models. For example, the breast-canf~r 3ata (cf. Appendix A) 
are best described by a linear dose response. , 8 The leukemia data of 
the Life Span Study (LSS) sample are consistent with a linear-quadratic 
response to the gamma-ray component of dose. The mortality data for all 
forms of cancer except leukemia among the Nagasaki atomic-bomb survivors 
do not strongly support any particular relationship with radiation dose, 
so that it is difficult to discriminate among various possible functional 
forms of the dose-response relationship. In the Nagasaki Tumor Registry 
data, the relationship between the radiation dose and the total incidence 
of all major cancers except leukemia is highly significant, and the 
observed dose-response relationship appears linear, with no suggestion 
of upward curvature. · 

It has been proposed that man may be genetically heterogeneous 
with respect to susceptibility to radiation carcinogenesis; the response 
of the most susceptible people would be steep and would saturate at fairly 
low doses, causing a steeper slope in the ini6ial portion of the dose
response curve for the population as a whole. Such dose-response curves 
would be nonlinear with_downward curvature, and linear extrapolations in 
the region of very low dose would underestimate actual risk. However, 
little is known about such subpopulations of varied genetic sensitivity; 
until they can be identified as a significant fraction of the population 
with a significantly greater risk, their impqrtance as special groups 
apart from the general population cannot be defined. 

It seems unlikely that epidemioiogic studies on low-dose exposure will 
ever be adequate for direct observation of excess cancer risk associated 
with very low doses of low-LET radiation. The choice of a mathematical 
dose-response function that uses statistically stronger data at high doses 
to estimate cancer risk at low doses therefore becomes an important part 
of the estimation process. The general dose-response relationship currently 
favored by radiation biologists for radiation-induced cancer (cf. Chapter 
II, Equation II-6), 

(V-1) 

requires more data to determine the coefficients than are available from 
existing epidemiologic studies. For whole-body exposures, the competing 
effect of cell-killing is represented by the exponential factor in Equation 
V-1. For the low-dose range, the simpler quadratic function with a linear 
term (linear-quadrati.c, LQ), 

(V-2) 

may adequately represent the dose-response relationship. 

Further simplification of the linear-quadratic dose-response relation
ship involves arbitrary choices, e.g., by fixing the value of the ratio, 
r = a 2Ja1• Experimental studies provide data consistent with a wide range 
of values for this ratio, and it is difficult on those grounds alone to 
choose any one value of r, as in the form, 
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F(D) = a0 + a1 (D + rD2). 

The linear model (L)~ 

F(D) = ao +a1D, 

and the pure quadratic model (Q), 

2 F(D) = ao + a2D , 

are further simplifications. 

(V-3) 

(V-4) 

(V-5) 

In experimental studies with high-LET radiation, the linear term of 
Equation V-2 generally predominates; but with low-LET radiation delivered 
in a single dose the linear term usually gives way increasingly to the 
quadratic term, until, when D = a1/a2, their contributions are equal. 
If the true dose-response relationship is one of upward curvature, the 
fitted linear-model estimate no longer corresponds to the excess risk 
per rad at low doses, but only to the average increase per rad over the 
entire dose range. This estimate is therefore biased upward; if the 
linear model is fitted only to low-dose data--e.g., for D less than 
a1/a2--the upward bias is less, but so is the stability of the estimate, 
because it is based on fewer data. Many radiation biologists believe 
that the relationship probably has a linear component that would pre
dominate at low doses. For those who hold this view, the pure quadratic 
(Q) model (Equation V-5) would therefore underestimate the risk at low 
doses. There is also support from radiobiologic theory and data for the 
view that the RBE varies inversely with the square root of neutron dose. 
A linear dose-effect relationship for high-LET radiation would then lead 
to the conclusion that the gamma-dose relationship should have a quadratic 
component. The pure quadratic model implies a much smaller excess risk 
at low doses than would be predicted on the basis of linearity. 

The data on atomic-bomb survivors8 are the most amenable to analysis 
by complex dose-response functions, but the presence of a neutron component 
of dose, which was small in Nagasaki but substantial in Hiroshima, and 
its high correlation with gamma dose within each city complicate analysis. 
Unless the relationship between the effects of the two kinds of radiation 
can be established, risk estimates for gamma radiation below 100 rads 
must depend almost entirely on the Nagasaki data. The Hiroshima data 
are much stronger than the Nagasaki data in the sampling sense. Analyses 
of the .data for both cities combined in which the RBE of neutrons is 
determined from the data are only marginally more useful for estimating 
the effects of low-LET radiation than are analyses of the Nagasaki data 
alone. There are other differences between the two cities, including 
the natural level of cancer risk; in regression analyses, it is there
fore desirable to provide for separate intercept values (a 0) for each 
city. 

The following analyses of the Japanese data use city- and dose-specific 
rates adjusted to the common age and sex distributions of the combined 
cities, on the assumption that the form, although not the magnitude, of 
the dose-response relationship is unlikely to depend on sex or on age at 
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exposure. Because neutrons contribute to the total dose in each city, 
especially in Hiroshima, the Japanese data are analyzed with respect to 
analogues of the models in Equations V-2, V-4, and V-5, in which the 
gamma and neutron doses (Dy and Dq, respectively) are treated as independent 
quantities. In each case, the eftect of the neutron dose is represented 
by a linear term, because all the evidence suggests that the appropriate 
dose-response f\lllction is linear or nearly so. These models can be 
denoted as the linear-quadratic gamma, linear neutron 
model (LQ-L), 

F(Dy, Dn) = a0 + a1Dy + azDyz + S1Dn; 

the linear gamma, linear neutron model (L-L), 

F(Dy, Dn) = a. 0 + a. lDy + S lDn; 

and the quadratic gamma, linear neutron model (Q-L), 

F(Dy, Dn) = a 0 + a 2oy2 +S 1on. 

(V-6) 

(V-7) 

V-8) 

The LSS leukemia-incidence data regression analyses (Appendix A) 
are summarized in Table V-8, with regression coefficients given in terms 
of excess cases per million persons per year per rad (or per rad 2) to 
bone marrow. The data strongly suggest that leukemia risk is increased 
by exposure to gamma radiation. Although the differences among models 
with respect to goodness of fit are not large, they suggest dependence 
on both gamma dose and its square, and they suggest that risk from low-LET 
radiation may be estimated by using the gamma-dose coefficients in the 
fitted linear-quadratic gamma, linear neutron (LQ-L) model. 

The mortality data for cancers other than leukemia are much less sat
isfactory for purposes of dose-response analysis. There is an obvious dif
ference between the observed dose-response curves for Hiroshima and Nagasaki 
(Figure V-6), but these data contain little information for discriminating 
among the various dose-response models for low-LET radiation. The regression 
analyses are summarized in Table V-9, with estimated coefficients for risk 
in terms of excess cancer deaths per million pe~sons per year per rad or 
rad Xof average tissue dose. On the basis of X values for goodness 
of fit, there is no reason to choose any of these models over the others. 
In part, this is because these data provide no statistically significant 
evidence of a gamma-dose effect. 

The difficulties of relying on the LSS mortality data for estimates 
of the low-LET radiation cancer risk (other than leukemia) without a known 
RBE can be better \lllderstood by considering the change in the regression 
coefficients as the higher-dose data are progressively removed from the 
analyses. The data do not discriminate among the various dose-response 
models for any dose·range. To show the effect of dose range on the risk 
coefficients, it is sufficient to choose the simplest model, i.e., the 
one that is linear in both gamma and neutron (L-L) dose (Table V-10). 
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Model (Equation) 

LQ-L (V-6) 

L-L (V-7) 

Q-L (V-8) 

TABLE V-8 

Regression Analyses of Leukemia Incidence, 
Hiroshima and Nagasaki, 1950-1971 

\ 

Coefficient + SD 

al a2 S2 

0.99 + 0.93 0.0085 + 0.0056 27.5 + 7.5 

2.24 + 0.60 25.4 + 7.5 

0.014 + 0.004 31.1 + 6.9 
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G~odness of Fit 
X , df (p) 

10.4, 11 (0.49) 

11.5, 12 (0.49) 

12.3, 12 (0.42) 



TABLE V-9 

Regression Analyses for LSS 
Mortality Data, 1955-1974 (Excluding Leukemia) 

Coefficient + SD 

Model (Equation) a. a. 
G~odness 
x, df 

LQ-L (V-6) 1.40 + 4.56 o+a 61.9 + 26.2 14.0, 

L-L (V-7) 1.40 + 2.18 61.9 + 24.6 14.0, 

Q-L (V-8) 0.0047 + 0.0104 67.3 + 21.9 14.3, 

aBoundary-value estimate; a. 2 constrained to be nonnegative. The calculated 
standard devia.tions of estimates do not allow for the fact that an active 
constraint is operating in this equation, and they may therefore be 
misleading. 
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of Fit 
(p) 

(0.23) 

(0.30) 

(0.28) 
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FIGURE V-6. Dose-response plots and fitted linear regressions for deaths 
from all cancers except leukemia, Hiroshima and Nagasaki, 
1955-1974. . 
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TABLE V-10 

L-L Model Regression Analyses for 
LSS Cancer-Mortality Data, 1955-1974 (Excluding Leukemia) 

Coefficient+ SD 

Go~dness of Fit 
Dose Range, kerma al S1 X, df (p) 

0-600 1.40 + 2.18 61.9 + 24.6 14.0, 12 (0.30) 

0-399 o +a 79.6 + 37.4 12.9, 10 (0.23) 

0-299 0 +a 122.2 + 40.2 7.0, 8 (0.54) 

0-199 4.76 + 3.66 45.6 + 46.6 3.5, 6 (0.74) 

0-99 5.58 + 8.60 O +a 3.0, 4 (0.56) 

asee footnote to Table V-9. 
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Radiobiologic theory would predict that the gamma regression coefficient 
(a. 1) would decrease as the dose range is progressively shortened and that 
the neutron coefficient (.61} would remain constant. That such is not the 
case here, and that in fact no consistent pattern emerges from these data, 
is another indication that they are not strong enough to provide stable 
estimates of low-dose, low-LET radiation cancer risk when analyzed in 
this fashion. 

No better-discrimination among models, in terms of goodness of fit, 
is seen when the Nagasaki data are analyzed alone with an arbitrary fixed 
RBE. Because the neutron canponent of dose is so small, use of an arbitrary 
fixed RBE for neutrons gives essentially an analysis in terms of gamma dose. 

Although the LQ-L model, when fitted to the Japanese leukemia data, 
gave a dose-response curve that depended on both gamma dose and its 
square, that was not the case for solid cancers. In order to obtain a 
fitted curve intermediate between those corresponding to the L-L and Q-L 
models, the ratio r = a 2/ a1 was fixed. Although values of this ratio 
can be derived from experimental data, the Committee preferred to rely 
on human data, and chose r = 0.0086, obtained from the LQ-L model fitted 
to the Japanese leukemia data. This, then, yielded a new function, LQ*-L: 

. F(Dy, Dn) = a.0 +al (D,y + 0.0086 n/) + ~lDn• (V-9) 

When Equation V-9 was fitted to the Hiroshima and Nagasaki data for all 
forms of cancer except leukemia, however, it was found that the resulting 
RBE, expressed as a fnnction of dose, became quite high (e.g., 91 at 1 rad of 
neutrons). These RBE values were much higher than corresponding LQ-L 
values calculated for leukemia (e.g., 23 at 1 rad of neutrons). The 
coefficients were a, 1 = 0.~98 ±. 0.709 and B.. 1 = 64.9 ±. 22. 7, and in the 
test of goodness of fit J( = 14. 4 with 12 df, for which p = 0. 25. Thus, 
the low-LET cancer-risk estimate obtainable from Equation V-9 is very 
unstable, as are the coefficients obtained from the L-L (Equation V-7) 
and Q-L (Equation V-8) models. In addition, the ratio of excess solid 
tumors to leukemia, about 2.4 for neutrons, was reversed to about 0.4 
for gamma radiation. Finally, all these models appeared out of line 
with the incidence estimates. Although not all these objections seemed 
cogent to all members of the Committee, it was agreed that a further 
modificaUon of the LQ-L model would be desirable and that the leukemia """' '•,' 

experi~n~e\might provide a reasonable, if arbitrary, guide. This model, 
denoted~- is: 

(V-10) 

That is, not only is the ratio r = a 2Ja1 in Equation V-3 fixed at the 
leukemia value of 0.0086, but the neutron RBE for leukemia, expressed as 
a function of dose, is implicit in the model. This further change yields 
a more stable estimate of the coefficient, a1 = 1.40 + 0.38. It also pro
vides about the same ratioof solid-tumor excess to leukemia excess for 
both neutrons and gamma radiation. Because the L-L and Q-L functions were 
also open to some of the same objections as apply to the LQ*-L model, it 
was decided to use in the~r stead, for purposes of estimation, modified 
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functions that were constrained by the RBE values for leukemia derived 
from the parallel functional forms. That is, the L-L form (Equation V-7) 
rewritten as L-L, became 

F(Dy, Dn) = a0 + a1 (Dy+ 11.3 Dn), 

and the Q-L form (Equation V-8), rewritten as Q-L, became 

F(Dy, Dn) = a0 +a 2 (D/ + 2,265 Dn). 

(V-11) 

(V-12) 

The coe;ficients (excess deaths per million persons per year per rad or 
per rad) obtained in fitting Equations V-10, V-11, and V-12 are shown 
in Table V-ll. 

Figure V-7 gives a plot of cancer incidence data (excluding leukemia 
and bone cancer) from the Nagasaki Tumor Registry.· The LQ-L, L-L, and 
Q-L models were all fitted. The neutron component is so small that it 
contributes little to the result. The regression coefficients, in terms 
of excess cases per million persons per year per rad or per rad2 , are 
shown in Table V-12. The best-fitting function is the linear (L-L) model, 
but neither the LQ-L nor the Q-L model can be rejected on the basis of 
these data. 

Although, as noted earlier, the available human data provide no 
adequate basis for choosing among dose-response models, the foregoing 
analysis puts into perspective the implications for.estimation that derive 
from any such choice. In addition, because the leukemia data are consistent 
with a linear-quadratic response to the gamma-ray component of dose, the 
analysis provides a way of adapting the LQ-L model to the Japanese data 
for forms of cancer other than leukemia. Estimates are given for the 
modified linear-quadratic (LQ-L), linear (L-L), and pure quadratic (Q-L) 
models. The Committee regards the latter two models as providing an 
envelope of estimates within which the probable true values fall. 

Some members of the Committee hold the opinion that the quadratic 
component of dose in the true dose-response relationship probably dominates 
over much if not all of the dose range, not only for leukemia but also for 
most other forms of cancer induced by low-LET radiation. These members 
would prefer to regard the linear (Lor L-L) model not as central, but 
rather as one extreme on which credible upper bounds (in the form of con
fidence limits) could be based; the other extreme would be provided by the 
pure quadratic (Q or Q-L) model, on which credible lower bounds could be 
based. Proponents of this view argue that the linear and pure quadratic 
relations fit the Nagasaki cancer-mortality data (Figure V-6) equally 
well over the entire range of tissue dose and that even for the Nagasaki 
Tumor Registry data (Figure V-7) the pure quadratic cannot be excluded by 
goodness-of-fit criteria. Their opinion also draws major support from 
radiobiologic data and theory discussed in Chapter II suggesting that the 
RBE of high-LET radiation usually varies inversely with dose; for example, 
in some systems the RBE of fast neutrons has been reported to reach 100 or 
more. 60 These considerations, coupled with the generally observed line
arity of dose response for high-LET radiation for bo§2 human and animal 
radiation-induced cancer (see Appendix A and UNSCEAR ), imply that the 
low-LET response would be a linear-quadratic function of dose at low 

- 238 -



Model (Eg,uation) 

LQ-L (V-10) 

L-L (V-11) 

Q-L (V-12) 

TABLE V-11 

Regression Analyses for LSS Mortality Data, 
1955-1974 (Excluding Leukemia) 

Coefficient ± 
G~odness of Fit 

SD X 2 df (p) 

a2 a2 

1.40 + 0.38 16.3, 13 (0.23) 

3.47 + 0.88 15.1, 13 (0.30) 

0.0184 + 0.0052 17.0, 13 (0.20) 
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FIGURE V-7. Dose-response plots and fitted linear regressions for 
incidence of cancer, except leukemia and bone cancer, 
Hiroshima and Nagasaki Tumor Registry, 1959-1970. 
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TABLE V-12 

Nagasaki Tumor Registry Regression Analyses, 
1959-1970 (Major Sites, Excluding Leukemia and Bone Cancer) 

Coefficient+ SD 

Model (Equation) °'l °'2 
G~odness of Fit 
x , df (p) 

LQ-L (V-10) 3.34 + 1.00 a 4.9, 

L-L (V-11) 9.20 + 2.24 3.7, 

Q-L (V-12) 0.042 + 0.015 6.2, 

aln the LQ-L model, the coefficient for the square of gamma dose is 
assumed to be equal to 0.0086 times the value of a.1• 
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doses, but that the linear component would dominate. To the extent that 
the true dose-response relationship contains a linear term, a pure quadratic 
fit will underestimate excess risk at low doses. 

Just as some members of the Committee believe that the linear dose
response function is probably not generally valid for radiation carcino
genesis in man, so others believe that any dose-respon~e function for 
low-LET radiation that lacks a linear term dominant at low doses may well 
be unrealistic for radiation carcinogenesis in man. It is for these 
reasons that most members of the Committee prefer the linear-quadratic 
model for cancer-risk estimation. 

When various dose-response models are used tQ estimate risk, the 
possible effect of dose rate on cancer risk could be important. For 
high-LET radiation, there is some evidence that protraction of the 
dose--i.e., exposure at low dose rates--increases the cancer risk per 
rad, compared with exposure at higher dose rates. For low-LET radia
tion, there are as yet no quantitative data on human populations exposed 
chronically at low dose rates that permit estimation of the effect of 
dose rate alone. Experiments measuring cancer induction in animals sug
gest that a given dose of low-LET radiagfon would have less effect at a 
low dose rate than at a high dose rate. Autonomous cell populations 
show various dose-rate dependences. Dose-rate effects with low-LET 
radiation are not seen in some recent cell-transformation studies. 51 , 78 

Such effects have long been observed in studies of radiation-induced 
chromosomal exchanges and have recently been documented for human cells. 46 , 63 

The breast-cancer data obtained from human subjects exposed to fractionated 
doses of x rays--i.e., whef~ the exposure was to small doses repeated over 
a period of weeks to years --do not indicate a significant difference in 
cancer risk per rad, compared with the effects in groups exposed to acute 
doses of low-LET radiation. Thus, most members of the Committee conclude 
that it is not now possible to assign a numerical value to any dose-rate 
factor by which risk estimates obtained in populations exposed to low-LET 
radiation at relatively high dose rates can be corrected to apply to 
exposures at low dose rates. In cases where protraction of exposure or 
low dose rate is eventually found to reduce the cancer risk in man per 
rad of low-LET radiation, estimates based on the linear model in particular 
must be modified accordingly. The linear-quadratic model makes some 
allowance for dose rate, in that, whereas the linear component is assumed 
to be invariant with dose fractionation, the dose-squared component decreases 
with increased fractionation until at some point it becomes negligible. 

REQUIREMENTS FOR CALCULATING CANCER-RISK ESTIMATES 

To calculate cancer-risk estimates, it is necessary to select a popu
lation of interest and to specify a variety of parameters of risk. Illus
trative calculations are most useful for the working population that is 
occupationally exposed to radiation and for the general population itself. 
Here c~¼culations are based on the 1969-1971 life tables for the United 
States including all ages; risk estimates are calculated separately 
for the two sexes. The life-table population can be segmented to reflect 
onset of exposure at any age, as for occupational exposure, and may be used 
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to reflect a single exposure or continuous exposure over extended periods. 
Risk coefficients are expressed per million men or women of the life-table 
population. 

Three important parameters that influence calculations of cancer risk 
are the minimal latent period, the magnitude of the effect, and the duration 
of the effect. Each of these must be age- and sex-specific to be applied 
to the demographic model. Figure V-8 is a schematic representation of these 
risks for a particular age-at-exposure group. Exposure occurs at age a, and 
the latent period (no increased risk) ends at age b. Thereafter, the excess 
risk may be represented by a constant absolute risk ending at age c, or con
tinuing throughout the life of this age cohort (the solid line beyond c); 
in the latter case, the excess is taken to be independent of age. Or the 
excess risk may increase gradually and continuously to reflect a constant 
relative risk throughout the life of the cohort (dashed line); that is, 
the relative risk is proportional to the spontaneous risk, which increases 
with age for nearly all cancers. Thus, the effect of exposure of a popu
lation at age a eventually appears at age bas an increase in cancer risk 
that lasts for-some per:f:.od. Similarly, an-exposure at age a+ 1 will have 
an effect beginning at age .E_ + 1, etc. In this way, the process of risk 
estimation can accommodate a single exposure at any age or a continuous 
exposure beginning at any given age and extending over any given period. 
But the latent period, magnitude of risk, and duration of risk must all 
be age- and eex-specific in order to make the calculation. In the 1972 
BEIR report50 calculations, separate risk coefficients were used for three 
age periods of exposure to radiation: in utero, under 10 yr, and 10 yr 
or more; but both sexes were combined. 

The minimal latent period for most radiation-induced cancers is 
long--10 yr or more after exposure. For some types--cancers arising 
after in utero irradiation, leukemia in children or adults, and bone 
cancerafter exposure to radium-224 alpha radiation--excess cancers have 
been observed within 2-4 yr after irradiation. Moreover, there is evi
dence that the increased risk of leukemia and bone cancer does not per
sist indefinitely, but becomes negligible 25-30 yr after the end of irra
diation. For all the other radiation-induced cancers reviewed in Appendix 
A, the minimal latent period is 10 yr or more, and there is as yet no 
indication that the increased risk of cancer eventually declines. There 
are, however, no epidemiologic studies in which followup was carried out 
to the end of life for the entire population cohort. Hence, any projec
tion of risk over the lifetime of exposed persons involves considerable 
uncertainty. 

COMPUTATION 

Selection of dose increments for which cancer-risk estimates are 
made was guided by existing maximal permissible dose limits, information 
on occupational exposure recorded in recent surveys (cf. Chapter III), 
concern for a hypothetical situation in which some part of the general 
population might be exposed to a single dose of 10 rads, and uncertainty 
as to whether a total dose of, say, 1 rad would have any effect at all. 
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FIGURE V-8. Carcinogenic risk following radiation, absolute-and relative
risk models. a, age at irradiation. b, age at end of minimal 
latent period. c, any age after age 6. 
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The dose incranents are continuous exposure at 1 rad/yr for selected 
age intervals and general population exposure to a single dose of 10 
rads or continuously at 1 rad/yr for a lifetime. 

No allowance was made for "wasted" radiation (Le., dose increments 
received after the carcinogenic event has already occurred) in calcula
tions based on continuous exposure, but its potential influence is greatly 
reduced by the assumption of a 10-yr latent period. 

The final estimates were calculated with a modified computer pro
gram20 originally designed for life-table calculations of the effect 
of any additional risk on survival. Although that program was designed 
for linear estimation of risk from continuous exposures, it was adapted 
to permit the use of the other dose-response models and of single, acute 
exposures as well. The application of nonlinear dose-response models 
derived from the atomic-bomb survivor data to continuous exposure pre
sented a problem. Although there seems to be general agreement that the 
linear component of the linear-quadratic model should represent the part 
of the dose response unaffected by dose fractionation and that the quadratfg 
(dose-squared) component should become smaller as fractionation increases, 
the precise numerical dependence of this reduction on fractionation is un
known. For exposures of around 1 rad/yr, however, the Committee felt that 
the quadratic component would be so small that it could be safely ignored. 
Thus, only the linear portion of the estimated LQ-L model curve was used 
to estimate risks from continuous exposures to 1 rad/yr; and the Q-L model, 
which has no linear component, was not applied to such exposures. In 
these calculations for risk estimation at relatively low doses, the 
Committee has not had to deal with the difficult problem of applying 
these dose-response models to continuous exposures amounting to tens 
of rads per year. 

The 1969-1971 U.S. life tables54 are used, with 1969-1971 U.S. cancer 
death rates by sex and 5-yr age groups. For any age-sex group in the 
mortality calculations, an increment of risk representing the radiation 
hazard is introduced to obtain a number of deaths attributable to radia
tion, which is then used to decrease the number of survivors entering 
the next age interval. In this way, the reference life table is modified 
to show the effect of the additional risk for the period to which it per
tains or to any part of it, with no distortion of the normal probabilities 
of dying. 
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In a life-table population cohort, all members eventually die. To 
calculate the effects of incremental risk, therefore, is to estimate the 
number who would die prematurely as a result of the additional hazard. 
The final estimates are expressed as the numbers of excess cancers or of 
excess cancer deaths in an exposed population of 1 million people followed 
from the onset of exposure until the end of life. These numbers may also 
be expressed as percentages of the numbers of cancers normally expected 
for a population cohort of that size over the period under consideration 
and in the absence of the additional radiation exposure. Their expression 
per rad is generally avoided in the final tables, because it would suggest 
a commitment to the linear hypothesis that some members of the Commtttee 
wished to avoid, believing that the effect per rad is most probably vari
able, an increasing function of dose in the region from 0 rads up to the 
point where cell-killing becomes important. 

Average cumulative doses from continuous exposure to 1 rad/yr range, 
for example, from 67 rads for males exposed continuously from birth and 
75 rads for females, to 13 rads for males and 14 for females exposed 
from ages 50 to 65. These dose ranges reflect the life expectancies of 
cohorts defined at birth and at age 50, respectively. 

The information on the atomic-bomb survivors now extends to 29 yr 
after exposure, and followup is less prolonged for most other surveys. 
Within the first 30 yr after irradiation, however, excess incidence for 
radiation-induced cancers of the lung and female breast appears to follow 
the same temporal patterns as the natural age-specific incidence or mortality; 
this suggests that the pattern may continue beyond the period of information, 
perhaps even throughout life. This may not apply to all radiation-induced 
cancers, or it may apply only to individual cancers and not to groups of 
cancers. 

The method used to project risk forward in time after the 30 yr of 
followup on which the risk coefficients for postnatal exposure were based 
has an important influence on the estimates. This presents no problem for 
leukemia, for which the excess risks are believed to end within 30 yr after 
exposure; but it is important for cancers for which the excess risk is 
assumed to extend throughout life. The 1972 BEIR56 report calculations were 
premised on two alternative assumptions as to the expression time for 
radiation-induced cancers other than leukemia, 30-yr and lifetime risks. 
In the present calculations, the shorter, 30-yr period was not used. 

Two methods have been used to project risk forward in time beyond 
the period represented by followup data. The first is the absolute-risk 
model, which assumes that the dose-related excess risk per year observed 
during years 11-30 of followup continues until the end of life (Figure V-8). 
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The second is the relative-risk model, which assumes that this risk in
creases or decreases as the normal age-specific risk varies relative to 
that corresponding to 11-30 yr after exposure. For ages under 10 yr at 
exposure, the relative-risk ratios thus obtained appeared unreliable, and 
the ratios for ages 10-19 at exposure were substituted for them. This 
is numerical!6 the most important departure from the method of the 1972 
BEIR report, in which it was assumed that the large, but statistically un
stable, relative-risk estimates for cancers other than leukemia, calculated 
from observations 15-25 yr after exposure for the cohort exposed at less 
than 10 yr of age, applied to the remainder of life. About half the total 
lifetime excess deaths from solid tumors estimated according to the 
relative-risk model for an exposed population of all ages corresponded 
to exposures received before the age of 10. No population exposed at 
such early ages has been followed long enough to provide a firm basis 
for evaluating the assumption of a constant relative risk holding through
out life. However, the most recent followup data on the LSS sample fail 
to suggest an increase in absolute risk over time that is commensurate 
with a constant relative risk for the cohort aged 0-9 yr at the time of 
bombing. 

Cancer of the prostate, melanoma, and other skin cancer have been 
subtracted from the age-specific rates (prqvided by T. Mason, National 
Cancer Institute, personal communication) used for the relative-risk 
approach. It seems likely that predictions based on the relative-risk 
projection model would maximize risk estimates, inasmuch as the increment 
in risk is presumed to increase throughout life. The absolute-risk pro
jection model presupposes a constant risk through life. For leukemia 
and bone cancer, both absolute- and relative-risk projection models would 
have produced exaggerated estimates if calculations were made on the 
basis of knowledge at earlier times before the decrease in incidence was 
determined. To the extent that other cancers may be shown to have ex
pre·ssion times shorter than the life span of irradiated subjects, the 
absolute- and relative-risk models would result in overestimates. Thus, 
both the absolute- and the relative-risk projection models may provide 
high risk estimates. 

The age- and sex-specific risk coefficients used in the various calcu
lations of excess cancer-mortality risk appear in later tables. The re
gression coefficients ltilere obtained from the atomic-bomb survivor data 
and were fitted to age-adjusted rates on the assumption that the shape, 
although not necessarily the magnitude, of the do~e respqnse should be 
independent of both sex and age at exposure. For purposes of calculation, 
the Committee used the following models discussed above: 

leukemia: LQ-L, L-L, and Q-L (Equations V-6, V-7, and V-8) 

other cancers: LQ-L, L-L, and Q-L (Equations V-10, V-11, 
and V-12) 

Regression analyses were made in sex-specific fashion for all ages, and 
in age-specific fashion for both sexes combined, and the resulting co
efficie~ts were converted to age- and sex-specific arrays on a proportional 
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basis. Finally, the mortality coefficients were expanded by a factor of
7 1.23 (derived from comparison of autopsy and death-certificate diagnoses 5) 

to adjust for incomplete death-certificate ascertainment of cancer. 

In its temporal pattern of expression, radiation-induced bone cancer 
is different from most other solid cancers, but similar to leukemia. For 
bone cancer, there are no low-LET dose-response data suitable for fitting 
models. As for all solid cancers as a group, the leukemia analyses were 
used to provide the needed structure for linear-quadratic, linear, and 
quadratic model risk estimates for bone cancer. The corresponding leukemia 
risk coefficients were multiplied by the ratio 0.05/2.24, where 0.05 is 
the linear estimate for bone cancer with regard to endosteal dose from 
low-LET radiation given in Appendix A, and 2.24 the L-L model estimate 
for leukemia. 

The regression estimates for the Japanese data correspond to the 
periods 1950-1971 for leukemia, 1959-1970 for the Nagasaki Tumor Registry, 
and 1955-1974 for nonleukemia cancer mortality. In the life-table calcu
lations, these estimates were then applied for the period 3-27 yr after 
exposure for leukemia and bone cancer, and for the period 11-30 yr after 
exposure for other cancers. Projection beyond 30 yr for cancer other 
than leukemia and bone cancer was made with the relative- and absolute
risk models discussed above. 

The estimated coefficient for any age interval was assigned to each 
single year of age within that interval. 

The kerma-to-tissue dose conversions used to generate the data from 
which the regression estimates were obtained are as shown in Table V-13. 

Excess cancer risk in terms of incidence was approached in three ways: 
(1) mortality-risk estimates multiplied by a factor depending on the normal 
site-specific ratio of cancer incidence to cancer mortality and on the site
specific risk coefficients derived from Appendix A (Table V-14); (2) the 
Nagasaki-Tumor Registr8 data for 1959-1970 referred to the LSS sample of 
atomic-bomb survivors; and (3) the site-specific risk estimates of Appendix 
A summed to approximate the effect of whole-body irradiation (Table V-14). 

In deriving a suitable ratio of incidence to mortality for radiation
induced cancers, it was necessary to use some measure of site-specific 
radiation risk (ai) and to relate this to average U.S. rates for both 
site-specific incidence (Ii) and site-specific mortality (Mi) to yield 
the weighted ratio: 

Although Mi/Ii varies somewhat with age, for the present purpose it was 
though~ adequate to use Ii and Mi calculated as lifetime expectations at 
birth. 9 The estimated value of the weighted ratio was assumed to be 
invariant with respect to age at exposure, but was calculated separately 
for the two sexes: 1.54 for males, 2.00 for females (Table V-15). The 
life-table estimates of excess mortality were then multiplied by these 
weighted ratios to yield the incidence estimates. 
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Radiation 

Gamma 

Neutron 

TABLE V-13 

Factors for Converting 
from Kerma to Tissue Dosea 

Tissue Dose/Kerma Dose 

Leukemia Other Cancers 

Neutron-capture gamma 

0.56 

0.28 

0.07 

0.50 

0.22 

0.07 

aBased on Kerr, 41 
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TABLE V-14 

Estimated Excess Cancer Incidence (Excluding 
Leukemia and Bone Cancer) per Million Persons per Year per Rad, 

11-30 Years after Exposure, by Site, Sex, and Age at Exposure 

Age at Exposure 2 rr 

Site 0-9 10-19 20-34 35-49 5o+ 
Age-We,hted 
Averag 

MALES 

Thyr~idb,c 2.20 2.20 2.20 2.20 2.20 2.20 
Lung ,e o.oo 0.54 2.45 5.10 6.79 3.64 
Esophaguse,f 0.07 0.07 0.13 0.21 0.56 0.26 
Stomache,f 0.40 o.4o 0.77 1.27 3.35 1.53 
Intestire, f 0.26 0.26 0.52 0.84 2.23 1.02 
Livere, 0.70 0.70 0.70 0.70 0.70 0.70 
Pancrease,f 0.24 0.24 0.45 0.75 1.97 0.90 
Urinarye,-g 0.04 0.23 0.50 0.92 1.62 0.81 
Lymphimac,e 0.27 0.27 0.27 0.27 0.27 0.27 
Other . 0.62 0.38 1.12 1.40 2.90 1.52 
All sites i. 4.80 5.29 9.11 13.66 22.59 12.85 

FEMALES 

Thyroid.b,c 5.80 5.80 5.80 5.80 5.80 5.80 
Bre1tJ o.oo 7.30 6.60 6.60 6.60 5.82 
Lun .,e · o.oo 0.54 2.45 5.10 6.79 3.94 
Esophaguif., f 0.07 0.07 0.13 0.21 0.56 0.28 
Stomache,f 0.40 0.40 o.n 1.27 3.35 1.68 
Intestinee,f 0.26 0.26 0.52 0.84 2.23 1.12 
Livere,f 0.70 0.70 0.70 0.70 0.70 0.70 
Pancrease,f 0.24 0.24 0.45 0.75 1.97 0.99 
Urinarye,g o.oi+ 0.23 0.50 0.92 1.62 0.88 
Lymp~mac,e 0.27 0.27 0.27 0.27 0.27 0.27 
Othe 0.62 0.38 1.12 1.40 2.90 1.64 
All sitesi 8.40 16.19 19.31 23.86 32.79 23.10 

a Average of the age-specific coefficients, weighted according to the age 
distribution, by sex, of the 1969-1971 U.S. life-table population. 

b Estimate of 4 excess cases per million persons per year per rad adjusted 
by the observed male:female relative-risk ratio of 0.38 for atomic-bomb 
survivors. 

c Risk assumed not to depend on age at exposure. 
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d 
Estimates are based on the expression, (attained age - 35) X 0.2, with 

e 

a risk of Oto attained age 35, latent periods of 15 yr for ages 20-34 
at irradiation, and 10 thereafter, except that a risk of 7.0 is used 
for those irradiated at age 65 or older. 

Risk assumed not to depend on sex. 

f Age variation assumed proportional to linear estimates of atomic-bomb 
survivors for all gastrointestinal cancers. 

g Age variation assumed proportional to smoothed risk estimates for cancers 
of urinary organs among atomic-bomb survivors. 

h Although cancers of other sites--especially pharynx, larynx, salivary 
glands, and brain--are thought to be produced by low-dose, low-LET 
radiation, good estimates of absolute risk are not available. An 
arbitrary average of 1. 0 excess cancer per million persons (of the age 
and sex distribution of atomic-bomb survivors) per year per rad is 
assumed. Age-specific coefficients are proportional to those for deaths 
from all malignant neoplasms, except leukemia, in the atomic-bomb sur
vivors of both sexes combined. 

i The total, for "all sites," is one possible measure of the effect (ex
cluding leukemia and bone cancer) of whole-body radiation with all 
tissues receiving 1 rad. 

j The value for ages 10-19 has been reduced to allow for dilution of 
effect arising from inclusion of pre-age-30 yr of exposure when latent 
period is set at 10 yr for all ages. 
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l'v 
lT1 
l'v 

Site Weight 
(i) (ai) a 

Esophagus 0.26 
Stomach 1.53 
Intestine 1.02 
Pancreas 0.90 
Lung 3.64 
Urinary 0.81 
Lymphoma 0.27 
Breast 0 
Thyroid 2.20 
Livlf 0.70 
Sum 11.33 
Weighaed 

sum 
Expansio~ 

factor 

TABLE V-15 

Derivation of Ratios for Transforming Mortality
Risk Estimates to Incidence-Risk Estimates, by Sex 

Males Females 

Percentage Expectation Percentage Expectation 
at Birth of Eventually at Birth of Eventually 
Developing or Dying Developing or Dying 
from Cancer from Cancer 

Mort'blity Inciience Ratio Weight Morfality Incfence 
(Mi) (I.) . (Ri=Mi/Iif (aif (Mi (Ii l, 

0.4 0.4 1.00 0.28 0.2 0.2 
0.9 1. 2 0.75 1.68 0.7 0.9 
2.3 4.4 0.52 1.12 2.8 5.1 
1 .o 1.1 0.91 0.99 0.9 1.0 
4.9 5.9 0.83 3.94 1.2 1. 6 
1.0 2.7 0.37 0.88 0.6 1.3 
1.1 1.5 0.73 0.27 0.9 1. 2 
0 0 5.82 3.0 7.7 
0.03 0.17 0.18 5.80 0.09 0.46 
0.20 0.20 1.00 0.70 0.18 0.18 

21.48 

7.37 
'-----r--_) ~ 

1.54 2.00 

a Age-adjusted risk estimate, Table v~l4. 

b Data from Seidman et a1. 69 or calculated directly (thyroid, liver). 

Ratio 
(Ri=Mi/I1f 
1.00 
0.78 
0.55 
0.90 
0.75 
0.46 
0.75 
0.39 
0.20 
1.00 

10.76 

c The ratios of mortality to incidence for speci£ic types of cancer derived from vital statistics 
are not generally in close agreement with survival probabilities based on long-term clinical 
followup studies of cancer patients, nor is there any reason that they should be. 



__ The Nagasaki Tumor Registry data for major sites were fitted to the 
LQ-L, L-L, and Q-L models, as was done for the mortality data. Ratios 
derived from the age-adjusted and sex- and age-specific coefficients for 
cancer mortality and the sex-specific mortality-to-incidence expansion 
factors discussed above were used to calculate sex- and age-specific 
coefficients for cancer incidence. 

In the third approach, each site-specific estimate of Appendix A was 
expressed in age- and sex-specific form on the basis of information given 
there, or by assuming that the array of risk coefficients with respect to 
age and sex was proportional to the parallel array of mortali§y-risk co
efficients in the most recent atomic-bomb mortality analysis. In two 
cancer sites (liver and lymphoma), the data for estimation of risk provided 
no basis for es~imating variation by age and sex, and the atomic-bomb data 
provided no guide; in these instances, a constant value was used throughout. 
For the thyroid, the site-specific analysis of Appendix A provided the basis 
for differentiation by sex, but not by age. For the lung, esophagus, in
testine, urinary organs, and a small residual group, it was possible to 
derive numerical risk coefficients specific for age, but not for sex. 
An example of the use of atomic-bomb data to produce the array is provided 
by the Appendix A estimate of 0.65 for the pancreas, derived from the ex
perience of the ankylosing-spondylitis patients of average age 36 at radi
ation. The array, with respect to age, of risk coefficients for cancers 
of the digestive tract and peritoneum among the atomic-bomb survivors is 
as follows: 

age, yr 

coefficient 

0-9 

0.49 

10-19 

0.49 

20-34 

o.94 

35-49 

1.55 

so+ 

4.10 

For age 36, these coefficients suggested an approximate value of 1.35, and 
the ratio 0.65/1.35 was multiplied by the foregoing array to produce the 
age-specific risk coefficients of Table V-14. Clearly, the expression of 
the site-specific estimates of Appendix A in age- and sex-specific format 
is somewhat arbitrary and yields results of uncertain validity, especially 
at the youngest ages, which are seldom represented in the partial-body 
irradiation groups. Other limitations on these data are discussed earlier 
in this section. The age- and sex-specific sums of the site-specific 
estimates were then used as though they were the parallel whole-body risk 
estimates. 

In other respects, calculation procedures for estimating the risk of 
excess cancer in terms of incidence were the same as those used for mortality. 
As in the mortality calculations, incident cases were withdrawn from the ex
posed life-table population subject to the risk coefficient for that year, 
modified by reduction factors of 1.54 for males and 2.0 for females (Table 
V-15) to allow for the fact that not all incident cases lead to death from 
the cancers. 
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RESULTS 

Because the risk estimates in this report are expressed in terms of 
whole-body or specific-organ absorbed dose, it is essential that they be 
applied in terms of absorbed dose received in any given situation; e.g., 
if a dose in a given exposure is expressed in kerma air dose or surface 
dose, a correction factor should be applied to estimate mean whole-body 
or specific-organ dose. 

Mortality from Leukemia and Bone Cancer 

Tables V-16, V-17, and V-18 present the life-table estimates for 
leukemia and bone cancer (incidence assumed to equal mortality) according 
to three dose-response models, LQ-L, L-L, and Q-L. In each instance, 
the tables give (1) the dose-response relationships for leukemia and for 
bone cancer; (2) the age- and sex-specific coefficients derived from the 
parameter estimates; and (3) the final life-table estimates corresponding 
to the specified exposure conditions. For example, under the LQ-L model, 
which fits the leukemia and bone-cancer data best (see above), exposure 
of a life-table population to a single dose of 10 rads generates lifetime 
excess deaths (or cases) of 274 per million males and 186 per million 
females. For leukemia and bone cancer, the projection models are not 
used, because the effect is assumed to cease within 30 yr. For each 
exposure condition, three· lines are given: the expected normal incidence 
of leukemia and bone cancer (apart from the excess risk from radiation), 
the estimated excess number of radiation-induced cases, and the excess 
number expressed as a percentage of normal expectation of leukemia and 
bone cancer. For example, in Table V-16, 274 excess cancers are estimated 
to result from a single exposure of a million men of all ages to 10 
rads; this is to be compared with the 9,860 cases of leukemia and bone 
cancer expected after exposure independently of the radiation effect; in 
other words, the estimated excess is 100 X 274/9,860 = 2.8% of the normal 
expectation for these cancers. For continuous irradiation at· 1 rad/yr, 
the risk estimates depend on the duration of exposure. For example, in 
Table V-16, under the LQ-L model, exposure to 1 rad/yr throughout life 
results in a 15% or 13% excess, depending on sex; exposure at ages 
20-65, in 10% or 8%; exposure at ages 35-65, in 6%; and exposure at ages 
50-65, 4%. Under the L-L model (Table V-17), these values are about 
doubled; and under the Q-L model (Table V-18), which was applied only to 
the single 10-rad exposure, they are reduced to about one-eighth. 

Mortality from Cancer Other than Leukemia and Bone Cancer 

Tables V-19, V-20, and V-21 pertain to excess mortality from cancer 
other than leukemia and bone cancer and have the same format as Tables 
V-16, V-17, and V-18. For the LQ-L model (Table V-19) and a single ex
posure to 10 rads, the excess cancers are estimated as 0.25% of the normal 
expectation of cancer mortality for males and 0.47% for females by the 
absolute~risk model, and both are increased by factors of 3-4 in the 
relative-risk model. For continuous lifetime exposure to 1 rad/yr, the 
values range f'rom 1.5% to 8.6%; and for shorter durations of exposure, 
the values are correspondingly less. The L-L model yields values for con
tinuous lifetime exposure that are about 2-3 times those of the. LQ-L 
model; the Q-L model, for a single exposure .!£...!_0 rads, gives values 
about one-eighth as large as those from the LQ-L model. 
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TABLE V-16 

Estimated Excess Incidence of (and Mortality from)~ 
Leukemia and Bone Cancer from Low-LET Radiation Dose (D): LQ-L Modela 

Estimated dose-response relationship: 

Leukemia:b Excess risk= 0.9892D + 0.008508D2 

Bone cancer:c Excess risk= 0.02209D + 0.000190D2 

Estimated age- and sex-specific regression coefficients for D and D2: 

Age at Exposure, yr 

Sex 0-9 10-19 20-34 35-49 so+ Alld. 

M D 1.829 0.7855 1.138 0.8511 1.937 1.367 
D2 0.01575 0.006766 0.009798 0.007331 0.01669 0.0117 

F D 1.169 0.5067 0.7301 0.5483 1.238 0.9039 
D2 0.01007 0.004364 0.006289 0.004723 0.01047 0.007717 

Life-table estimates of excess cases per million persons: 

Male Female 
Single exposure to 10 rads: 

Normal expectation 9,860 8,018 
Excess cases: number 274 186 

% of normal 2.8 2.3 
Continuous exposure to 1 rad/yr, lifetime: 

Normal expectation 10,600 9,050 
Excess cases: number 1,592 1,209 

% of normal 15.0 13.4 
Continuous exposure to 1 rad/yr, a~es 20-65: 

Normal expectation 10,020 8,545 
Excess cases: number 954 720 

% of normal 9.5 8.4 
Continuous exposure to 1 rad/yr 2 a~es 35-65: 

Normal expectation 9,828 8,372 
Excess cases: number 602 480 

% of normal 6.1 5.7 
Continuous exposure to 1 rad/yr 2 a~es 50-65: 

Normal expectation 9,667 8,124 
Excess cases: number 387 322 

% of normal 4.0 4.0 

an is in rads; coefficients for D and D2 are per million persons per year. 

bBased on Leukemia Registry cases, 1950-1971, in LSS sample. 

cWith regard to endosteal dose from low-LET radiation. 

dweighted average for U.S. life-table population, 1969-1971. 
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TABLE V-17 

Estimated Excess Incidence of (and Mortality from) 
Leukemia and Bone Cancer from Low-LET Radiation Dose (D): L-L Modela 

Estimated dose-response relationship: 

Leukemia:b Excess risk= 2.239D 
Bone cancer:a Excess risk= 0.05D 

Estimated age- and sex-specific regression. coefficients for D: 

Age at Exposure, yr 

Sex 0-9 10-19 20-34 35-49 so+ Alld 

M 3.977 1.849 2.596 1.921 4.319 3 •· 051 

F 2.542 1.192 1.666 1.237 2.760 2.025 

Life-table estimates of excess cases per million persons: 

Male Female 
Single exposure to 10 rads: 

Normal expectation 
Excess cases: number 

% of normal 
Continuous exposure to 1 rad/yr, lifetime: 

Normal expectation 
Excess cases: number 

% of normal 
Continuous exposure to 1 rad/yr, ages 20-65: 

Normal expectation 
Excess cases: number 

% of normal 
Continuous exposure to 1 rad/yr, ages 35-65: 

Normal expectation 
Excess cases: number 

% of normal 
Continuous exposure to 1 rad/yr, ages 50-65: 

Normal expectation 
Excess cases: number 

% of normal 

9,860 
566 
5.7 

10,600 
3,568 

33.7 

10,020 
2,152 

21.5 

9,828 
1,348 

13.7 

9,667 
862 
8.9 

8,018 
384 
4.8 

9,050 
2,709 

29.9 

8,545 
1,623 

19.0 

8,372 
1,075 

12.8 

8,124 
717 
8.8 

ao is in rads; coefficients for Dare per million persons per year. 

bBased on Leukemia Registry cases, 1950-1971, in LSS sample. 

awith regard to endosteal dose from low-LET radiation. 

dweighted average for U.S. life-table population, 1969-1971. 
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TABLE V-18 

Estimated Excess Incidence of (and Mortality from) 
Leukemia and Bone Cancer from Low-LET Radiation Dose (D): Q-L Modela 

Estimated dose-response relationship: 

Leukemia:b 
Bone cancer:c 

Excess risk= 0.01372D2 

Excess risk= 0.000306D2 

Estimated age- and sex-specific regression coefficients for D2: 

Sex 

M 

F 

0-9 

0.02639 

0.01686 

Age at Exposure, yr 

10-19 

0.01068 

0.006893 

20-34 

0.01578 

o. 01013 

35-49 

0.01182 

0.007621 

Life-table estimates of excess cases per million persons; 

so+ 

0.02706 

0.01729 

0.01906 

0.01265 

Male Female 
Single exposure to 10 rads: 

Normal expectation 
Excess cases: number 

% of normal 

9,860 
35 

0.35 

8,018 
24 

0.30 

ao is in rads; coefficients for n2 are per million persons per year. 

bBased on Leukemia Registry cases, 1950-1971, in LSS sample. 

cWith regard to endosteal dose from low-LET ~ijdiation. 

dweighted average for U.S. life-table population, 1969-1971. 
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TABLE V-19 

Estimated Excess Fatal Cancers Other than Leukemia and 
Bone Cancer from Low-LET Radiation Dose (D): 1:Q=C Model' 

Estimated dose-response relationship~ Excess risk= l.397(D + 0.008614D 2) 

Estimated age- and sex-specific regression coefficients for D and o2: 

Age at Exposure 2 yr 
Sex 0-9 10-19 . 20-34 35-49 so+ Allc 

M D 0.8972 0.6095 1. 774 2.278 3.446 2.076 
D2 0.007728 0.005250 0.01528 0.01962 o. 02968 0.01788 

F D 1.169 0.7940 2.311 2.968 4.489 2.858 
D2 0.01007 0.006839 0.01990 0.02556 0.03867 0.02462 

Life-table estimates of excess cases per million persons: 

Single exposure to 10 rads: 
Normal expectation 
Excess deaths: number 

% of normal 

Continuous exposure to 1 rad/yr, 
lifetime: 

Normal expectation 
Excess deaths: number 

% of normal 

Continuous exposure to 1 rad/yr, 
ages 20-65: 

Normal expectation 
Excess deaths: number 

% of normal 

Continuous exposure to 1 rad/yr, 
ages 35-65: 

Normal expectation 
Excess deaths: number 

% of normal 

Continuous exposure to 1 rad/yr, 
ages 50-65: 

Normal expectation 
Excess deaths: number 

% of normal 

Absolute-Risk 
Projection Model 

M 

170,400 
421 

0.25 

165,700 
2,459 

1.5 

171,600 
1,799 

1 .o 

175,700 
1,018 

0.58 

178,000 
423 

0.24 

F 

139,400 
652 

0.47 

149,200 
4,243 

2.8 

152,800 
3,134 

2.1 

153,300 
1,879 

1.2 

147,300 
850 

0.58 

Relative-Risk 
Projection Model 

M 

170,400 
1,917 

1.1 

165,700 
10,220 

6.2 

171,600 
3,961 

2.3 

175,700 
996 

0.57 

178,000 
486 

0.27 

F 

139,400 
2,133 

1.5 

149,200 
12,820 

8.6 

152,800 
5,751 

3.8 

153,300 
1,953 

1.3 

147,300 
1,011 

0.69 

~Dis in rads; coefficients for D and D2 are per million. persons per year. 
Based on Hiroshima and Nagasaki LSS data, 1955-1974. 

C 
Weighted average for U.S. life-table population, 1969-1971. 
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TABLE V-20 

Estimated Excess Fatal Cancers Other than Leukemia and Bone Cancer 
from Low-LET Radiation Dose (D): E-t=Modela 

Estimated dose-response relationship:b Excess risk= 3.470D 

Estimated age- and sex-specific regression coefficients for D: 

Sex 

M 
F 

Age at Exposure, yr 
0-9 10-19 20-34 

1.920 
2.576 

1.457 
1.955 

4.327 
5.807 

35-49 

5.291 
7.102 

50+ 

8.808 
11.823 

Life-table estimates of excess cases per million persons: 

5.087 
7.254 

Absolute-Risk 
Projection Model 

Relative-Risk 
Projection Model 

Single exposure to 10 rads: 
Normal expectation 
Excess deaths: number 

% of normal 

M 

170,400 
919 

0.54 

Continuous exposure to 1 rad/yr, 
lifetime: 

Normal expectation 
Excess deaths: number 

% of normal 

165,700 
5,827 

3.5 

Continuous exposure to 1 rad/yr, 
ages 20-65: 

Normal expectation 171,600 
Excess deaths: number 4,355 

% of normal 2.5 

Continuous exposure to 1 rad/y__r, 
ages 35-65: 

Normal expectation 175,700 
Excess deaths: number 2,452 

% of normal 1 .4 

Continuous exposure to 1 rad/Y._r, 
ages 50-65: 

Normal expectation 178,000 
Excess deaths: number 1,081 

% of normal 0.61 

F 

139,400 
1,473 

1.1 

149,200 
10,400 

7.0 

152,800 
7,824 

5.1 

153,300 
4,684 

3.1 

147,300 
2,238 

1.5 

M 

170,400 
4,226 

2.5 

165,700 
24,210 

14.6 

171,600 
9,521 

5.5 

175,700 
2,331 

1.3 

178,000 
1,142 

0.64 

ao is in rads; coefficients for Dare per million persons per year. 
b Based on Hiroshima and Nagasaki LSS data, 1955-1974. 
a 'Weighted average for U. s. life-table population, 1969-1971. 
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F 

139,400 
4,852 

3.5 

149,200 
30,540 

20.5 

152,800 
11,890 

7.8 

153,300 
3,895 

2.5 

147,300 
1,599 

1.1 



TABLE V-21 

Estimated Excess Fatal Cancers Other than Leukemia and Bone Cancer from 
Low-LET Radiation Dose (D): "Q='L' Model a 

Estimated dose-response relationship:b Excess risk= 0.01825D2 

Estimated age- and sex-specific regression coefficients for n2: 

Sex 

M 
F 

Age at Exposure, yr 
0-9 10-19 

0.01294 
0.01653 

0.008179 
0.01045 

20-34 

0.02332 
o. 02980 

35-49 

0.03091 
0.03950 

50t 

0.04357 
0.05567 

Life-table estimates of excess cases per million persons: 

Alla 

0.02717 
0.03652 

Absolute-Risk 
Projection Model 

Relative-Risk 
Projection Model 

M F M F 

Single exposure to 10 rads: 
Normal expectation 170,400 139,400 170,400 139,400 
Excess deaths: number 52 79 236 

% of normal 0.031 0.057 0.14 

an is in rads; coefficients for n2 are per million persons per year. 

bBased on Hiroshima and Nagasaki LSS data, 1955-1974. 

0 weighted average for U.S. life-table population, 1969-1971. 
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Mortality from All Forms of Cancer 

There are various ways of combining estunates of leukemia and bone
cancer and other solid-cancer mortality projections. For example, in 
Table V-22 the LQ-L estimates for leukemia and bone cancer are combined 
with the LQ-L estimates for other cancers. Much of the variation is due 
to the total dose received--10 rads for the single dose, 13-75 rads for 
the continuous exposures. The next most important source of variation 
is the projection model. For continuous lifetune exposure, the relative
risk model yields estimates that are about 3 times those of the absolute
risk model; for exposure at ages 35-65 and 50-65, the two models give 
nearly identical results. 

An alternative way of combining estunates of leukemia and solid
cancer mortality projections is given in Table V-23, where the dose
response models are compared for a single exposure to 10 rads. 
The estimates range from 0.06 to 3.1 when expressed as percentages of 
normal expectation, depending on dose-response model and on projection 
model. 

Of particular interest is a comparison of the dose-response models 
from the standpoint of the ratio of excess fatal cancers other than 
leukemia and bone cancer

8
to deaths from leukemia and bone cancer. In 

the 1977 UNSCEAR report, 2 this ratio plays a prominent role in the estima
tion of mortality from radiation-induced solid tumors. In the ank.ylosing
spondylitis series,. the ratio is 4.7; in the study of U.S. radiologists, 4.3; 
and in the atomic-bomb survivors, 1.15. The ratio is very sensitive to the 
age distribution of the subjects under study and to the duration of 
followup. In general, the younger the subjects, and the shorter the 
period of followup, the smaller the ratio will be. Ankylosing-spondylitis 
patients and radiologists have an older age distribution at exposure 
than the atomic-bomb survivors with their heavy representation of ages 
under 20 at exposure, and for none of these did followup cover an entire 
lifetime. In the 1977 UNSCEAR report, it was estimated that lifetime 
excess mortality from solid tumors would be approximately 3-5 tunes that 
for leukemia. Estimates made in this report for lifetime risk are 
slightly lower for the absolute-risk projection model, but considerably 
higher for the relative-risk model, reflecting the increasing importance 
of solid tumors in the latter decades of life. With exposure beginning 
at ages 20, 35, and 50, the ratio declines sharply, as the expression 
time for solid tumors is shortened relative to that for leukemia.. There 
is little difference among the models used here. The ratios for continuous 
exposure over a full lifetime and from ages 20-65, for the LQ-L and L-L 
models, are shown in Table V-24. 
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TABLE V-22 

Estimated Excess Mortality per Million Persons from All Forms of Cancer, 
Linear-Quadratic Dose-Response Modelq for Low-LET Radiation 

Single exposure to 10 rads: 
Normal expectation 
Excess cases: number 

% of normal 

Continuous exposure to 1 rad/yr 2 
Normal expectation 
Excess cases: number 

% of normal 

Continuous exEosure to 1 rad/yr, 
Normal expectation 
Excess cases: number 

% of normal 

Continuous exEosure to 1 rad/yr 2 
Normal expectation 
Excess cases: number 

% of normal 

Continuous exEosure to 1 rad/yr, 
·Normal expectation 
Excess cases: number 

% of normal 

Absolute-Risk 
Projection Model 

163,800 
766 

0.47 

lifetime: 
167,300 

4,751 
2.8 

a~es 20-65: 
171,500 

3,304 
1.9 

ages 35-65: 
173,600 

1,990 
1.1 

ages 50-65: 
171,600 

991 
0.58 

aLQ-L for leukemia, t-q='t for other. 
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Relative-Risk 
Projection Model 

163,800 
2,255 

1.4 

167,300 
12,920 

7.7 

171,500 
5,693 

3.3 

173,600 
2,016 

1.2 

171,600 
1,102 

0.64 



TABLE V-23 

Estimated Excess Mortality per Million Persons from All Forms of Cancer, 
Single Exposure to 10 rads of Low-LET Radiation, by 

Dose-Response Model 

Dose-Response 
Model 

Leukemia 
And Bone 

LQ-L 

L-L 

Q-L 

Other 
Cancer 

LQ-L 

L-L 

Q-L 

Absolute-Risk 
Projection Model 

Normal expectation of 
cancer deaths 163,800 

Excess deaths: number 766 
% of normal 0.47 

Excess deaths: number 1,671 
% of normal 1.0 

Excess deaths: number 95 
% of normal 0.058 

- 263 -

Relative-Risk 
Projection Model 

163,800 

2,255 
1. 4 

5,014 
3.1 

276 
0.17 



TABLE V-24 

Ratios of Excess Deaths from Radiation-Induced Cancers Other than Leukemia 
and Bone Cancer to Excess Deaths from Radiation-Induced Leukemia and Bone Cancer 

Dose-Response Model 
Projection Model Leukemia and 

Bone Cancer Other Cancer Relative-Risk Absolute-Risk 

Lifetime Exposure: 1 rad/yr 

LQ-L 

L-L 

LQ-L 

L-L 

Exposure at ages 20-65: 1 rad/yr 

LQ-L 

L-L L-L 

8.2 

8.7 

5.8 

5.7 

2.4 

2.6 

2.9 

3.2 

Comparison of Mortality-Ris~ Estimates with Those in the 1972 BEIR Report56 

and the 1977 UNSCEAR REPORT 2 

In the 1972 BEIR report, 56 annual estimates of possible carcinogenic 
effect were made on the basis of the linear hypothesis and exposure of 
the 1967 u. S. population of 197.9 million to 0.1 rem/yr, with absolute
and relative-risk projection models for a 30-yr period and a lifetime. 
To represent the information available at the time of the 1972 report 
and the assumptions on which it was based, the 1972 age-specific risk 
coefficients were used in the life-table calculation procedures of the 
present report (Table V-25). The current estimates ~exemplified by 
the LQ-L model for leukemia and bone cancer and the LQ-L model for 
other forms of cancer. The estimates obtained for other models used 
in the present calculations are shown in the second footnote of Table 
V-25. The present estimates for the linear-quadratic models are below 
the 1972 estimates, and especially so when the comparison is based on 
the relative-risk projection model. Much of the difference between the 
1972 estimates and the present estimates results from the more precise 
handling of age in the present analysis and the substitution of relative
risk ratios derived from exposure in the second decade of life for those 
derived from exposure in the first decade. 
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TABLE V-25 

Comparative Estimates of the Lifetime Risk of Cancer Mortality Induced by 
Low-LET Radiation--Excess Deaths per Million, Average Value per Rad 

by Projection Model, Dose-Response Model, and Type of Exposure 

Projection Model 

Source of Estimate 

Dose
Response 
Modelsa 

Single Exposure to 
10 rads 
Absolute Relative 

Continuous Lifetime 
Exposure to 1 rad/yr_ 
Absolute Relative 

BEIR, 198cfa LQ-L, LQ-L 

1972 BEIR report factorsa Linear 

UNSCEAR 1977d Linear 

77 

117 

226 67 

621 115 

75-175 

aFor BEIR 1980, the first model is used for leukemia, the second for 
other forms of cancer. The corresponding estimates when the other 
models are used (thereby providing an envelope of risk estimates) are: 

L-L, L-L 167 501 158 

Q-L, Q-L 10 28 

bThe values are average values per rad, and are not to be taken as estimates 
at only 1 rad of dose. 

c1972 BEIR56 postnatal, age-specific risk factors used with 1969-1971 
life tables, with plateau extending throughout the lifetime remaining 
after irradiation, estimate (b) in the 1972 report. The average age 
of the 1969-1971 life-table populatio~ exceeds that of the 1967 U.S. 
population used for the 1972 BEIR report. For this reason, the numbers 
shown here for continuous exposure are larger, on a per-rad basis, than 
those obtainable from Tables 3-3 and 3-4 of the 1972 BEIR report. 

duNSCEAR ran82 of estimates for low-dose, low-LET radiation (p. 414, 
para. 318). 
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182 

568 

430 



The effect of in utero radiation is uncertain (see Appendix A) and 
has not been included in the foregoing summary of results. Evidence 
with respect to radiation risk to the human fetus comes from atomic-bomb 
survivors and from the children of patients receiving x-ray pelvimetry. 
Risk estimates vary from zero added cancers to about 50 cancers per million 
children exposed in utero per rad per year during the first decade of 
life. When the Oxford Childhood Cancer Survey risk estimates were used 
in a fashion parallel to that used here for postnatal exposure, the 
exposure of 1 million women of life-table age composition to a single 
dose of 10 rads was estimated to yield about 110 cancer deaths among 
their progeny. With continuous population exposure to 1 rad/yr, all 
persons are exposed to about 0.75 rad in utero. This exposure might 
result in about 425 excess cancer deaths per million population in addition 
to deaths induced by postnatal exposure. 

Incidence of Cancer Other than Leukemia and Bone Cancer 

Table V-26 contains the incidence estimates obtained from the 
mortality estimates in the fashion described above. The mortality estimates 
in Tables V-19, V-20, and V-21 corresponding to all three dose-response 
models were multiplied by 1.54 for males and 2.0 for females (cf. Table 
V-15) to provide the estimates in Table V-26. For a single dose of 10 
rads, the estimates range from 0.03% of normal expectation to 2.4%, 
depending primarily on dose-response model and to a lesser extent on 
projection model and sex. For a lifetime exposure to 1 rad/yr, the 
estimated excess ranges from 1.4% of normal expectation to 6% for the 
LQ-L model and from 3.3% to 14% for the L-L model. 

The Nagasaki Tumor Registry data for 1959-1970 yield the estimates of 
Tables V-27, V-28, and V-29, each for a particular dose-response model. 
The incidence estimates for the LQ-L and L-L dose-response models differ 
by a factor of about 2.5; for a single exposure to 10 rads, the Q-L model 
estimates are about one-eighth the corresponding LQ-L model estimates. 
For a particular dose-response model, the relative-risk projection 
model gives values that are 2-3 times those obtained from the absolute-risk 
projection model for the single exposure to 10 rads and for continuous 
lifetime exposure to 1 rad/yr; for exposure progressively later in life, 
the two projection models give increasingly similar values. 

In Table V-30, the summed-sites approach yields estimates of excess 
cancer that range from 0.8% to 6.3% of normal cancer incidence when 
based on a single dose of 10 rads, 5.4% to 35.7% when based on a lifetime 
exposure of 1 rad/yr, and correspondingly lower percentages when based 
on exposures of shorter duration. When the leukemia estimates of Table 
V-16 are added, the percentages in Table V-30 change little. 
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TABLE V-26 

Estimated Excess Cases of Cancer Other than Leukemia and Bone Cancer, 
Based on Expansion of Mortality Estimates in Tables V-19, V-20, and V-21-
Excess Cases per Million Exposed to Low-LET Radiation, by Exposure, Risk 

Model, Projection Model, and Sex 

Single exposure to 10 rads: 
Normal expectation 

LQ-L model estimate: number 
% of normal 

L-L model estimate: number 
% of normal 

Q-L model estimate: number 
% of normal 

Continuous exposure to 1 rad/yr, 
lifetime: 

Normal expectation 
--..;. 

LQ-L model estimate: number 
% of normal 

7:=L"model estimate: number 
% of normal 

Continuous exposure to 1 rad/yr, 
ages 20-65: 

Normal expectation 

LQ-L model estimate: number 
% of normal 

-L-L model estimate: number 
% of normal 

Absolute-Risk 
Projection Model 

M 

274,900 

648 
0.24 

1,415 
0.51 

81 
0.029 

F 

252,400 

1,304 
0.52 

2,946 
1.2 

158 
0.063 

272,800 285,600 

3,787 
1.4 

8,974 
3.3 

281,600 

2,771 
1. 0 
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6,707 
2.4 

8,486 
3.0 

20,800 
7.3 

291,500 

6,269 
2.2 

15,650 
5.4 

Relative-Risk 
Projection Model 

M 

274,900 

1,998 
0.73 

4,413 
1.6 

245 
0.089 

F 

252,400 

2,627 
1. 0 

5,998 
. 2. 4 

315 
0.12 

272,800 285,600 

10,560 
3.9 

25,260 
9.3 

281,600 

4,919 
1.7 

11,990 
4.3 

17,230 
6.0 

39,410 
13.8 

291,500 

9,635 
3.3 

22,410 
7.7 



TABLE V-26 continued 

Absolute-Risk Relative-Risk 
Projection Model Projection Model 

M F M F 

Continuous exEosure to 1 rad/yr, 
ages 35-65: 

Normal expectation 286,000 287,200 286,000 287,200 

LQ-L model estimate: number 1,567 3, 75.8 1,360 4,054 
% of normal 0.55 1.3 0.48 1.4 

L-L model estimate: number 3,776 9,367 3,364 9,585 
% of normal 1.3 3.3 1.2 3.3 

Continuous exEosure to 1 rad/yr, 
ages 50-65: 

Normal expectation 285,800 260,400 285,800 260,400 

LQ-L model estimate: number 651 1,701 636 2,023 
% of normal 0.23 0.65 0.22 0.78 

L-L model estimate: number 1,664 4,475 1,621 4,890 
% of normal 0.58 1.7 0.57 1.9 
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TABLE V-27 

Estimated Excess Cases of Cancer Other than Leukemia and Bone Cancer 
from Low-LET 1Radiation Dose (D): LQ-L Mode:F 

Estimated dose-response relationshipP 

Excess risk= 3.335(D + 0.008614D2) 

Estimated age- and sex-specific regression coefficients for D and D2: 

Sex 
Age at Exposure, yr 
0-9 10-19 20-34 35-49 so+ AlP 

M D 1.478 .I.004 2.922 3.753 5.677 3.420 

n2 0.01273 0.008635 0.02517 0.03227 0.04882 0.02942 

F D 2.501 1.699 4.944 6.349 9.606 6.115 

n2 0.02151 0.01461 0.04252 0.05461 0.08261 0.05261 

Life-table estimates of excess cases of cancer per million persons: 

Single exposure to 10 rads: 
Normal expectation 
Excess cases: number 

% of normal 

Continuous exposure to 1 rad/yr, 
lifetime: 

Normal expectation 
Excess cases: number 

% of normal 

Continuous exposure to 1 rad/yr, 
ages 20-65: 

Normal expectation 
Excess cases: number 

% of normal 

Absolute-Risk 
Projection Model 

M 

274,900 
694 

0.25 

272,800 
4,050 

1.5 

281,600 
2,964 

1.1 
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F 

252,400 
1,394 
o.ss 

285,600 
9,076 

3.2 

291,500 
6,705 

2.3 

Relative-Risk 
Projection.Model 

M F 

274,900 252,400 
2,137 2,811 

0.78 1.1 

272,800 
11,290 

4.1 

281,600 
5,262 

1.9 

285,600 
18,430 

6.5 

291,500 
10,310 

3.5 



TABLE V-27 continued 

Absolute-Risk Relative-Risk 
Projection Model Projection Model 

M F M F 

Continuous exEosure to 1 rad/Y._r, 
ages 35-65: 

Normal expectation 286,000 287,200 286,000 287,200 
Excess cases: number 1,676 4,020 1,455 4,337 

% of normal 0.59 1.4 0.51 1.5 

Continuous exEosure to 1 rad/Y._r, 
ages 50-65: 

Normal expectation 285,800 260,400 285,800 260,400 
Excess cases: number 697 1,820 680 2,164 

% of normal 0.24 0.70 0.24 0.83 

aD is in rads; coefficients for D and D2 are per million persons per year. 

bBased on Nagasaki Tumor Registry, 1959-1970, and LSS sample. 

cWeighted average for U.S. life-table population, 1969-1971. 
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TABLE V-28 

Estimated Excess Cases of Cancer Other than Leukemia and Bone Cancer 
from Low-LET Radiation Dose(D): L-L Modela 

Estimated dose-response relationship:b 

Excess risk= 9.202D 

Estimated age- and sex-specific regression coefficients for D: 

Sex 

M 

F 

Age at Exposure, yr 
0-9 10-19 

3.509 

6.117 

2.663 

4.642 

20-34 

7.909 

13.79 

35-49 

9.673 

16.86 

so+ 

16.102 

28.07 

9.299 

17.22 

Life-table estimates of excess cases of cancer per million persons: 

Absolute-Risk 
Projection Model 

Relative-Risk 
Projection Model 

Single exposure to 10 rads: 

Normal expectation 
Excess cases: number 

% of normal 

Continuous exposure to 1 rad/yr, 
lifetime: 

Normal expectation 
Excess cases: number 

% of normal 

Continuous exposure to 1 rad/yr, 
ages 20-65: 

Normal expectation 
Excess cases: number 

% of normal 

M 

274,900 
1,680 

0.61 

272,800 
10,640 

3.9 

281,600 
7,957 

2.8 
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F 

252,400 
3,498 

1.4 

·285,600 
24,670 

8.6 

291,500 
18,560 

6.4 

M 

274,900 
5,239 

1.9 

272,800 
29,990 

11.0 

281,600 
14,230 

5.1 

F 

252,400 
7,120 

2.8 

285,600 
46,780 

16.4 

291,500 
26,600 

9.1 



TABLE V-28 continued 

Absolute-Risk 
Projection Model 

Relative-Risk 
Projection Model 

Continuous exposure to 1 rad/yr, 
ages 35-65: 

Normal expectation 
Excess cases: number 

% of normal 

Continuous exposure to 1 rad/yr, 
ages 50-65: 

Normal expectation 
Excess cases: number 

% of normal 

M 

286,000 
4,481 

1.6 

285,800 
1,975 

0.69 

F 

287,200 
11,100 

3.9 

260,400 
5,310 

2.0 

M 

286,000 
3,994 

1. 4 

285,800 
1,924 
0.67 

an is in rads; coefficients for Dare per million persons per year. 

b Based on Nagasaki Tumor Registry, 1959-1970, and LSS sample. 

dweighted average for U. s. life-table population, 1969-1971. 
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F 

287,200 
11,380 

4.0 

260,400 
5,805 

2.2 

--



TABLE V-29 

Estimated Excess Cases of Cancer Other than Leukemia and Bone Cancer 
from Low-LET Radiation Dose (D): Q-L Modela 

Estimated dose-response relationship? 

Excess risk= 0.04191D2 

Estimated age- and sex-specific regression coefficients for D2: 

Age at Exposure, yr 
Sex 0-9 10-19 so+ 

M 

F 

0.02048 

0.03460 

0.01295 

0.02187 

20-34 

0.03692 

0.06237 

35-49 

0.04894 

0.08267 

0.06898 

0.1165 

0.04301 

0.07645 

Life-table estimates of excess cases of cancer per million persons: 

Single exposure to 10 rads: 

Normal expectation 
Excess cases: number 

% of normal 

Absolute-Risk 
Projection Model 

M 

274,900 
82 

0.030 

F 

252,400 
165 

0.065 

Relative-Risk 
Projection Model 

M F 

274,900 252,400 
252 330 

0.092 0.13 

aD is in rads; coefficients for D2 are per million persons per year. 

b Based on Nagasaki Tumor Registry, 1959-1970, and LSS sample. 

0 weighted average for U.S. life-table population, 1969-1971. 
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TABLE V-30 

Estimated Excess Cases of Cancer Other than Leukemia and Bone Cancer 
from Low-LET Radiation Dose (D), Based on Sum of Site-Specific Linear 
Coefficients (Linear Age- and Sex-Specific Risk Coefficients Obtained 

from Table V-14)a 

Estimated age- and sex-specific risk coefficients for low-LET dose: 

Sex 

M 

F 

Age at Exposure, yr 
0-9 10-19 20-34 

4.80 

8.40 

5.29 

16.19 

9.11 

19.31 

35-49 

13.66 

23.86 

5o+ 

22.59 

32.79 

Al"P 

12.85 

23.10 

Life-table estimates of ex~ess cases of cancer per million persons: 

Single exposure to 10 rads: 

Normal expectation 
Excess cases: number 

% of normal 

Continuous exposure to 1 rad/yr, 
lifetime: 

Normal expectation 
Excess cases: number 

% of normal 

Continuous exposure to 1 rad/y__r, 
ages 20-65: 

Normal expectation 
Excess cases: number 

% of normal 

Absolute-Risk 
Projection Model 

M F 

274,900 252,400 
2,312 5,356 
0.84 2.1 

272,800 285,600 
14,600 37,380 

5.4 13.1 

281,600 291,500 
10,260 24,870 

3.6 8.5 
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Relative-Risk 
Projection Model 

M F 

274,900 252,400 
8,527 15,970 

3.1 6.3 

272,800 285,600 
48,490 102,000 

17.8 35.7 

281,600 291,500 
17,340 35,150 

6.2 12.1 



TABLE V-30 continued 

Absolute-Risk Relative-Risk 
Projection Model Projection Model 

M F M F 

Continuous exposure to 1 rad/yr, 
ages 35-65: 

Normal expectation 286,000 287,200 286,000 287,200 
Excess cases: number 6,305 14,460 5,609 13,890 

% of normal 2.2 5.0 2.0 4.8 

Continuous exposure to 1 rad/yr, 
ages 50-65: 

Normal expectation 285,800 260,400 285,800 260,400 
Excess cases: number 2,770 6,202 2,698 6,780 

% of normal 0.97 2.4 0.94 2.6 

aD is in rads; coefficients are per million persons per year. 

bWeighted average for U.S. life-table population, 1969-1971. 

- 275 -



For ca:nparison, Table V-31 brings together the results of the 
various approaches to the estimation of the incidence of all cancers 
other than leukemia and bone cancer for the exposure situation of 1 
rad/yr throughout life. Although excess incidence is considered to 
be a more complete index of radiation-induced cancer than mortality, 
the uncertainties surrounding the data bases for incidence are greater 
than those for mortality. The estimates based on the summed-sites 
data of Appendix A are the highest; those derived from the other two 
data sources are similar to each other •. The strengths and weaknesses 
of these several approaches have already been reviewed. Overall, 
however, the summed-sites approach seems to have considerable upward 
bias, the Nagasaki Tumor Registry data do not seem to have been 
sufficiently well evaluated to be relied on strongly, and the most 
reliable approach may be the indirect conversion of mortality estimates 
to incidence estimates. 
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TABLE V-31 

Comparison of Three Approaches to Estimating Excess Incidence of Cancer Other 
than Leukemia and Bone Cancer-Estimated Numbers of Excess Cancer Cases per 
Million Persons Exposed to Low-LET Radiation, by Source of Data, Dose-Response 

Model, Projection Model, and Sex 

Source 
of Data 

Dose-Response 
Model 

Absolute-Risk 
Projection Model 
Male Female 

Single exposure to 10 rads of low-LET radiation, entire population: 

Normal expectation 
LSS Mortality, LQ-L estimate: no. 
1955-1974, % 
expanded (Tables L-L estimate: no. 
V-22 and V-23) % 

Q-L estimate: no. 
% 

Nagasaki Tumor LQ-L estimate: no. 
Registry, % 
1959-1970 t"-L estimate: no. 
(Table V-26) % 

Q-L estimate: no. 
% 

Summed sites 1rr estimate: no. 
(Appendix A) % 

Continuous lifetime exposure to 1 rad/yr: 

Normal expectation 
LSS mortality, LQ-L estimate: no. 
1955-1974, % 
expanded L-L estimate: no. 
(Tables V-22) % 
and V-23) 

Nagasaki Tumor LQ-L estimate: no. 
Registry, % 
1959-1970 L-L estimate: no. 
(Table V-26) % 

Summed sites L-L estimate: no. 
% 

- 2 77 -

274,900 
648 

0.24 
1,415 

0.51 
81 

0.029 

694 
0.25 

1,680 
0.61 

82 
0.030 

2,312 
0.84 

272,800 
3,787 

1.4 
8,974 

3.3 

4,050 
1.5 

10,640 
3.9 

14,600 
5.4 

252,400 
1,304 

0.52 
2,946 

1.2 
158 

0.063 

1,394 
o.55 

3,498 
1.4 
165 

0.065 

5,356 
2.1 

285,600 
8,486 

3.0 
20,800 

7.3 

9,076 
3.2 

24,670 
8.6 

37,380 
13. 1 

Relative-Risk 
Projection Model 
Male Female 

274,900 
1,998 
0.73 

4,413 
1.6 
245 

0.089 

2,137 
o. 78 

5,239 
1.9 
252 

0.092 

8,527 
3.1 

272,800 
10,560 

3.9 
25,260 

. 9. 3 

11,290 
4.1 

29,990 
11.0 

48,490 
17.8 

252,400 
2,627 

1.0 
5,998 

2.4 
315 

0.12 

2,811 
1.1 

7,120 
2.8 
330 

0.13 

15,970 
6.3 

285,600 
17,230 

6.0 
39,410 

13.8 

18,430 
6.5 

46,780 
16.4 

102,000 
35.7 
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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 commit~ee 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. 

STATEMENT CONCERNING THE CURRENT VERSION OF CANCER RISK ASSESSMENT 
IN THE REPORT OF THE ADVISORY COMMITTEE ON THE BIOLOGICAL EFFECTS 

OF IONIZING RADIATIONS (BEIR III COMMITTEE) 

by Edward P. Radford, M.D. 
Professor of Environmental Epidemiology 

Graduate School of Public Health, University of Pittsburgh 

Chairman, BEIR III Committee 
and 

Chairman, Subcommittee on Somatic Effects 

The present version of the report.of the Advisory Committee on 
the Biological Effects of Ionizing Radiations (the BEIR III Report) 
is a modification of the draft report approved by the Academy in 
April 1979 and released at a press conference at the Academy on 
May 2, 1979. Subsequent modifications of this approved draft have 
been prepared by a group appointed by Dr. Philip Handler, President 
of the Academy, consisting of six members of the somatic effects 
subcommittee and one member of the genetic effects subcommittee. 
The modifications involve principally the section of the report 
summarizing cancer risk estimates (the third and final section of 
Chapter V) and some of the conclusions that flow from this section. 
Cancer is a somatic effect of radiation, that-is an effect on the 
body cells of in_dividuals exposed, as distinct from effects on the 
germ cells or genetic effects. Thus, the sections at issue have 
been the responsibility of the subcommittee on somatic effects of 
the full BEIR III Committee. This subcommittee originally con
sisted of seventeen members whose names are given in the front 
of the report. This number has been reduced to fifteen by the 
deaths of Dr. Benjamin Trimble in November 1977 and Dr. Cyril Comar 
in June 1979. 

The material prepared by the subcommittee on somatic effects 
was written largely during 1977-1978, with occasional one or two-day 
meetings of the subc_ommittee to review draft material as it was 
prepared. It is important to note that the last meeting of the full 
subcommittee was_held on D~cember 15, 1978, a one-day meeting. The 
new material incorporated in the report since May 1979 has, there
fore, not been approved by t&e subcommittee as a whole except by 
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the process of asking for comments by mail. Perhaps because com
pletion of the BEIR III report has been delayed for such a long time, 
few members of the subcommittee have responded. Nevertheless, the 
present version of the report includes very major change from the 
earlier draft and from the BEIR I report of 1972. That is the 
decision to ad~pt the so-called linear-quadratic model (excess cancer 
risk= aD + bD, where a and bare constants and Dis radiation dose) 
as the basis for calculating risk at low doses of low LET radiation 
for all cancers, and not just leukemia as in the previous draft. In 
addition, risk estimates calculated from a model in which the excess 
cancer was.assumed to be proportional to the ~ose squared (the so
called pure quadratic model, excess risk= bD) were also included. 
The effect of adopting the linear-quadratic model is to reduce the 
risk estimates at low doses somewhat. The pure quadratic model 
implies a very low risk at low doses. 

The decision to use the linear (straight line) no-threshold 
model (excess cancer risk= aD), which implies a risk directly 
proportional to dose at all levels, for all radiation types and 
for all cancers except leukemia was the result of a vote taken 
in a meeting of the subcommittee in October 1977. This vote has 
never been rescinded by action of the whole subcommittee, and thus 
as chairman of the subcommittee, I cannot consider that the present 
version is in accord with the perceptions of at least several of its 
members. 

The most serious consequence of this alteration in the con
clusions of the earlier draft, however, is that all of the dis
cussions and evaluations of the data on cancer risks that took 
place among subcommittee members as the draft material for the 
report accumulated during 1978, did so on the basis that the 
linear model would be applied. In this regard the subcommittee 
was adhering to a principle adopted by the BEIR I Committee, and 
as an expedient measure, in view of the limited amount of time 
available, I had felt that we would not spend our time reviewing 
in detail the scientific basis for those conclusions which agreed 
with the BEIR I report. In short, the requirement to complete the 
report in 1978 imposed by the Academy staff meant that the extent 
of discussions of fundamental issues had to be limited, particu
larly for matters that had been thoroughly presented in BEIR I. 
Thus, a detailed and critical discussion by the subcommittee of 
the scientific basis of deciding whether one or another dose
response model was applicable to cancer risks was not undertaken. 

One exception to the above statement was the data from the 
Japanese A-bomb survivors. The results of the follow-up of cancer 
experience through 1974 in this important study population had 
been made available to subcommittee members in page proof by 
Dr. Gilbert Beebe in 1977, but in this form it was used primarily 
to provide an important source of data for the individual cancer 
risk sections being prepared by several members of the subcommittee 
and now found in Appendix A of Chapter v. Bound copies of this 
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report (Life Span Study Report 8, Technical Report RERF TR 1-77) 
were distributed by the Academy staff in mid-1978. The significance 
of this distribution was that for the first time all the members of 
the subcommittee had, in an easily readable form, the latest informa
tion concerning cancer risk in this population. At. about the same 
time we obtained the Oak Ridge calculations of factors by which kerma 
doses could be converted to specific tissue doses for both gamma ray 
and neutron exposures in the two cities. Subsequently, a large amount 
of time during the remaining few meetings of the subcommittee was 
spent in discussion of cancer data from this report in terms of 
the tissue dose-response relationships that could be inferred from 
the data as presented. Since such a process amounts at best to 
fitting theoretical lines to data,points, in these discussions the 
subcommittee did not address the fundamental scientific basis of 
any of the models proposed to fit the Japanese data. 

In my view, new data, obtained sin9e the BEIR I report in 1972, 
strongly supported the decision of the BEIR I committee to adopt the 
linear no-threshold model for cancer induction by radiation. 1) New 
human studies were available giving stronger evidence of effects in 
the 10 to 50 rad range, and these studies generally gave about the 
same risk of excess cancer per unit dose as the higher dose data 
had. 2) The range of exposure patterns to low LET radiation in
cluded more studies of.multiple small doses which could be compared 
to effects of single doses. 3) Studies of individuals especially 
susceptible to cancer induction by radiation and other carcinogens 
were being expanded (e.g., see Chapter II, the section entitled 
"Cell Mutation or Transformation"), and there was a possibility that 
these susceptible populations might be fairly large and not identifi
able in advance. This possibility suggested at least that cancer 
risk estimates at low doses for this population subset could be 
somewhat higher than would be inferred from studies of unselected 
populations. 4) Studies of oncogenic transformations of human and 
animal cells in culture had been greatly expanded, with startling 
new results that challenged many of the traditional radiobiologic 
~oncepts that had formed a scientific basis for extrapolation of 
effects of higher doses of low LET radiation into the low dose 
range. These results suggested, for example, that DNA repair did 
not necessarily imply that low doses of low LET radiation would be 
less carcinogeni<; per unit dose than high doses. 5) Finally, new 
evidence of cytogenetic changes observed in populations living in 
areas of high background radiation exposure had been obtained. At 
my suggestion this last evidence was not considered extensively by 
the subcommittee, primarily for the same reason they were not by 
the BEIR I Committee; that is, the significance of these changes 
observed in circulating lymphocytes in terms of human disease had 
not yet been defined. But these observations indicated that effects 
of radiation exposure at doses and dose rates moderately above back
ground could be detec.ted. 

All of the above considerations indicated not only that the 
decision of the present subcommittee to reaffirm the applicability 
of the linear no-threshold dose reponse relationship was the correct 
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one, but also that such a decision was not so conservative as had 
been thought at the time of the BEIR I report. That is, the can~er 
risk estimates for exposure to low doses based on the straight 
line extrapolation could be somewhat lower than might be found 
eventually to apply, especially to susceptible subsets of the 
populat~on. Such an underestimation of risk, the subcommittee 
agreed, would be unlikely for low LET radiation, but the view 
that the linear extrapolation greatly overestimated the risk of 
low LET radiation at low doses appeared to me to be equally un
warranted. For high LET radiation, such as alpha radiation, the 
straight line extrapolation could underestimate the risk at low 
doses, but the evidence was not strong that such underestimation 
was very significant except in its theoretical inferences. 

I now proceed to consider in some detail the scientific evidence 
pertinent to estimates of cancer risk in human populations from low 
doses of radiation. Of special importance are two questions that 
have divided the subcommittee. First, what is the experimental 
evidence to support the linear no-threshold dose-response relation
ship of cancer induction? Second, to what extent are the data from 
the Japanese A-bomb survivors concordant with all other human studies, 
and also consistent with linear or other dose-response models? A 
problem related to this last question is the degree of concordance 
of results from the two cities, Hiroshima and Nagasaki, and from 
comparison between the two cities the appropriate inferences to 
draw about the relative effectiveness of the neutron component of 
exposure in Hiroshima. (The type of bomb exploded in the two cities 
differed: both resulted in exposure to gamma radiation, but the 
Hiroshima bomb had a significant fraction of the radiation exposure 
from neutrons.) 

Some general comments are in order at this point. First, there 
was no disagreement among the members of the somatic effects subcom
mittee to accept the linear no-threshold dose-response relationship 
to define genetic effects of radiation at low doses, a position 
firmly taken by the BEIR III subcommittee on genetic effects (Chapter 
IV) in agreement with the BEIR I report. Based especially on the 
mouse studies of William L. Russell (1,2), a member of the subcom
mittee on genetic effects for both BEIR I and BEIR III, the subcom
mittee did recommend that for low LET radiation exposure at low 
dose rates, the mutational risk per unit dose for radiation of the 
male testis is probably less by a factor of three at low dose rates 
than for equivalent doses given at a higher rate. 

In the present version of the report, there is an inconsistency 
between the conclusions of the two subcommittees with regard to the 
appropriate dose-response relationship to be applied for genetic 
and carcinogenic effects of radiation. Consistency in evaluating 
these two effects of radiation is reasonable because there is now 
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wide agreement among the scientific community studying cancer (for 
a summary of the evidence see (3)) that a necessary condition for in
duction of cancer is production of one or more mutations in the DNA 
of one or more cells in a tissue. This mutational change in somatic 
cells as a condition for carcinogenesis is the foundation of the use 
of short-term testing of mutations produced by environmental agents 
as a screening test for carcinogenic potency (4). 

The entire process of carcinogenesis is a complex one, however, 
and an initiating event, such as a somatic cell mutation, is not the 
only condition required for cancer to arise, whereas a mutation in a 
germ cell that retains its viability is the sole condition of a trans
mitted hereditary defect. For this reason one might anticipate that 
the dose-response relationship for cancer induction could differ in 
certain ways from that of genetic mutation. But it is important to 
note that the differences in the two processes arise because of host 
factors or other biological factors in cancer expression that are 
essentially independent of the initiating event or events, thus not 
necessarily related either in space or time to the dose of radiation. 
If, therefore, one argues from the above-mentioned difference that 
the dose-response curve for cancer induction should differ from 
that for genetic effects, such argument cannot be based on biophysical 
principles that relate to the initiating mutational event. Indeed, 
because we suspect that many unrelated biological factors influence 
the probability of subsequent development of human cancer after ex
posure to radiation (see Chapter II, the section entitled "Host 
Factors in Radiation Carcinogenesis"), it is far from obvious in 
which way one would postulate that the dose-response curve should 
be modified at low doses. If evidence existed that a significantly 
large group were especially susceptible because of differences in 
some of the host factors related to carcinogenesis, we would expect 
that any cancer initiator such as radiation could be more effective 
per unit dose at low doses than at high doses, where all or most 
of th~ susceptible group could already have cancer induced. 

The fa<;.t that we do not yet understand all fhe factors governing 
cancer development in man was an important reason why the subcommittee 
unanimously agreed to depend primarily on studies of human populations 
to define cancer risk from radiation exposure. The number of studies 
available is impressive, about 50 investigating cancer at various sites 
from irradiation for various reasons. In a few instances the results 
are negative, as one might expect on statistical grounds, or because 
epidemiologic criteria such as a suitable control population were 
difficult to meet. Yet, the remarkable fact is that the cancer risk 
estimates derived from a majority of the studies, involving widely 
different ethnic groups irradiated in different ways for different 
reasons, show a considerable agreement (see Chapter V, Appendix A), 
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at least in the higher range of radiation doses where it has been 
possible to detect clear effects. The cancer mortality data from 
the Nagasaki A-bomb survivors are perceived by some members of 
the subcommittee as an exception, and this point will be discussed 
in detail below. 

EXPERIMENTAL BASIS FOR DOSE-RESPONSE MODELS 

The present version of the report has departed to some extent 
from the subcommittee decision to depend primarily on human studies 
for cancer risk estimates, in that adoption of the linear-quadratic 
dose-response model as the primary model to use for extrapolation 
of low dose effects of low LET radiation has been strongly influenced 
by data obtained on laboratory animals, which usually show cancer 
dose-response relationships curvilinear upward within, say, 200 rad. 
This influence is understandable if one considers that the human 
evidence of cancer risk is sparse for low radiation doses, but there 
are many reasons why animal studies are of limited value, and indeed 
may be misleading, with regard to dose-response information for human 
cancers. 

These reasons include: 1) Animal cancers at particular sites 
may differ morphologically and in growth characteristics from human 
tumors at the same site, and for this reason initiating and promoting 
processes could be quantitatively different. 2) The strains of ex
perimental animals used for nearly all research are highly inbred, 
and for each strain susceptibility to cancer induction is likely to 
be more homogeneous than in man. Human populations have variable 
genetic makeup and it is known that genetic factors influence cancer 
susceptibility (5). This variability would have the effect of making 
the response at low doses greater per unit dose than at higher doses 
where th_e proportion of cancer-sensitive groups affected would be less. 
3) The life span of most species such as rodents widely used for ex
perimental studies of cancer is short, generally two to three years, 
and the latent period between exposure to radiation and onset of in
creased cancer incidence is proportionately a larger fraction of the 
life span in these species than in man. 4) Because animals used for 
lifetime s_tudies of cancer development are kept in artificial surround
ings, on a fixed nutritional regimen, and protected from intercurrent 
infections such as from viruses, exposure to a wide range of cancer
promot:i,ng or other factors which could modify cancer expression is 
thereby kept to a minimum. Such exposure is considered to be the 
almost daily lot of human existence, and may be an important contributor 
to the very marked influence of age on incidence of most cancers in man 
(6). One consequence of this artificial environment of experimental 
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animals is that for any single chemical or physical agent under study 
to lead to frank cancer, both initiating and promoting factors must 
be provided by the carcinogen; in the parlance of cancer research, 
the agent tested must be a complete carcinogen. There are two im
portant consequences of this condition: first, the latent period 
may be inversely related to dose (7), and second, one would expect 
that the cancer rate would more likely be proportional to the square 
of the dose, rather than to the first power of dose anticipated if 
only random initiating events -were required for cancers to appear. 
Both these reasons, as well as the longer latent period in proportion 
to the short life span of these animals, lead to the dose-response 
curve at any time after the onset of excess cancer being likely to 
be strongly curvilinear upward. That is, low doses will appear to 
be less effective per unit dose than higher doses, even if the 
probability of cancer initiation were random and followed a linear, 
no-threshold relationship. It is significant that in human studies 
of radiogenic cancer where an effect of dose on latent period was 
looked for (Appendix A), the inverse dependence of latent period 
on radiation dose appears to be slight at most, consistent with the 
idea that the promoting step of radiation carcinogenesis in man is 
independent of the initiating event. 

For the above reasons, therefore, I believe it is unwise to 
rely on dose-response data for cancer induction in experimental 
animals to support use of any particular dose~response model for 
human risk estimates from radiation exposure at low doses. 

In the above discussion it is evident that the step of cancer 
initiation by radiation is an important element in quantitative 
understanding of risks of radiation exposure. Because this process 
is believed to be a cellular phenomenon, albeit influenced by tissue 
and host factors, quantitative assessment of dose-response relation
ships for the process of oncogenic transformation of cells has been 
actively pursued both in theoretical terms and experimentally, 
especially since the BEIR I report. One of the most widely discussed 
theoretical concepts in recent years has been the Kellerer-Rossi theory 
of dual radiation action (8). The essence of this theory is found in 
Chapter II in the sectfon entitled "Physical Aspects of the Biologic 
Effects of Ionizing Radiation." 

It is important to note at the outset the fundamental assumption 
underlying the theory, which is that pairs of sublesions, produced 
by radiation in critical sites in the cell, combine to form lesions 
which are eventually expressed as a permanent change in the cell, 
such as a mutation or oncogenic transformation. This assumption 
is an extension of the. theory of Lea (9), developed to account for 
e-ffects of gamma and neutron radiation in producing gross chromosomal 
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aberrations. In this particular case the assumption that two breaks 
(or sublesions) are required to produce the effect is very plausible. 
For chromosomal aberrations in human lymphocytes a dose-squared de
pendence of effects has been observed for low LET radiation (10,11), 
consistent with Lea's theory. To extend the assumption of two sub
lesions being required for other effects of radiation than gross 
chromosomal aberrations requires that experimental evidence of an 
effect proportional to the dose-squared be observed for such effects. 
This experimental evidence, as referenced, is derived from studies 
of chromatid aberrations in Tradescantia, the spiderwort plant (12), 
effects on bacterial spores (13), and radiation induced life-shortening 
in animals (14). (This last effect of radiation would be expected to 
involve non-stochastic processes, in sharp contrast to cancer induction; 
moreover, the subcommittee has concluded on the basis of available 
human data, that no non-specific life-shortening effect of radiation 
has been observed in man.) This array of evidence is far from con
vincing justification of the assumption that two sublesions are required 
to produce lesions in the DNA of mammalian cells that may lead, for 
example, to oncogenic transformation, unless such transformation is 
consistently associated with gross chromosomal aberrations. 

If we follow the Kellerer-Rossi formalism, nevertheless, on the 
further assumption that the sublesions interact to produce a lesion 
over a range of about 1 mµ in the cell, then the frequency of effects, 
E = K(,;;D + o2), where K is an arbitrary constant and zeta is a vari
able dependent on the frequency distribution of specific energies pro
duced by single events. The Kellerer-Rossi theory, therefore, leads 
to a linear-quadratic dependence of effect on dose, a conclusion that 
is obvious from the fundamental assumption that pairs of sublesions 
are a necessary condition of ultimate effects. The theory has been 
applied to the problem of the relative biological effectiveness of 
different types of radiation at low doses, in which case both Kand,;; 
are variables which are used to fit the experimental data. Experi
ments of Cox et al. (15), in which mutation of HF19 human fibroblasts 
and V79 Chinese hamster cells by various radiations encompassing a 
wide range of LET was examined, were analyzed by Goodhead in terms 
of the Kellerer-Rossi theory (16). Goodhead showed that the RBE 
values predicted on the Kellerer-Rossi theory were at considerable 
variance from those observed, and it was apparent that no consistent 
set of values for K and ,;; in relation to LET could be derived from 
the data, nor were the derived "constants" consistent for similar 
effects in the two species. -Goodhead also pointed out that ,;;, 
which is equivalent to the dose at which the linear and quadratic 
terms are equal and which thus defines the dose range over which a 
simple linear fit to data is generally adequate, is very markedly 
affected by the diameter of the "interaction site," the locus within 
which the pairs of sublesions are presumed to produce the lesion. 
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For an interaction diameter of 1 mµ, Goodhead's calculations indicate 
a value of, of about 30 rad for Co-60 gamma rays, and about 100 rad 
for 250 kVp x-rays. For a more likely interaction diameter of 0.4 mµ 
for cell transformation effects, the corresponding values are about 
400 rad for both types of radiation. These latter values are so high 
that one would conclude that over the range of doses up to 200 rad, 
the Kellerer-Rossi theory actually supports application of the linear 
no...;threshold dose-response relationship for oncogenic transformation. 

But even more significant than these theoretical considerations 
are the results of recent studies of oncogenic transformation in 
mammalian cells by low doses of x-rays. Borek and Hall first showed 
(17) in hamster embryo cells that split doses of 210 kVp x-rays were 
more effective in producing transformations, and this result has been 
confirmed for doses below 100 rad in mouse !OT½ cells (18) and in 
A31-ll mouse BALB/3T3 fibroblasts (19). Little and his colleagues (20) 
have pointed out the complexity of the role of DNA repair in these 
results, and have concluded from studies in which a phorbol promoter 
or a protease inhibitor has also been added to mouse lOT½fibroblast 
cultures that the DNA lesions.and repair process associated with cell 
killing and cell transformation are different. This observation is 
especially important because the Kellerer-Rossi theory has been mainly 
applied to studies of <::ell killing. Little (21) also has postulated 
that rapid DNA repair mechanisms are error-prone, and result in 
transformations. A slower, at least partially error-qorrecting repair 
process is also present, but if the cell undergoes DNA replication 
before this latter repair can occur, then the DNA alteration becomes 
"fixed" or "stabilized" in a heritable form after one cell division. 
This change becomes expressed as a transformation after a number of 
subsequent cell divisions, the number influenced by whether the cells 
are exposed to other non-transforming chemicals or agents during this 
stage. These results emphasize the importance of exposure to other 
agents affecting cell proliferation in fixation and expression of 
transformational damage, a concept in accord with much evidence con
cerning non-specific factors in promotion of human cancer. 

Work on this aspect of oncogenic transformation of cells is 
progressing rapidly and can be expected to yield important new 
insights into the relationship between transformations produced 
by low doses of all types of radiation and the process of carcino
genesis in animals and man. But the important point here is that 
the data in hand show clearly that biological factors such as DNA 
repair mechanisms and exposure to other non-transforming agents 
markedly modify the probability of an oncogenic transformation, 
and the simple view that repair of initial damage produced by low 
LET radiation at low dose rates will inevitably reduce the subse
quent probability. of cancer. induction when compared to the same 
dose given at high dose rates, is clearly untenable. 
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For both these biological reasons as well as the theoretical, 
points made, for example, by Goodhead, I believe the Kellerer-Rossi 
theory is quite unacceptable in having any relevance to dose-response 
relationships for human cancer. Indeed, the cell transformation data 
suggest that the linear no-threshold dose-response curve as a basis 
for extrapolating carcinogenic effects from high to low doses of 
low LET radiation could even somewhat underestimate the low-dose risk, 
as Miller and Hall (18) and Borek (22) have emphasized. 

DOSE-RESPONSE DATA FROM EPIDEMIOLOGIC STUDIES OF HUMAN POPULATIONS 

The above practical and theoretical problems thus refute the 
idea that experimental evidence provides any basis for deciding 
on the particular forms of the dose-response relationship in human 
radiation carcinogenesis. This situation means that we must rely 
on epidemiologic evidence to estimate risks at low doses of low 
LET radiation, as the subcommittee had concluded early in its 
deliberations. Unfortunately, as the third section of Chapter V 
points out, good dose-response data in human populations of large 
enough size to provide statistically reliable risk estimates in 
the range of doses less than 50 rad are very limited. Such data 
are needed if extrapolation to lower doses is to have any precision, 
or even to determine whether the simplest extrapolation curve, the 
linear no-threshold model adopted by the subcommittee to estimate 
cancer risks from low LET radiation, is reasonable or not. As the 
above comments indicate, use of the linear extrapolation can hardly 
be considered to provide an "extreme" estimate of low-dose risk. 

The only population study that does provide dose-response data 
of this type is that of the Japanese A-bomb survivors. It is not 
generally recognized that the strength of the Japanese data in epi
demiologic terms lies in data obtained for low doses, less than 100 
rad kerma. The major part of the number of survivors with signifi
cant exposures are in the two dose groups, 10-49 rad kerma, or a 
mean tissue dose of about 11 rad, and 50-99 rad kerma, or a mean 
tissue dose of about 35 rad. For doses greater than 200 rad kerma, 
about 120 rad mean tissue dose, the numbers of survivors included in 
the Life Span Study October 1, 1950, and who were over age 20 at the 
time of the bombing (the group in which nearly all cancer deaths had 
occurred between 1950 and 1974) were only 942 in Hiroshima and 684 
in Nagasaki, numbers that are small enough that if the dose is frac
tionated further into three dose categories, as has been done in 
RERF Report 8, the results are likely to lead to statistically unstable 
estimates of excess cancer risk, especially in Nagasaki. Thus, it 
is fair to say that in the long run, a principal value of data obtained 
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from this study population will be to permit estimation of cancer 
risk from a9ute exposures in a range of 10-35 rad mean tissue dose. 

The fact that the A-bomb survivors are the only large group 
with a wide range of whole body radiation exposure makes them 
singularly important in dose-response evaluation of the carcinogenic 
effect of radiat~on in man. There was general agreement for this 
position among the subcommittee members, and it was the reason that 
extensive debate concerning interpretation of the follow-up data 
through 1974 from RERF Report 8, took place up to the final meeting 
of the subcommittee. · 

The areas of discussion revolved especially around interpretation 
of the Nagasaki data to evaluate effects of low LET radiation. Because 
the Hiroshima bomb led to a significant neutron exposure whose effect 
was difficult to assess independently, the Nagasaki data thus became 
the basis for defining low LET radiation effects. Unfortunately, the 
Nagasaki study population is much smaller than the Hiroshima group, 
and is especially small in the zero dose category, the accepted con-
trol population for the exposed populations. A better control population 
can be developed by c~bining the zero dose group and those exposed to 
1-9 rad kerma (mean tissue dose about 1.8 rad), an approach which has 
been widely used to improve the analysis by investigators reporting 
results from these studies. Regardless of the control base selected, 
however, the data from Nagasaki inevitably show quite large statistical 
error ranges, especially at the higher doses. 

Another important issue has been the relative importance of 
cancer mortality data from the death -certificate study compared to 
the results obtained from the tumor registries in the two cities. 
The results of the dose-response analysis for both cities-and for 
these two data sources are shown for all cancers except leukemia 
and bone cancer in Figures V-6 and V-7 of Chapter v. The mortality 
data in Figure V-6 are for the period 1955-1974, while the incidence 
data are for 1959~1970. The total number of cancer cases in the two 
instances is about the same, thus the statistical power of analysis 
of results from the incidence and mortality studies is also about the 
same. 

The mortality data shown in Figure V-6 suggest from the fitted 
regression lines that the radiation effect in Nagasaki was much less 
than in Hiroshima, thus implying that the neutron component in Hiroshima 
may have been of major importance. But it is clear from analysis of 
the individual data points that a major difference accounting for the 
low slope of the Nagasaki dose-response is the single point at about 
120 rad (200-399 rad kerma). This point shows a quite high cancer 
rate in Hiroshima and low in Nagasaki. The data points for both cities 
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are low for the point at about 160 rad. At the request of the 
subcommittee Dr. Charles Land ran the correlation for the data 
below 100 rad (5 data points) and found that the results gave a 
reasonable linear fit with a difference in slope between the two 
cities consistent with a constant RBE of about 5 for the neutron 
component. 

While I do not suggest that this type of mathematical manipu
lation provides a great deal of help in establishing firm conclusions, 
I do believe that it is important to understand that the apparent 
difference in response for the two cities indicated by the regression 
slope in Figure V-6 arises because of differences observed at high 
doses, where the Nagasaki data especially are less reliable on 
statistical grounds, rather than because of differences at low doses, 
where the data are somewhat more robust. Moreover, to attribute the 
difference entirely to a high neutron effectiveness in cancer induction 
implies that an especially high RBE applies to high doses only, a 
conclusion entirely at variance with current views of the effect of 
dose on the RBE of neutrons. 

The results of the data from the Tumor Registries, Figure V-7, 
show a marked difference for the Nagasaki dose-response compared to 
Figure V-6, and a concordance between the two cities that suggests 
a constant RBE for neutrons of about 5. It should be noted that 
the tumor incidence dose-response data depend on the same denominator 
base of the Life Span Study population as do the mortality data. One 
problem with the Tumor Registry data, however, is the fact that they 
have not yet been "evaluated," that is, it has not been determined 
whether out-migration from the cities, which would lose cases and 
therefore provide a lower estimate of risk, is randomly distributed 
by dose categories, and thus would not affect the slope of the dose
response curve. A random distribution by dose category of loss to 
follow-up from out-migration occurred in the women studied for breast 
cancer incidence in the two cities (23). The loss by out-migration 
was only 16%, despite the fact that the study population included in 
1950 a large number of young women who might be expected to move be
cause of marriage (24). The Tumor Registry data have the advantage, 
however, that a high percentage of the cases have either histologic 
or autopsy confirmation of the cancer diagnosis, and the Nagasaki 
Registry particularly is believed to be quite complete for the 
area around the city (Moriyama, I., personal communication to the 

' subcommittee, 1978). 

On the other hand, the death certificate data have an important 
deficiency in that major radiogenic cancers are significantly under
reported. Breast cancer in women is markedly under-reported because 
breast ~ancer has a relatively long survival time and thus death is 
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often recorded as from another cause, and thyroid cancer is usually 
not fatal. Thus in both cases these highly important radiogenic 
cancers are not well reported in death certificates. Autopsy studies 
have also confirmed that in the study population lung cancer is mis
diagnosed on death certificates in over half the cases, with over 
1/3 of cases -not even coded as cancer (25). Thus, three of the major 
cancers induced by radiation are not accurately represented in the 
mortality data from death certificates, and for this reason, the 
advantage of complete ascertainment of death records for the study 
group is largely lost. While it is unlikely that such under-reporting 
of cases could by itself alter the dose-response curve, it could have 
the effect of making the range of uncertainty at any dose greater. 

In the final analysis, there are inadequacies for both the death 
certificate and Tumor Registry data, but when they are all taken 
together a reasonable concordance appears. For all cases except the 
Nagasaki mortality data, the linear no-threshold dose-response curve 
appears to be an adequate description of the results, although as the 
voluminous discussion and tortured mathematics of the third section 
of Chapter V attest, it is possible to fit a number of other curves 
to the data about as well as the linear fit. The Nagasaki mortality 
data are consistent with the rest of the results except for the two 
data points at high doses in Figure V-6. But the chief point to be 
made at this stage,is that mathematical constructs based on the 
Japanese data do not really contribute to decisions about the appropri
ateness of any particular·dose-response relationship. The data for all 
cancers are as yet too imprecise, and thus adoption of a particular 
dose-response relationship remains an arbitrary choice. 

The dose-response data for leukemia mortality from 1950-1974 
in Nagasaki are based on only 22 deaths for those exposed above 10 
rad kerma, and as anyone familiar with analysis of dose-response is 
aware, it is impossible to do much more than say that a significant 
effect of exposure exists with such a limited number of cases. 
Certainly these data are totally inadequate to define the dose
response curve. Cases from the leukemia registry results presented 
in RERF Report 8 are more numerous, and suggest a curvilinear dose
response relationship for both cities consistent with a constant RBE 
for neutrons of about 10. 

In the present version of the report, the leukemia registry 
data have been used as a "guide" to define the linear and quadratic 
coefficients (a and b above) to be used in the linear-quadratic 
model applied to all cancers. In other words, mathematical adjust
ments to the coefficients, necessary because the results of fitting 
the theoretical curves to the Japanese mortality data led to un
reasonable figures (all the coefficients derived from mortality 
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"appeared out of line with the incidence estimates"), were based on 
the leukemia "guide." On biological grounds the idea that dose
response relationships for solid tumors must be similar to leukemia 
is far from reasonable. First, of course, is the markedly different 
time course for induction of radiation-induced leukemias compared to 
the much more quantitatively important solid tumors. This fact sug
gests a major difference in the factors involved in carcinogenesis, 
which by inference could affect the dose-response relationship. 
Second is the observation, thoroughly discussed within the full 
subcommittee, that leukemias are the only human cancers in which 
distinct chromosomal abnormalities are consistently associated with 
the disease. In the case of chronic granulocytic leukemia, quantita
tively a very important type of leukemia induced by radiation, the 
great majority of cases (\,85%) have the Philadelphia chromosome 
abnormality present in the leukemic cells, and there is agreement 
among cytologists and hematologists that the abnormality is causally 
related to the disease (26). 

In contrast, consistent visible chromosomal abnormalities in 
the early stages of solid tumors have not been found. The implication 
is that the somatic mutations in these tumors either involve point 
mutations or chromosomal changes small enough not to appear as readily 
visible translocations, deletions, or other abnormalities, or they 
are not associated with any particular chromosome site. The importance 
in radiobiological terms of the association of specific chromosomal 
abnormalities with leukemia is that such abnormalities are well-known 
to be two-break events, and thus a dose-squared dependence for at 
least part of the induced leukemias has a. biological rationale. This 
is the main reason I accepted the linear-quadratic model for leukemia 
in the April 1979 draft. Cytologic differences between leukemia and 
solid tumors such as those mentioned above, support the view that the 
dose-response curves may not be the same for all cancer types. This 
is an idea that Harald Rossi and I both felt was an important contri
bution of the BEIR III Report; now of course in the present version 
it has been eliminated. In sum, the approach taken to "adjust" 
constants to provide risk estimates for solid tumors based on the 
leukemia "guide" is arbitrary and in my view not scientifically 
justified. The leukemia tail is still wagging the radiogenic cancer 
dog. 

An important question is the extent to which the Japanese data 
are consistent with the data from all the other studies described in 
Chapter V', Appendix A, when expressed as an excess risk of cancer 
incidence per rad per million person years, and roughly age-adjusted. 
In general, the concordance is excellent for the major cancers where 
several data sets exist such as breast, thyroid and lung cancer. 
Other sites show various degrees of agreement. But the most important 

- 300 -



-- comparison is for total cancer incidence coefficients derived for 
each sex from the Nagasaki Tumor Registry data. From data pre
sented in the April 1979 draft, these are found to be about 2/3 
as great as the sum-of-sites coefficients summarized in Table V-14. 
This degree of concordance of results from human studies of a great 
range of exposure conditions, ethnic makeup and basis for radiation 
exposure is truly remarkable. The relatively small difference could 
be accounted for in part by underascertainment of cases in the Nagasaki 
data, and by a somewhat lesser susceptibility to cancer induction by 
radiation in Japanese as compared with occidental populations, a 
reasonable conclusion because of the somewhat lower total cancer 
rates in Japan compared with the U.S. The fact that the total 
excess cancer incidence rate per unit dose in the Nagasaki A-bomb 
survivors is quantitatively similar to the total excess incidence 
derived on the linear hypothesis from the aggregation of all the 
other available human studies lends strong support to application 
of the risk coefficients from the data in Table V-14 for deriving 
cancer risk estimates from whole-body exposure to low LET radiation. 

With regard to concordance of dose-response relationships between 
the Japanese data and oth~r sources, most of the other studies do 
not have a sufficient range of doses or sufficient numbers to pemit 
comparison with the Japanese data. For female breast cancer incidence 
vs dose, Figure A-1 (Appendix A) shows good agreement of the three 
western studies cited compared with the data from the A-bomb survivors. 
(In this case the data for both Hiroshima and Nagasaki give a good fit 
to the linear no-threshold relationship, with no evidence of an RBE 
for neutrons greater than 1.) For thyroid cancer Hempelmann' s /data 
in children (27) do not agree closely with those of Colman (28) 
but taken together they are consistent with the linear model over a 
reasonably wide dose range. The lowest dose point at about 7 rad 
provided by Modan's results from examination of thyroid cancer in 
10,900 Israeli children given scalp irradiation for tinea capitis 
(29) fits reasonably well with the linear extrapolation for the other 
two studies (see Appendix A). The lung cancer data for underground 
miners suggest that the dose~response curve from exposure to alpha 
radiation could be curvilinear downward, that is, low doses may be 
somewhat more effective in cancer induction per unit dose than high 
doses, a concept in accord with the idea that high LET radiation 
may show cell-killing effects at relatively low doses that would 
progressively reduce the cancer risk/rem as dose increased. 

Some members of the subcommittee believe that the "sum-of-sites" 
method, used by the BEIR I Committee to estimate total cancer risks, 
overestimates risks somewhat, because out of the numerous epidemiologic 
studies of radiation-induced cancer at individual sites presented in 
Appendix A, some would be expected by chance to yield higher than the 
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true estimates, since in any study observed and expected cases have 
an inherent statistical variability. For .this reason selection of 
only positive results would bias the risk estimates upward. To 
some extent this problem has been dealt with for several minor 
cancers by pooling risk estimates for them and striking a balance 
between high and low estimates, these sites being particularly 
sus~eptible to the above problem because risk estimates for them 
often were derived from a single study. But for two of the most 
important contributors to the total cancer incidence risk, thyroid 
and female breast cancers, there are several studies available for 
each that show excellent agreement, and thus the uncertainty of the 
risk coefficients is small, and no selection of high values has 
occurred. For lung cancer there are also several studies, but only 
two involving low LET radiation, the Nagasaki Tumor Registry and 
British ank.ylosing spondylitis studies. These two studies show 
reasonable concordance, and are also concordant with the studies 
of the underground miners on the basis, derived independently from 
dosimetric and radiobiologic principles, that exposure to one Working 
Level Month is equivalent to a dose of 6 rem to the basal cell layers 
of the proximal bronchial epithelium.. 

The only sites contributing significantly to the total in 
Table V-14 where the above argument could have some merit are those 
for the digestive tract: esophagus, stomach and intestines, pri
marily large bowel. Even in these cases there is reasonable con
cordance among the studies available, and the likelihood that selec
tion of data has biased the risk estimates upward is not great. 
But this reason for rejecting use of the "summed sites" approach 
to defining cancer inoidence risks from whole-body exposure obscures 
two important points. First is that ionizing radiation is the only 
known human cancer-producing agent that has been found to increase 
the risk of cancer in nearly all the parenchymatous or epithelial 
tissues of the body (see Appendix A). Indeed it is a reasonable 
conclusion that at high enough doses, it should be possible to demon
strate a carcinogenic effect of radiation on any human tissue. There
fore one may conclude that in human studies where a small excess of 
cancer is found at a particular dose of radiation but is borderline 
in statistical significance, it is prudent to consider the effect may 
be real rather than to dismiss the study as negative. 

Second, as the follow-up time of the human study populations in 
which many organs were irradiated is extended, evidence of excess 
cancers at many of the minor sites has emerged slowly over time 
because the excess is set against the usual variability of cancer 
arising from other causes. Thus "statistically significant" excess 
cancer in the irradiated population may not occur for those sites 
where a lesser radiation effect is present until many total cases 
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at that site have accumulated. This phenomenon has been obvious 
from the successive follow-up reports of the Japanese A-bomb sur
vivors, where the bulk of the cases are observed at relatively low 
doses. For this reason we must consider any quantitative risk esti
mates, positive or negative, as tentative and could underestimate 
the risk until a lifetime follow-up is completed. For the above two 
reasons the idea that Table V-14 risk coefficients are biased upward 
by an effect of selection of positive results totally ignores the 
combined strength of the evidence presented in Appendix A. 

Another point raised by use of Table V-14 for estimating cancer 
risks is that it gives cancer incidence rates rather than cancer 
mortality. The decision to define cancer risks in terms of incidence 
rather than mortality was adopted early by the subcommittee, and con
stituted a significant change from the BEIR I report. This decision 
was based in part on the awareness that cancers of the thyroid and 
female breast are now major radiation-induced cancers, and for these 
two sites mortality data give an inadequate indication of risk. This 
change from BEIR I was also based on the consideration by the subcom
mittee that any radiation-induced cancer produces a major psychologi
cal, social and economic cost to the individual affected, whether or 
not the cancer is ultimately the cause of death. Thus the idea that 
cancer deaths alone are the proper measure of radiation impact was 
rejected. Since the BEIR I report, new information was available 
which permitted better estimation of excess cancer incidence from 
radiation exposure to the thyroid and female breast; for other 
cancers there is little incidence data except from the Japanese 
Tumor Registries, but because most of the other important radiogenic 
cancers including leukemia are eventually fatal, mortality gives a 
reasonable estimate of incidence. For this reason, the other coeffi
cients in Table V-14 have been derived from mortality data. 

Because cancer incidence risk estimates are those intended by 
the subcommittee, the amount of emphasis in the current version of 
the third section of Chapter Von discussion of cancer mortality 
data is unwarranted, and indeed the procedure of "indirect conver
sion of mortality estimates to incidence estimates" is clearly 
inappropriate for cancer of the thyroid and female breast. In my 
view the best basis for cancer incidence risk estimates from radia
tion exposure is Table V-14, because it draws on all the evidence 
available from Appendix A, much of it obtained in American or British 
study populations and on this basis more immediately applicable to 
risk estimates intended to be applied to the U.S. population. As 
pointed out above, it is supported well by the Nagasaki total cancer 
incidence data. These·risk estimates applied to the 1969-1971 U.S. 
life table population are presented in Table V-30 of Chapter V, but 
it should be noted that this table does not include the risk for 
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leukemia and bone cancer incidence. To determine total cancer risk 
the data from Table V-30 must have added the data from Table V-16, 
where leukemia and bone cancer incidence are derived using the linear
quadratic model agreed by the subcommittee fiS appropriate for leukemia 
only (bone cancer is such a minor cancer that it contributes trivially 
to total cancer risk regardlessof the model used). Failure to provide 
a single estimate of risk of total cancer incidence is another defi
ciency of the present version of the third section of Chapter V. 
Table V-30 gives a range of risk calculations for each sex according 
to the various exposure regimens. This range refleGts our uncertainty 
about the appropriate model by which current estimates of risk are 
projected forward to a lifetime cumulative risk. The two projection 
models used are the so-called absolute and relative risk models (see 
Chapter II, the section entitled "Epidemiologic Studies as the Basis 
of Risk Estimates for Effects of Ionizing Radiation"). It is evident 
that these two projection methods give total risk estimates that differ 
by a factor of about 3 for the projections of total population exposures. 
There was general agreement among the subcommittee members that at 
least this degree of uncertainty applied to the estimates of lifetime 
risk in these instances. For the occupationally exposed groups the 
two projections agree reasonably well. 

In the following table, I have combined Table V-30 with Table 
V-16 to give the best estimate of total excess cancer incidence 
derived for the exposure conditions used in the third section of 
Chapter v. 

The exposure conditions adopted for illustration are unrealistic, 
in that it is extremely unlikely that 1,000,000 persons in the general 
population or among radiation workers would ever be exposed either to 
a single dose of 10 rad or to continuous doses of 1 rad per year. The 
numbers of radiation-induced cancers appear to be large in most instances, 
but it is important to note that except possibly for the case of life
time exposure to one rad/year, even with these unrealistically high 
exposures it would be very difficult to detect by epidemiologic methods 
that the excess cancers had occurred except for those particular sites 
which are especially sensitive to cancer induction by radiation. 

On the linear hypothesis, the data for the single exposure to 
10 rad can be converted to conventional "risk per rad" estimates by 
dividing by ten. This yields a range of 260 to 880 cases per rad 
per million exposed for males, and 550 to 1620 cases per rad per 
million exposed for females. If we adopt an intermediate value as 
more likely to obtain (that is, the relative risk model will only 
partially be found to be correct), the risk per rad for cancer 
induction is about 500 cases per million for males and 1000 cases 
per million for females. These values are higher than the risk 

- 304 -



1. 

2. 

TABLE 1 

Estimates of Total Lifetime Excess Cancer Inci~ence from Exposure· to 
Low LET Radiation--Projections Based on 1969-1971 U.S. Life Table 
Population of One Million Persons at Start of Exposure, According 
to Absolute-Risk and Relative-Risk Projection Models. Data Taken 

from Tables V-30 and V-16 of Chapter V 

Absolute Risk Relative Risk 
Projection Projection 
Male Female Male Female 

Sin~le exposure to 10 rad 
to 1,000,000 persons of all ages 

Expected lifetime cancers 285,000 260,000 285,000 260,000 
without radiation 

Excess cancers induced by 2,600 5,500 8,800 16,200 
radiation 

Continuous exposure to 1 rad/y_r 
to 1,000,000 persons at outset 

a. Lifetime exposure from birth 

Expected lifetime cancers 283,000 285,000 .283,000 285,000 
without radiation 

Excess cancers induced by 16,200 38,600 50,100 103,200 
radiation 

b. Exposure ages 20-65 

Expected lifetime cancers 292,000 300,000 292,000 300,000 
without radiation 

Excess cancers induced by 11,200 25,600 18,300 35,900 
radiation 

Co Exposure ages 35-65 

Expected lifetime cancers 296,000 296,000 296,000 296,000 
without radiation 

Excess cancers induced by 6,500 14,900 6,200 14,400 
radiation 

d. Exposure ages 50-65 

Expected lifetime cancers 295,000 269,000 295,000 269,000 
without radiation 

Excess cancers induced by 3,200 6,500 3,100 7,100 
radiation 
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estimates from BEIR I, in part because incidence is considered 
instead of mortality, and in part because the new data indicate 
somewhat higher lifetime risk than was evident in 1972. 

If one applies total cancer risk estimates obtained from the 
life table projections for a single exposure in Table 1 to the 
Japanese A-bomb Life Span Study population by use of the linear 
hypothesis and the same method as was done to produce the estimates 
in Table 1, some important limitations of the Japanese A-bomb 
follow-up study become clearer. The Life Span Study population has 
a greater proportion of younger people than the 1969-1971 U.S. life 
table population, a circumstance that means the total radiation
induced cancers anticipated per number exposed will be somewhat 
greater than predicted from the model applied to single dose exposure 
in Table 1. Nevertheless some approximate conclusions are justi
fied. First is that the number of excess cancers observed to the 
present follow-up in 1974 constitutes only about one-third of those 
that eventually will be expected if the time for expression of excess 
cancer risk is the lifetime of those exposed over the age of ten. In 
other words, the follow-up period for the Life Span Study group is 
still too short to define total cancer risks adequately. Second, 
even on the upper limit assumption that the lifetime relative risk 
model applies, no statistically significant excess of all cancers 
will ever be observed in the two lowest dose categories of the 
study population in Nagasaki, that is at mean tissue doses of 2 
rad and 10.8 rad. For Hiroshima the same statement can be made for 
the lowest dose category (mean tissue dose 1.7 rad) regardless of 
the RBE assumed for neutrons within any reasonable range. For the 
next dose category, 10-49 rad kerma or a mean tissue dose of 10 rad, 
if a statistically significant excess of total cancers is observed 
in Hiroshima compared to the zero dose group, such an observation 
will be consistent with an RBE for neutrons greater than one, but 
because the mean tissue dose from neutrons is only one rad in this 
group, the reliability of any numerical estimate of RBE derived 
from this excess will always be weak indeed. For the next dose 
category, 50-99 rad kerma or a mean tissue dose of about 34 rad•in 
each city, a significant lifetime excess of total cancers will be 
easy to demonstrate in Hiroshima, but for Nagasaki the smaller 
sample size will probably mean that the statistical significance 
of the excess will be marginal if the lifetime relative-risk model 
is found eventually not to hold. 

This application of the current total cancer risk estimates 
to the A-bomb survivor populations again emphasizes the caution that 
must be applied in interpreting the data for excess cancer risk in 
this study group, especially at low doses. Another implication of 
the above analysis is that an excess risk of cancers at particular 
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sites which are sensitive to radiation and have a high natural rate 
will always be easier to demonstrate, especially in Nagasaki, than 
will an excess for all cancers, because the inclusion of a large 
number of cancer types with low or zero radiation sensitivity in
creases the random "noise" in the data. The above phenomenon is 
already obvious in the analysis of breast cancer incidence up to 
the present. In sum, the fact that the Japanese data at any follow
up state may not be strong enough in statistical terms to show a 
significant effect of low doses on total cancer risk does not prove 
that effects are not present; the excess cancer risk may be better 
evaluated by looking at particular cancer sites. 

With regard to the appropriate RBE for high LET radiation and 
its dependence on dose, the data for alpha radiation compared with 
x-rays or gamma rays give reasonable RBE values of about 10 to 20 
for lung and liver cancer (Appendix A). Comparisons of the Hiroshima
Nagasaki results do not allow any definitive statement with regard to 
the RBE of neutrons for the following reasons: First, the rates for 
total cancer in~idence from the zero dose (control) populations are 
substantially higher in Hiroshima than in Nagasaki, and thus the 
assumption that the neutron component is the sole factor acqounting 
for differences in cancer dose-response is untenable. Second, at 
low doses, where the results are most important, excess cancer rates 
are not yet statistically strong enough to provide an appropriate 
estimate of the gontribution of neutrons and in some instances are 
likely never to be strong enough (see above). Third, neutron and 
gamma ray exposures were highly correlated for Hiroshima, and in 
the low dose range tissue doses for neutrons were only about 1/10 
those for gamma radiation, thus random differences in results greatly 
magnify the imputed neutron effects at low doses. Fourth, the 
dosimetry for gamma rays and neutrons is estimated to be good only 
to+ 30%, thus any consistent dosimetry errors could also greatly 
affect the analysis of neutron effects in the comparison. 

It should be pointed out that the assumption that the RBE for 
high LET compared to low LET radiation increases as the dose decreases 
does not necessarily imply that the dose-response curve for low LET 
radiation must be curvilinear upward at low doses. It is equally 
possible that the dose-response curve for high LET radiation is 
curvilinear downward. The point is that if we assume a fixed RBE 
independent of dose, we may underestimate somewhat the risk of low 
doses of high LET radiation and overestimate somewhat the risk,of 
low doses of low LET radiation. But the available human epidemio
logic data do not indicate to me that this degree of over- or 
under-estimation is very great, that is, mo;e than a factor of 2. 
When we consider that cancer risk estimates may eventually have to 
take account of a significant subfraction of the population whose 
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radiogenic cancer risk can be expected to be higher than the popula
tion at large, any conservatism arising from assumptions that may 
overestimate the risk by a small amount is justified at this time. 

Pertinent to this question of the relative effectiveness of high 
LET radiation at low doses are the results of chromosome aberration 
studies in populations living in or otherwise exposed to high back
ground radiation. In those situations where exposure has been 
especially to radon-222 the alpha radiation can account for these 
essentially two-break effects on the chromosomes (30,31). In the 
Brazilian population living in a village on monazite sands, chromosome 
abnormalities were found elevated compared to a control group not so 
exposed (32). In this case, it was postulated that alpha radiation 
from the Pb-212 daughter of Rn-220 reached the lungs or blood, and 
this exposure rather than the high background of gamma rays accounted 
for this effect. On the other hand, the dose-related chromosomal 
aberrations observed by Evans et al. (33) in nuclear shipyard workers 
exposed to relatively low cumulative doses were from exposures to 
"almost exclusively gamma radiation." It is of interest that 5 rad 
of acute x or gamma radiation has produced in human lymphocytes 
significant chromosomal aberrations (34,35). Luchnik and Sevankaev 
(35) also observed an anomalous "plateau" of effect at intermediate 
gamma doses, very similar to that observed for cell transformations 
by Miller and Hall (18), an effect which meant that extrapolations 
from doses of 50 to 400 rad would underestimate the effect at the 
lowest doses. The production of chromosomal aberrations at low 
doses cannot be considered pathogenic for any disease as yet, as 
mentioned above, but these observations indicate that caution is 
warranted in any assumptions about the relative effectiveness of 
high and low LET radiation at cumulative doses of 10 rad or less. 

SUMMARY AND CONCLUSIONS 

It is evident that adoption by the somatic effects subcommittee 
of the linear no-threshold dose-response model for defining radiation
induced cancer risks remains empirical at this time. There is no 
adequate theoretical model of human carcinogenesis that permits 
derivation.of a dose-response relationship from first principles. 
The fact that radiation-induced cancer risk estimates from a large 
number of human studies with great variabililty of ethnic, cultural, 
and other environmental factors capable of influencing the results 
are as consistent as they are when compared on the basis of the linear 
extrapolation, suggests that radiation acts by increasing the probabil
ity of an initiating event,. a somatic mutation. Other environmental 
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factors which can modify the subsequent chance of neoplasia are 
sufficiently widely and randomly distributed in all human popu
lations that the excess cancer risk is defined primarily by the 
probability of oncogenic cell transformation by radiation exposure. 
If such a transformation involves a radiation-induced point mutation 
or other small modification in the cell genome, then on classic 
target theory the linear no-threshold dose-response curve is en
tirely appropriate. Until we know more about the process of cancer 
development in man, we cannot go further with this problem. 

The new evidence concerning cellular mechanisms of radiation 
carcinogenesis available since the BEIR I report represents in my 
view a major change in emphasis from the past. Whereas biophysical 
considerations, of which the Kellerer-Rossi theory is an example, 
have previously domtnated the field and played an important role 
in concepts of effects of low doses of the different types of 
radiation, it is apparent that much more prominent now are biologi
cal variables that can involve the conversion of an initiating event 
induced by radiation into a fixed or heritable cell transformation, 
and the subsequent host factors that determine the probability of 
developing cancer. These biological factors include DNA repair 
processes and cellular mechanisms that modify them, the action of 
promoting agents and ~onditions that affect cell proliferation, 
the influence of viral infection on transformed cell DNA, immune 
processes affecting survival of transformed cells, and the effect 
of age on replication characteristics of the transformed cell or 
cells. 

The above comments appear to be quite straightforward, and I 
believed were the consensus of the somatic effects subcommittee 
during the period when the subcommittee was continuing to meet. 
Contrast this position with that adopted in the third section of 
Chapter V of the present version. The basis of the ratio of the 
linear and quadratic coefficients (a/b, in the equation E = aD + bD 2) 
is the leukemia registry data from the Japanese A-bomb survivors, 
data which do show a definite curvilinearity of dose-response. In 
addition the RBE assumed for neutrons is taken from the fit of the 
data to the leukemia results. Thus leukemia, a human cancer with 
cellular characteristics and time course after irradiation 
differing markedly from other radiogenic cancer types, is taken 
as the paradigm governing a number of important inferences for all 
radiation-induced cancers. These factors derived from leukemia 
are then .used to fit the observed data for cancer mortality, which 
as has been discussed above are deficient in important ways for 
major radiation-sensitive solid tumors. Mortality data are then 
converted to incidence data by applying factors of cancer mortality 
by site shown in Table'V-15. This approach studiously avoids using 

- 309 -



the Japanese Tumor Registry data for total cancer incidence which 
for both Nagasaki and Hiroshima (with adjustment of an RBE for 
neutrons of about 5) are in excellent agreement with the incidence 
data derived fox individual sites from the extensive international 
studies described in Appendix A, and summarized in Table V-14. 

The roundabout approach taken above in the present version in 
effect discards all the human studies of radiation-induced cancer 
except the Japanese data in defining cancer risk from low LET 
radiation. It also has the effect of reducing the cancer risk 
estimates sufficiently that it is possible for the conclusion 
to be drawn that the BEIR Ill cancer mortality risk estimates are 
about the same as were derived in BEIR I. This conclusion ignores, 
of course, the important step of changing to cancer incidence as a 
basis of defining risk, and also ignores the considerable body of 
supportive data, especially for cancers of the thyroid and female 
breast, which indicate that as the follow-up of human study popu
lations has been extended, evidence of cancer risk is increasing, 
the doses at which effects have been observed have progressively 
decreased, and the number of different human cancers in which 
radiation exposure has s.hown an effect has been extended. The 
present version of the third section of Chapter V has failed to 
make these important points, and thus has not provided, in my view, 
an adequate up-to-date scientific assessment of risk which was the 
purpose for which the BEIR III Committee was established. 

The fact that the human epidemiologic data which are relevant 
to the dose-response issue are generally consistent with the linear 
no-threshold dose-response model remains the principal basis for 
use of this model. It should be emphasized that every effort in 
presenting epidemiologic evidence of cancer induction by radiation 
should be as carefully and rigorously done as possible to take 
account of the dilution effect of non-radiosensitive cancers, age
specific adjustments, effects of confounding variables and the 
influence of latent period. In Appendix A, and for the Japanese data 
in Figs. V-6 and V-7, efforts have been made to achieve this aim. 
The graph of Japanese data presented in Dr. Harald Rossi's dissenting 
report has not been corrected for age, which is a major correction for 
cancer evaluation because of the sharp effects of age on cancer rates; 
the Nagasaki Life Span Study population is younger than the Hiroshima 
population and the age distribution varies by dose category. In 
addition the period 1950-1954 has been included by Dr. Rossi for all 
cancers, when we know that for all cancers except leukemia no excess 
risk is likely to have occurred during this period. It is time to 
recognize that epidemiology is a rigorous discipline requiring special 
attention to detail that characterizes any science. 
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Finally, I would like to take this opportunity to thank those 
members of the full committee who have worked hard to produce those 
parts of the current version that provide a scientific basis for 
assessing somatic and genetic risks. It is regrettable that the 
results of their hard work have been so long delayed in being re
leased for general use. 
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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~ 

SEPARATE STATEMENT 

CRITIQUE OF BEIR III 

by Harald H. Rossi 

SUMMARY 

The first report of the Committee on the Biological Effects of 
Ionizing Radiations (BEIR I) has profoundly influenced governmental 
regulations and the public attitude towards radiation. It is to be 
expected that the impact of the current report (BEIR III) will be 
equally significant. The Committee drafting that report has thus 
been faced with a heavy responsibility because its findings are 
likely to affect national energy policy and the practice of medicine. 
In both of these areas overestimates as well as underestimates of 
the radiation hazard could result in serious detriment. 

This is especially important with regard to the risk of radio
genie cancer which is frequently considered to be the major hazard 
of ionizing radiation.· This critique deals with this subject only. 

BEIR III represents an advance over BEIR I in a number of 
respects: 

I. The uncertainties of risk estimates are stated more 
explicitly and it is stressed that the so-called "linear hypothesis" 
is likely to result in overestimates of the hazard from low-LET 
radiation. 

This has led directly or indirectly to further improvements. 

II. It is acknowledged that it is probable that the cancer risk 
rises with absorbed dose at a rate that is higher than linear and 
the preferred mathematical model conforms with this postulate. 

III. Extrapolations to single whole body doses of less than 
10 rads are eschewed. 

IV. It is stated that the effects of annual radiation doses of 
the order of 100 mrads (low LET) are unknown and that it is unlikely 
that they can be demonstr~ted. 

v. It is recognized that RBE is an important factor and it is 
frequently assumed that it increases with decreasing level of effect. 
In most instances data from Hiroshima and Nagasaki are not pooled on 
the assumptions of equal effectiveness. 
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BEIR III is however deficient in two major respects: 

I. Many of the risk estimates provided are still based on the 
"linear hypothesis" despite continuing and mounting contrary evidence 
from radiobiology and epidemiology (much of it quoted in BEIR III). 
Even though these figures are given somewhat less prominence, they 
are likely to assume primary importance for standard-setting bodies 
which for the sake of prudence, are likely to adopt the highest 
estimates. 

II. BEIR III fails to present explicitly data that indicate 
risk factors that are less than the lowest given in its report. 
This does not only again tend to support excessive risk estimates 
for low-LET radiation, but may also lead to, perhaps even more 
important, underestimates of neutron hazards. 

DETAILED COMMENTS 

The inadequacies of the epidemiological information on radio
genie cancer in man permit a wide variety of interpolations and 
extrapolations of data that are often uncertain, if only in the 
statistical sense. The deduction of the most likely risk estimates 
can, however, be facilitated by considerations of theoretical or 
experimental findings of radiobiology which make certain models 
more--and sometimes much more--plausible. 

Theoretical considerations permit definitive conclusions on 
the dose-effect relation for individual (autonomous) cells, but 
at this time they cannot be employed with any assurance to determine 
this relation for the complicated process of radiation carcinogenesis. 
They do, however, lead to the conclusion that the RBE of high- relative 
to low-LET radiations should increase with decreasing level of effect 
to values which are very substantial and that this should be so not 
only for autonomous cells, but also for interacting cell systems. 

Experimental observations on higher organisms have confirmed 
this expectation. In line with theoretical predictions, the RBE 
generally increases with decreasing neutron dose, DN, according to 

In a number of systems -K has been found to be about 45 if DN is expressed 
in rads and the neutrons have energies comparable to the mean energy of 
the fission spectrum ~0.5 MeV). RBE values in excess of 100 have been 
observed at neutron doses of the order of 100 mrads which are thus 
equivalent to gamma ray doses of the order of 10 rads. 

- 316 -



While experimental radiobiology is in accord with theoretical 
predictions regarding the dose-RBE relation, it also discloses a 
wide variety of dose-effect relations for carcinogenesis. Some of 
these even sfiow a reduction of the natural incidence at moderate 
doses of low-LET radiation ,(and even for high-LET radiations). 
This is only observed when the natural incidence is high; however, 
statistical limitations would not permit a clear indication of this 
effect when the natural incidence is low. In most (but not all) 
instances, the curvature of the relation for low-LET radiation is 
positive indicating that in addition to any linear dependence on 
low doses (regardless of sign), there are positive quadratic and 
perhaps higher order terms in dose at intermediate doses. At high 
doses, a reduction or even a reveral of slope is often observed. 

In summary, radiobiological considerations lead to the expecta
tion that if cancer incidence is related only to terms that are 
linear and/or quadratic in dose, only a rough approximation may be 
attainable in many instances. In such approximations the relative 
magnitude of linear and quadratic terms is likely to differ depending 
on the type of neoplasm involved and a summation for all neoplasms 
could have a particularly complicated shape. It would, however, also 
be expected that, in general, linear extrapolations from doses of 
several hundred rads lead to an overestimate of the effects of doses 
of the order of 10 rads. It would furthermore be expected that 
because of the dose dependent RBE, the shape of any do~e-effect 
relations is not the same for gamma and neutron radiations and in 
particular that they not both be linear above gamma ray doses in 
excess of about 10 rads or neutron doses that are 100 times less. 

BEIR III employs three approaches to the analysis of epidemio
logical data on radiation carcinogenesis: They involve the "summed 
sites" method, the mortality (LSS) data for Japanese atomic-bomb 
survivors and the Nagasaki tumor registry data. 

The "summed sites" treatment is based on estimates of the 
incidence of cancers in individual organs as given in Appendix A. 
The input data are derived from many sources, most of which involve 
irradiations with doses in excess of 100 rads. The Japanese data 
employed are essentially all from Hiroshima with assigned RBE values 
that vary between sites but are independent of dose for any of them. 
With the exception of leukemia, the "linear hypothesis" is employed 
throughout. This treatment evidently conflicts with radiobiological 
knowledge on several counts. There are further objections to these 
data largely obtained from diseased individuals of different ethnic 
backgrounds. For example, the spondylitic population was exposed 
to very high doses and these were applied only to tissues in or near 
the spine. This poses problems in the assessment of the "average" 
dose. If the leukemogenic effect of large doses depends on the square 
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of the x-ray dose (as in fact assumed in BEIR III) and if 40% of 
the bone marrow (that located in or near the spine) is irradiated 
with a dose, Dx, with the remainder receiving essentially zero dose, 
the effective dose is not the mean 0.4 Dx, but instead 0.63 Dx• 
Such discrepancies become even more pronounced if the irradiated 
fraction of a tissue or organ becomes smaller. 

In the absence of other information, these estimates might be 
considered as crude upper limits of the true risk for individual 
organs. However, the utilization of their sum in the methods 
employed to determine the overall cancer risk is one of the principal 
deficiencies of the BEIR III report. As was to be expected, it re
sults in a substantially larger risk coefficient than those obtained 
by other methods and this inflated estimate may well be adopted by 
standard setting bodies who, in the interest of caution, may select 
the highest estimate provided. 

The LSS data are generally considered to be the most reliable 
source of information on radiogenic cancer in the Japanese cities. 
They also permit a straightforward assessment of the cancer risk 
for a period of almost 30 yr following irradiation of a normal 
(albeit ethnically distinct) population. BEIR III provides this 
information for leukemia .and all other cancers separately. Although 
this division may be necessary for the risk calculations, it masks 
the true dose effect relation of the over-all cancer impact for 
which the statistical fluctuations are substantially less. Figure 
1 is a plot of cancer mortality per person year as a fraction of 
total kerma at Hiroshima and Nagasaki. These curves are not cor
rected for sex or age, but it may be assumed that such corrections 
could introduce only minor changes. 

It appears that at Nagasaki it is impossible to detect an 
excess Ganeer incidence at kerma values of less than about 300 
rads although the populations exposed in each of the low dose 
intervals were about 1,000 or more. It is also evident that in 
line with other radiobiological information, the RBE of neutrons 
was very high. It should be borne in mind that at a given kerma 
at Hiroshima, only roughly 10% of the total absorbed dose to deep 
lying organs was due to neutrons. At high kerma, the Hiroshima 
data exhibit fluctuations which may be due to a variety of reasons, 
but the low kerma data can be approximated by 

while the Nagasaki data conform to 
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Here Mis the mortality due to all malignant neoplasms per person 
year, K the total free-in-air tissue kerma and the subscripts stand 
for the two cities. 

Because of the,high RBE of neutrons and their virtual absence 
at Nagasaki, it may be assumed that at low doses, all cancers were 
induced by neutrons at Hiroshima and by gamma radiation at Nagasaki. 
Employing the dose versus kerma relations given in BEIR III one 
obtains approximately 

and 

M = 1.7 X 10-S (Dy /rad) 2• y 

Neither of these relations (and especially not the second) should be 
applied to absorbed doses that are less than about 10 rads. The 
estimate for gamma radiations is lower than any given in BEIR III. 
The neutron estimate is higher than any values that might be inferred 
from this report. 

The failure to explicitly provide the information in Figure 1 
and to derive the above estimates is another major deficiency of 
BEIR III. Discussions within Committee did not produce substantive 
reasons for rejecting the validity of this analysis and while there 
may well be reasons for c9nsidering other approaches, it is apparent 
that this analysis is of considerable significance. 

The so-called L-L estimate for these data is not only scientifi
cally contraindicated, but also lacks any foundation in the absence 
of a sensible linear component for Nagasaki. Efforts to approximate 
this curve by a linear and a quadratic dose term yield a negative 
sign for the former. In principle, there is no reason why this should 
not be so and mortality data for lung cancer at Nagasaki point in this 
direction. The statistical evidence for this possibility is neverthe
less much too weak' to provide significant support for the assertion 
that the natural cancer mortality was reduced by small doses. On the 
other hand, the LQ-L analysis is based on the relative magnitude of 
linear and quadratic terms as derived from leukemia incidence data 
from the tumor registry and this is being justified by the objective 
of introducing a linear term into data in which linearity cannot be 
found. 

The mixing of data from the LSS series and the tumor registries 
is also inappropriate because they appear to be discordant. The 
reasons for this are not clear at this time. Although the LSS data 
are generally considered to be more reliable and cancer mortality may 
be deemed to be more relevant than cancer incidence, BEIR III quite 
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properly decided not to ignore the registry data especially since 
they indicate higher risk factors. Analysis in terms of all three 
models can be justified including that by the L-L model since the 
Nagasaki data are best fitted by a linear relation. However the 
implied dose independence of RBE casts further doubt on the validity 
of the registry data. 

The arguments presented here lead to the conclusion that the 
most plausible estimate of the cancer risk from low-LET radiation 
is lower than any of the ones given in BEIR III. As a corollary 
BEIR III may motivate potentially dangerous underestimates of the 
hazards of high-LET radiation. 
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FIGURE 1. Average for the period 1950-1974 of the mortality 
from all malignant neoplasms per person year versus 
total free-in-air tissue kerma at Hiroshima (closed 
circles) and Nagasaki (open circles). The bars 
represent+ one standard deviation. 
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The following, although not a dissenting statement, was prepared by 
an individual member of the Committee. It is therefore not subject 
to the normal review processes of the National Academy of Sciences; 
nor is it subject to committee or staff editing or review. It appears 
exactly as lt was prepared. The NAS-NRC neither endorses nor takes 
responsibility for the content. 

COMMENTS ON CERTAIN DIVISIVE ISSUES NOTED IN BEIR III 

by Edward.W. Webster* 

This commentary is not intended as a dissent from the principal 
findings of the Committee, but rather to illuminate some of the 
issues on which the Report notes divisions of opinion within the 
Committee. 

Probably the most important charge to the Committee was to 
estimate the increased risk of cancer likely to be incurred as a 
result of low doses of low-LET radiation delivered to the whole 
body. A linear-quadratic dose/effect relationship, defensible in 
the light of current radiobiologic findings, has been adopted by 
most of the Committee members as a reasonable basis for prediction 
of the risks of radiation-induced cancer. Wh:i,le subscribing to 
this important change in scientific viewpoint of the BEIR III 
Committee compared to that of BEIR I (1972), I must express~ 
number of caveats regarding the actual forms of the dose/effect 
relationships utilized in the BEIR III risk estimates. I recognize, 
however, that the three esti~tes of mortality from solid cancer 
are not incon_sistent with the Nagasaki mortality data. 

1. On page 237 it is noted that in the linear-quadratic 
relation fitted to the Nagasaki solid cancer mortality 
dat~ (Figure V-6), the slope of the linear component is 
about 0.4 excess cancer per million per year per rad. 
This slope depends on the assumption that the linear ter~ 
and the square-law term are equal for a gamma dose of 1/0. 0086 
or 116 rads. This particular linear-quadratic relation was 
rejected by some Committee members on two main bases: 
(a) The RBE is about 91 for a neutron dose of 1 rad; b) the 
ratio of solid cancer to leukemia for gamma rays is 0.4 where
as the British ankylosing spondylitis study for high doses of 
x-rays suggests a ratio of about 5. The relationship was 
thereupon adjusted to include the RBE for the leukemia LQ 
model: viz. 23. This arbitrary change caused the slope 
of the linear component of the LQ relationship to be increased 
from 0.4 to 1.4; that is, by a factor of 3.5. The solid cancer 
risk estimates finally propounded in Table V-19 and which are 
the "preferred" estimates, are based on this larger slope. It 

*Dr. Ingram subscribes to this statement. Dr. Mays als.o subscribes 
to this statement, with the addition of the paragraph that appears 
at the end of the statement. 
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is important to note that a) the recent study of leukemia in 
the A-bomb survivors by Ishimaru et al. (1) estimated the 
RBE for 1 rad of fission neutrons at 48, based on a quadratic 
model for gamma response; this is similar to the value of 45 
proposed by Rossi on more general grounds (2); and b) there 
is no obvious reason why the ratio of solid cancer to leukemia 
should be 5:1, particularly in the low dose range. The ratio 
will depend on the specific shapes of the leukemia and solid 
cancer dose/response curves. Thus in the animal studies by 
Ullrich et al. (3) the ratio of the incidence of 3 solid tumors 
(ovarian, pituitary and Harderian) to the incidence of thymic 
leukemia varied from 2.4 at 100 rads to 0.8 at 25 rads and 0.1 
at 10 rads. The ratio was more nearly constant for neutrons. 
Moreover it is noted on P• 261 that the solid tumor/leukemia 
ratio is "very sensitive to the age distribution of the subjects 
under study and to the duration of followup." For example, 
the work of Stewart and Kneale (4) on in utero exposure indicates 
a ratio of 28/25 or 1.1. Thus, if theHiroshima/Nagasaki mortality 
data is not adjusted for RBE in this arbitrary fashion, the 
"preferred" risk estimates presented in Table V-19 would fall 
by a factor of about·3. 

2. In the Report, the arguments on p. 237 summarized above were 
also employed to change the slope of the linear dose/effect 
relation employed for risk estimation. Whereas the slope of 
the best-fitting line for gamma radiation data shown in Figure 
V-6 and Table V-9 was 1.40, the actual slope employed in Tables 
V-11 and V-20 was 3.47, an increase by a factor of about 2.5. 
Thus the linear model estimates of cancer mortality presented 
are higher than those suggested by the Hiroshima-Nagasaki study 
by this factor. 

3. In the Report, the arguments on p. 237 were also used to change 
the coefficient of the quadratic relationship from 0.0047 (Table 
V-9) to 0.0184 (Table V-11 and V-21), an increase by a factor of 
3.9. Again therefore the estimates of excess solid cancer mortal
ity presented for the quadratic (square-law) model are higher by 
this factor than would be deduced~ priori from the Hiroshima
Nagasaki data above. 

4. The Report fails to state explicitly that the linear risk 
estimate for excess cancer incidence derived from Table V-10 
(sum of the individual site risks) is grossly incompatible 
with the linear estimate for excess cancer mortality derived 
from the Hiroshima-Nagasaki study (Figure V-6). The average 
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incidence risk from Table V-14 is 18 cases per million per 
year per rad, which is about 13 times greater than the 1.40 
fatal cancer cases deduced from the Japanese study, or about 
7 times greater than the incidence risk derived-from the 
Japanese study using the expansion factors in Table V-15. 
This great difference seriously challenges the credibility of the 
linear risk estimates based on the "summed sites" approach of 
Table V-30. This writer believes that these values not only have 
"considerable upward bias" as stated in the Report, but cannot be 
seriously considered in the light of the Japanese experience. 

5. It is stated on page 228 that "the data [for the site
specific estimates in Appendix A] are reasonably firm for 
only a few organs." One of the important organs to which 
this applies is the lung, irradiated by low-LET radiation. 
The risk estimates for lung derived in Appendix A are almost 
entirely dependent on the epidemiological studies of miners 
exposed to high-LET radiation in the form of alpha radiation 
from radon inhalation and on the lung cancer incidence in 
Hiroshima. The assumption of the rather low RBE values of 
10 for alpha irradiation and 5 for fast neutron irradiation 
exaggerates the effect of low levels of low-LET radiation. 
More importantly the lung section fails to note that the 
Nagasaki mortality data (low-LET radiation) shows a deficit 
of lung cancer cases at doses up to 100 rads and this is 
also reflected in the Tumor Registry incidence data for low 
gamma ray doses (5). The risk estimate for lung cancer 
from low-LET radiation is almost wholly dependent on the 
high dose (200 rad) ankylosing spondylitis study and is 
likely to be considerably less at low doses. 
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Additional comment by Dr. Mays: "I support the thoughtful 
comments of Dr. Edward w. Webster, and am particularly concerned 
that the risk coefficient derived from the sum of individual site 
risks exceeds by a factor of about 13 that derived directly from 
the A-bomb life-span mortality data. I feel that the latter is 
more likely to be appropriate and that future efforts by the 
Scientific Community should be directed toward resolving this 
discrepancy." 
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APPENDIX A 

SITE-SPECIFIC DATA CONCERNING RADIATION-INDUCED CANCERS 

The epidemiologic data concerning radiation-induced cancers 
now available permit an assessment of the relative importance of 
cancers by site in the total risk from radiation. It is evident 
from the evaluations discussed below that different tissues in 
the body respond differently to radiation, with some tissues highly 
sensitive to development of cancer and some evidently very resis
tant. In defining the total cancer risk from radiation exposure, 
we may distinguish four main categories: 

• The major sites that are now well-documented as sensitive 
to radiation and contribute a large part of the total risk. 

• Sites where radiation cancer induction is well-documented, 
but that contribute to a lesser degree to the total cancer risk. 

• Sites for which an increased cancer risk in irradiated 
populations remains equivocal or has not been quantitatively 
assessed. 

• Sites or tissues in the body in which radiation-induced 
cancer has not been observed. 

Table A-1 summarizes these four categories. The table includes 
qualitative assessments of the spontaneous incidence of cancer in 
various tissues, based on the Third National Cancer Survey carried 
out in 1969-1971 in the United States, and an evaluation of their 
relative sensitivity to cancer induction by radiation, based on the 
current data contained in this report. Both aspects of the particular 
type of cancer determine its importance: a type of cancer that is 
normally rare may be less important--even if it has a high fractional 
increase because of radiation--than a common cancer that has only a 
moderate fractional increase because of radiation. 

The relative importance of various types of cancer is changing 
as the followup of irradiated human populations is extended. For 
example, in the early studies, leukemia emerged as the major cancer 
type because of the high sensitivity of the cells of origin to radia
tion and the short latent period. Now it is apparent that, in terms 
of lifetime risk, other cancers collectively, and some even individually, 
are more important than leukemia in assessing the late effects of radia
tion exposure. In part, this is because induction of excess leukemia 
cases by radiation essentially ceases after about 25 or 30 yr. None 
of the other cancers shows this decline in effect except for bone 
cancers induced by brief irradiation. 

- 325 -



TABLE A-1 

Sensitivity of Various Tissues to Oncogenic Influence of Radiation 

Site or Type of Cancer 
Spontaneous Incidence 
of Cancer 

Major radiation-induced cancers: 

Female breast 
Thyroid 

Lung (bronchus) 

Leukemia 
Alimentary tract 

Very high 
Low 

Very high 

Moderate 
High 

Minor radiation-induced cancers: 

Pharynx 
Liver and biliary 

tract 
Pancreas 
Lymphomas 

Kidney and bladder 
Brain and nervous 

system 
Salivary glands 
Bone 
Skin 

Low 

Low 
Moderate 
Moderate 

Moderate 

Low 
Very low 
Very low 
High 

Relative Sensitivity to 
Radiation Induction of Cancer 

High 
Very high, especially in 

females 
Moderate 

Very high 
Mode rate to low 

Moderate 

Moderate 
Moderate 
Mode rate 

Low 

Low 
Low 
Low 
Low 

Remarks 

Puberty increases sensitivity 
Low mortality rate 

Quantitative effect of smoking 
uncertain 

Especially myeloid leukemia 
Occurs especially in colon 

Lymphosarcoma and multiple myeloma, 
but not Hodgkin's disease 

Low mortality. High dose necessary? 



w 
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TABLE A-1 (cont) 

Site or Type of Cancer 
Spontaneous Incidence 
of Cancer 

Relative Sensitivity to 
Radiation Induction of Cancer 

Sites or tissues in which magnitude of radiation-induced cancer is uncertain: 

Larynx Moderate Low 
Nasal sinuses Very low Low 
Parathyroid Very low Low 
Ovary Moderate Low 
Connective tissues Very low Low 

Sites or tissues in which radiation-induced cancer has not been observed: 

Prostate Very high Absent? 
Uterus and cervix Very high Absent? 
Testis low Absent? 
Mesentery and 

mesothelium Very low Absent? 
Chronic lymphatic 

leukemia Low Absent? 

Remarks 



( 

A number of important principles concerning radiation-induced 
cancers are now evident. For example, sensitivity to cancer induction 
is not proportional to the rate of division of stem cells; if it were, 
the small intestine would be as sensitive as the bone marrow, but that 
-is not the case. Nor is sensitivity to radiation necessarily related to 
the influence of hormones. The female breast and the thyroid are quite 
sensitive to radiation, but the uterus and prostate are not, although 
pituitary or sex hormones are important factors in cancer sensitivity in 
all these tissues. 

Some groups in the general population appear to be at increased 
risk of induction of cancer by radiation. Noteworthy is the evidence of 
greater risk of radiation-induced thyroid cancer in Jewish children than 
in other ethnic groups. Cigarette-smoking appears to lead to greater 
excess risk of lung cancer from radiation exposure, when smokers and 
nonsmokers are compared, even though the data no longer support the view 
that radiation and cigarette-smoking act in a multiplicative fashion in 
defining the cancer risk. The special influence of age on the risk of 
radiation-induced cancer has already b_een discussed. 

The data on leukemia induction among the Japanese atomic-bomb 
survivors--support the view that the gamma-ray dose-response curves in 
both cities are curvilinear upward--that is, the effects per unit dose 
are lower at low doses than at high doses. In the analysis of risks at 
low doses of low-LET radiation, therefore, the Subcommittee has adopted 
a linear-quadratic mo4el (see Chapter II) for induction of leukemia. 
Some evidence is available that strongly suggests that this type of 
model is applicable to other types of cancer, especially bone cancer, 
but the Subcommittee believes that different types of cancer in man may 
have individual radiation dose-response relationships. 

BREAST 

The female breast is one of the ~Ogans most susceptible to radiation 
carcinogenesis. The 1972 BEIR report considered evidence of radiation
induced breast cancer among female patients exposed to multiple fluoro
scopic chest exami~~t!9ns during treatment for tuberculosis in a Nova 
Scotia sanatorium, ' the members of the A~8mic Bomb Casualty 
Commission (ABCC) Adult Health Study sample, and women given localized 
x-ray trei!ment for acute postpartum mastitis in a Rochester, New York, 
hospital. Breast-cancer mortality in the Jap,f National Institute of 
Health (JNIH)-ABCC Life Span Study (LSS) sample was also considered. 
Since then, a number of studies have added substantial new information 
on radiogenic breast cancer in women. Evidence concerning male breast 
cancer is confined to case repori, ~t z'fncers in men exposed to therapeutic 
radiation for benign conditions. ' ' 

- 328 -



There is good evidence that in female rats radiation-induced 
mammary tumors (fibroadenoma~

0and adenocarcinomas) are caused by irradia
tion only of mammary tisftle, and not, as in the mouse, by irradiation 
of other tissue as well. The rat mammary adenoci2cinoma bears some 
morphologic resemblance to its human counterpart, but differs in 
that it only very rarely exhibits metastasis; the fibroadenoma that 
appears in rats in response to radiation is another factor that compli
cates4§he interpretation of experimental data with respect to human 
risk. The available epidemiologic data make it unnecessary to base 
major conclusions about the risk of radiogenic breast cancer in women 
on evidence from animals; nevertheless, the experimental evidence is 
highly relevant to the interpretation of human data. Excellent reviews 
of the exf5rimental lite~it~7e have been prepared by the first BEIR 
Committee and UNSCEAR, ' and by commitf9es of the Nati~Hal 
Cancer Institute's Breast Cancer Task Force and the NCRP, which 
specifically addressed the problem of radiogenic risk associated with 
mammography. 

A case-control study of 37 breast-cancer deaths and 37 matched 
controlj6chosen from among former patients of tuberculosis sanatoria in 
Ontario found 15 discordant matched pairs in each of which only one 
member received pneumothorax therapy with associated multiple chest 
fluoroscopies; pneumothorax therapy and breast cancer were associated in 
11 of these pairs (RR* = 2. 8, p = O. 07). Nine of 12 cancers among uni
laterally exposed patients were on the exposed side (p = 0.07). Although 
dose estimates were not given, the method of exposure (subjects faced 
away from the x-ray tube) was such as to suggest that doses were much 
lower than the average 600-1,200 rads estimated for the Nova Scotia 
series. 

A. followup study if former patients of two Massachusetts 
tuberculosis sanatoria found 41 breast cancers (versus 23.3 
expected, according to population rates) among 1,047 pneumothorax 
patients, compared with 15 (versus 14.1 expected) among 717 non
exposed women, for an age-adjusted relative risk of 1.7 (p = 0.06). 
Among the 578 women with average doses over 100 rads, 31 cancers 
were observed, versus 13. 7 expected (RR= 2.1, p = 0.01). About 
75% of the exposures were made with the patients' backs to the 
x-ray source, and in most cases the exposures were made with the 
shutters open or included a scan of the opposite lung. The dose 
per examination averaged.1.5 rads to botg 9reasts~ .and the cumu
lative average breast dose was 150 rads. ' 

A study of Delarue et al. 18 found no difference in breast
cancer incidence betweenexposed and nonexposed former tuberculosis 

*Relative risk. 
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sanatorium patients. The average dose for exposed women was only 
17 rads, however, and the sam~le s±zes (358 exposed and 332 non
exposed women) were far too small for this study to have had much 
chance of detecting an increase of the magnitude to be expected 
at this dose. 

A r 53ent followup of the New York acute postpartum mastitis 
patients included three control groups of nonexposed women: 
age-matched, nonirradiated mastitis patients treated at another 
hospital, sisters of the irradiated patients, and sisters of the 
nonirradiated patients. The three control groups did not differ 
with respect to breast-cancer incidence, but had substantially 
lower incidences than the exposed group. Following the fifth year 
after treatment, there were 36 breast cancers among the 571 
exposed women, compared with 32 cancers among the 993 controls, 
for an age-adjusted RR of 2.0 (p < 0.001). The irradiated women 
received one to 10 exposures within a few days or weeks; the 
average cumulative mean dose to both breasts was 247 rads. 

Two surveys of breast-cancer incidence in the LSS sample 
have confirmed that female breast cancer is a major late effect 
of ionizing radiation fr~~ the Hiroshima and Nagasaki atomic 
bombs. The first survey found 231 breast cancers diagnosed 
during the period 1950-1969, including 82 among women with 10 
rads kerma or more and 144 among the nonexposed and th55exposed 
with smaller doses (RR= 1. 8, p < 0.0001). The second found 
360 cancers diagnosed during 1950-1974, including i08 among 
women with breast-tissue exposure of 10 rads or more and 243 among 
low-dose and nonexposed women (RR= 1.7, p < 0.00001). Most of the 
cases in the first survey were included in the second; however, 
the two series were independently ascertained, and the second 
survey should not be considered as merely an update of the first. 

A followup study of Swedish women who had received radiation 
therapy for benign breast disease included 855 patients treated 
for fibroadenomatosis, 120 for acute mastitis, and 49 for chronic 
mastitis and 13 women irradiated as young girls for unilateral 
breast hypertrophy. In 1,168 irradiated breasts~ 115 breast cancers 
were observed 5 yr or more after the initial therapeutic exposure, 
compared with 28. 7 expected according to population rates. There 
were 20 cancers in the nonirradiated breasts, compared with 19.9 
expected. The data for the exposed patients yielded a large 
SMR (standard mortality ratio), 4.01, and an extremely small 
pvalue, but the possibility of a relationship between breast 
cancer and the treated conditions, fibroadenomatosis and chronic 
mastitis in particular, cannot he ruled out. 
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The data fr~, the Massachusetts fluo~~s5~py series,
6 

the New York 
mastitis series, and the two LSS series ' are sufficiently numerous, 
with sufficient dose information, to support specific inferences with 
respect to the shape of the dose-response curve, the influence of 
age at exposure on radiogenic tissue response, the latent period for 
radiogenic breast cancer, and estimation of risk. This report rel!es 
heavily on a parallel analysis of the raw data from those studies. 
The other human studies and experimental studies of radiogenic breast 
cancer in animals provide information on particular questions. This 
report also relies heavily on a r 59ent report by an NCI working group on 
risks as~~c~~t5i !~th mammography and on reviews of experimental 
studies. ' ' ' 

A few caveats are appropriate. Migration of atomic-bomb survivors, 
especially the younger ones, from Hirojhima and Nagasaki since 1950, 
although apparently unrelated to dose, is likely to have caused overall 
underreporting of incidence. This is particularly true of women exposed 
in Nagasaki. The estimated dose response may therefore be biased downward 
with respect to absolute risk, especially in Nagasaki. The bomb survivors 
received whole-body irradiation, and it is possible that other effects 
interacted with the effects of radiation on breast tissue. The breast-cancer 
incidence patterns of Japanese and American women are very differen~ i 
both in absolute incidence and in distribution by age at diagnosis. 

The tuberculosis patients' disease and associated nutritional 
and immunologic factors could have affected the carcinogenic response 
to ionizing radiation. Although the experience of the three control 
groups for the mastitis series argues strongly against interpreting 
the observed radiation dose response as an artifact of the treated 
condition, it is possible that lactation or inflammation of the 
breast tissue influenced that response. Data on older women, 
particularly on women exposed at ages above 50, are limited to 
a relatively few atomic-bomb survivors and Swedish radiation-therapy 
patients. 

Dose estimates are more reliable for the patients given radiation 
therapy than for the patients given multiple fluoroscopic examinations 
and for the bomb survivors. fuse estimation for both pneumothorax pa
tients and

7
b~~b survi~~rs had to be based on reconstructions of their 

eXposures. ' Jablon has estimated the standard errors of individual 
kerma estimates for the LSS sample to be+ 30% and has also suggested 
that high kerma estimates ()80 rads in Hiroshima, )320 rads in Nagasaki) 
tend to be biased upward, whereas lower estimates are probably biased 
slightly downward. Kerma estimates of over 600 rads are adjusted downward 
to 600 rads in most studies of the LSS sample, and that custom is followed 
here. 
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Table A-2 contains summaries of the numerator and denominator 
information obtained from the Massachusetts fluoroscopy, New York 
mastitis, and 1950-1974 LSS series, by age at initial exposure 
and breast-tissue dose. The data are limited to breast cancers 
and woman-years (WY) of followup occurring more than 5 yr after 
initial exposure. A 5-yr period was selected because the LSS data 
were necessarily limited and because 5 yr seemed to be a conservative 
lower lt~§ 3~r 5he minimal latent period for radiogenic breast 
cancer. ' ' , 5 

EFFECT OF DOSE 

A major difficulty with the analogy between the breast-cancer risk 
experience of Japanese and American exposed populations is the 13-30% 
neutron component of breast-tissue dose among women exposed to the 
Hiroshima bomb. Theoretical considerations based on microdosimetric 
principles suggest a general form for carcinogenic dose response that 
is linear in neutro~

5
dose (DN), but has both linear and quadratic components 

in gamma dose (Dy). ghis is supported by experimental evidence on a 
number of cell systems3 · and by the le~ke~ia-incidence data from the 
Hiroshima and Nagasaki bomb survivors.J,Zi, 59 The epidemiologic data do 
not, howev~r ~l~~e 

4
~ut the possibility of a linear dose response to gamma 

radiation. ' ' ' 

Breast-cancer data offer little support for a dose-response model 
with strong upward curvature in Dy. The dose-response curves for mammary 
tQmors ~n

3
te~ff

9
rats given total-body x and gamma irradiation tend to be 

linear. ' ' ' Func.tions of Dy and DN fitted to the breast-cancer 
incidence rates for Hiroshima and Nagasaki, standardized to the age distri
~ution ~t the canbined cities, suggested a relationship linear in both Dr 
and DN. Specifically, the best-fitting function linear in both Dy 
and DN corresponded to a chisquare statistic for lack of fit that was 
half as large as that obtained from the best-fitting model iinear in ny2 

and %• Furthermore, the best-fitting regression on Dy, D"t, and DN, 
subject to the con~traint t.hat all coefficients be nonnegative, had a zero 
coefficient for Dy • Linear.,..model coefficients for Dy and DN did not 
differ significantly, and the RBE values most consistent with the data 
gave linear-model risk estimates that differed only slightly from those 
obtained with the assumption of an RBE of 1. Accordingly, the following 
analyses of the LSS sample data do not distinguish between the gamma and 
neutron components of breast-tissue dose. If comparability between gamma 
and x irradiation is assumed, the Japanese-American analogy also rests on 
the (testable) assumption that any differences between the two should not 
involve the shape of the dose-response function. 

- 332 -



TABLE A-2 

Breast-Cancer Cases and Woman-Years (WY) at Risk for Three 
Radiation Studies, by Dose and Age at First Treatmenta 

Age at First No. Cases/WY 
Series Exposure, yr O-Rad Dose <100-Rad Dose )100-Rad Dose 

Atomic-bomb 
55 

10-19 31/180,742 26/96, 011 17 /19 ,579 
survivors 20-29 44/154,764 26/81,555 12/13, 184 

30-39 49 /144, 282 22/77, 402 12/7, 523 
40-49 38/116, 794 23/66, 163 1/7,232 
so+ 26/82, 190 16/4 6,477 3/3,494 

New York mgstitis 15-19 0/718 0/ 51 2/490 
patients 20-29 14/12,818 0/588 18/7, 187 

30-39 17 /6, 719 1/290 13/3,013 
40-44 1/395 0/22 3/231 

Massachusetts 10-19 4/7, 602 3/2,203 12/5,077 
tuberculosis 20-29 6/4,053 4/4,157 14/6,297 
fluorosc3~y 30-39 3/2, 758 3/1, 806 3/1, 903 
patients 40-45 1/670 0/585 1/286 

5 a Reprinted with permission from Boice ~ al. First 5 yr of 
followup excluded. 
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The dependence of breast-cancer risk og 3~d!~t5gn dose has 
been shown to vary by age at exposure. ' ' ' But the age-
specific data are generally too sparse for fitting any but the 
simplest dose-response ftmctions. As a way around this dilemma, 
it was adopted as a working assumption that within a given popu
lation the shape (but not necessarily the magnitude) of the breast
cancer dose-response function was independent of age at exposure. 
Given this assumption, the shape of the dose-response curve for 
each population should be obtainable from.an investigation of 
summary rates, standardized for age at exposure to permit adjust
ing for possible confounding of age with radiation dose. Figure A-1 
shows the observed adjusted rates, plotted ~gainst breast-tissue 
dose in rads, for the 1950-1974 LSS series5 (also adjusted for 
city), the Massa§~usetts fluoroscopy series, 7 and the New York 
mastitis series; each is standardized with respect to its own 
age distribution. For comparison, the crude rates from the Nova 
Scotia fluoroscopy series, plotted against numz5r of fluoroscopic 
examinations as shown in the 1972 BEIR report, are also presented. 

The_ shape of the dose-response curve was investigated by 
using several functional forms of dose: a linear 2orm, F1(D) = 
a.0 + a.1 D; a quadratic form, F2 (D) =a. 0 + a'l D +a 2o ; a linear 
form with an exponential multiplier to account for the competing 

2 

effect of cell-killing at high doses, F3(D) = (a. 0 + c:t 1D)e-S'2D 

and a quadratic form modified for cell-killing, F4(D) = ao+ 

2 

( a1o+a.2o2)e-82'D ...• * All t ta da. ti d parame ers excep O an 1 were cons ra ne 
to J>e nonnegative, so the coefficient ~2 corresponds to upward curvature 
at the low end of the dose range, and. S2 corresponds to downward curvature 
at the higher doses. The linear coefficient a1 represents the excess risk 
per rad at low doses. Form F4 is a simplified 3e3~igij of a form suggested 
by experimental data and radiobiologic theory, 1 ' ' but has more 
parameters than can be used with the available human data. 27 · 

Radiobiologic considerations suggest the existence, generally, of 
upward curvature at low doses of radiation for carciuo2ene$iS dose-response 
functions, at least for low-LET radiation. 13,l2,lJ,J~,qJ, 44 ,JB Breast 
cancer may be a special case, however, as suggested by some animal studies9, 36 , 47 , 49 
and by the similarity in breast-cancer dose response between Hiroshima and 
Nagasaki bomb survivors. 26 Of more importance is the fact that the present 
analyses did not suggest the need for a quadratic term. None of the more 
complicated functional forms provided a significantly better fit to any 

*See Chapter IV for explanation of symbols. 
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of the data sets than the simple linear form F1• For the 
Japanese data, the constraint that all parameters be nonnegative 
reduced each form to F1 , whereas, in the case of the fluoroscopy 
series, there was a slight but nonsignificant suggestion of up
ward curvature (p = 0.36 for a 2 in F2). More substantial, but 
still nonsignificant, evidence of deviation from linearity was 
provided by the mastitis series, for which the dose response at 
high doses suggested a cell-killing component (p = 0.08 for s2 in 
F3). There was also a slight suggestion in the mastitis series 
of low-dose upward curvature (p = 0.18 for. a.2 in F 4) as an ad
justment to the linear form with cell-killing. 

Because of the large number of women in the mastitis series 
with unilateral irradiation, an analysis was also performed by 
dose to single breasts. The linear model with cell-killing gave 
a significantly better fit to these data than the simple linear 
model (p = 0.01 for s2 in F3); this suggested that cell-killing at 
high doses (400-1,400 rads) may be important. Interestingly, it 
is only the single-breast exposure data of the mastitis patients 
that strongly suggest a turndown at the high doses. For compara
ble and even larger doses (average breast dose, 1,215 rads), no 
turndown is apparent among Nova Scotia patients who received 
high-fracUonated exposures delivered over several years (Figure 
A-1). For completeness, it should be mentioned that other func
tional forms for the dose-response relationship in radiogenic 
breast cancer have been suggested12 and have been commented on. 4, 28 , 52 

The evidence of a radiation effect among Japanese women 
exposed to low doses does not depend on extrapolation between 
breast-cancer incidence rates at zero and high (lOo+ rads) doses. In 
both the 1950-1969 and the 1950-1974 series, trend tests based on the 
lower end of the dose range rejected the null hypothesis of no 

7 dose effect: P = 0.07 for 0-49 rads kerma in the 1950-1969 series 2 
and p • 0.06 for 0-49 rads breast-tissue dose in the 1950-1974 series. 55 
Also, linear-regression estimates of the increment in risk per rad 
based on truncated data did not decrease with decreasing maximal dose 
down to these levels. Thus, "the actual observations at low levels 
themselves contribute strongly to the evideg9e for a linearly in
creasing dose response at low dose levels." 

DOSE FRACTIONATION 

Dose-protraction effects could not be examined, because all 
the available studies had high dose rates. However, the effects 
of dose fractionation could be examined, at least indirectly, 
by comparing the risk estimates derived from the two multiple
fluoroscopy series, in which doses were highly fractionated and 
single doses were small (mean, 1.5 rads in the Massachusetts 
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series and about 7.5 rads in the Nova Scotia series), with the other 
series of western women, which had little dose fractionation. 
In the published reports, which used a fixed minimal latent period 
of 10 yr, the absolute risk

6
values in the high-fractionated irradia

tion·series were 6.2 per 10 WY-rad (6.2 excess breast cancers per 
millio9 woman per year

6
per rad) in the Massachusetts fluofgscopy 

series and 8.4 per 10 WY-rad in the Nova Scotia series. 
For comparison, the two radiotherapy series of patients treated 
for benign disease involved little fractionation of total dose 
(one to 10 exposures within a few days or weeks in the Rochester 
series), and the absolute risk values were g~3 per 106 WY~rad 
in the Rocgester postpartum mastitis series and approximately 
6.8 per 10 WY-rad in the Swedis~ radiotherapy study (calculations 
based on Table 2 of Baral~ al. ). Thus, the risk estimates were 
approximately 6-8.5 per 10 WY-rad in both the fractionated-
and unfractionated-exposure series. The fact that multiple low
dose exposures did not produce fewer cancers per unit dose than 

_a single exposure suggests that radiation damage is cumulative 
and that highly fractionated x radiation is approximately as 
effective in inducing breast cancer as tmfractionated radiation. 

AGE AT EXPOSURE AND OTHER HOST FACTORS 

Case reports of breast cancers in young women with histories 
of therapeutic high-dose radiation of the chest area during infancy 
have been treated by their authors as examples of radiogenic cancer, 
because of the high doses of radi,Oi~~ involved and because breast 
cancer is so rare in young women. ' Substantial evidence 
from controlled studies of increased breast-cancer risk in women exposed 
to ionizing radiation before the age of 10 is lacking. Only one 
(nonexposed) breast cancer was found in the 1950-1~~9 LSS series 
among women 0-9 yr old at the time of the bombing. Five cancers 
in the same age group were found in the 1950-1974 series, including 
one with a breast-~;ssue dose of 57 rads and four with doses of 
les~ than 20 rads. · However, this cohort is only now reaching 
the ages at which the radiation-related excess in the cohort 
who were 10-19 yr old at the time of the bombing became apparent. 
Another 5-10 yr of followup should detennine the extent to which 
radiation exposure has affected breast-cancer incidence in the· 
youngest cohort. 

For women first exposed between the ages of 10 and 39, the 
data from the 1950-1974 LSS, Massachusetts fluoroscopy, and New 
York mastitis series all suggest a substantial radiation risk. 
Although the mas ti tis· data for women exposed at ages under 20 
and the fluoroscopy data for women first exposed at ages 30-39 
are weak, contrasts of women exposed at 100+- rads versus women 
with zero rads 9 re mutually supportive for first-exposure ages 
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of 10-19, 20-29, and 30-39. The relative risks for exposure 
ages 40-44 in the mastitis series and ages 40-49 in the 
fluoroscopy series are high, but they are based on very small 
numbers, and neither series co%t~~ns information about risk 
from exposures at higher ages. ' The numerically strong 
LSS data are contradictory, in that there is a high-dose 
excess, based on small numbers, among women 50 or older at 
the time of the bombing, but a deficit in the 40-49 cohort. 33 , 55 

The deficit could conceivably be due to the effects of radiation 
on the ovaries at ages associated with marked changes in ovarian 
function. On the one hand, women treated with x radiation for 
metropathia haemorrhagica at Scottish radiotherapy centers between 
1940 and 1960, who were mostly in their 40s when irradiated 
and whose ovaries received fairly high radiation doses, later 
had less than half the b5iast-cancer mortality expected accord-
ing to population rates. On the other hand, no such reduction 
in breast-cancer incidence was found among a somewhat older groufl 
of women in whom artifical menopause was induced by x radiation. 
At any rate, the findings with respect to the LSS series women 
exposed between the ages of 40 and 49 considerably complicate 
the problem of risk estimation for women with breast-tissue 
exposure at these ages. 

Hormonal and other host factors appear to modify the 
carcinogenic effects of radiation on mammary tissue in rats. 
Postpubertal irradiation is apparently more effective than 
prepubertal irra_diation of Sprague-Dawley rats, whereas no 
differences were observed in adult animals of the same age that 
were iither virgin or lactating at the time of exposure to x 
rays. Oophorectomy before or soon after x-ray exposure 
reduced t~e incidence of breast cancer, whereas chronic 
diethylstilbestrol (DES) treatment of irradiated AxC rats 
(but not Sprague-Dawley rats) caused a significant increase 
in breast-neoplasm ifgifin§I over that of rats treated with 
x rays or DES alone. ' ' Other experiments have shown~ 
synergism between ionizing radiation and pituitary factors 61 

and additional ~nteraction!
4
b15ween radiation and hormones 

in mammary carcinogenesis. ' 

There is suggestive evidence from human studies that breast 
tissue may be more sensitive to radiation carcinogenesis if 
irradiation occurs a8 j~es of breast proliferation, as at menarche 
or during pregnancy. ' 

There is little information on the role played by different 
cell types of breast cancer, which have different age distributions 
and which could conceivably vary in their relationship to prior 
radiation. In the atomic-bomb-survivors, all histologic types of 
infiltrating breast carcinoma appear to be involved in the excess 
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attributable to radiation (D. H. McGregor, personal communication). 
But Tokunaga et al. found a statistically nonsignificant suggestion of 
an increase inthe proportion of medullary tubular cancers and a corres
ponding decrease in the g§oportion of papillotubular cancers among the 
more heavily irradiated. 

LATENT PERIOD 

The elapsed time between radiation exposure and the diagnosis of a 
breast cancer caused by that exposure appears not to depend on dose, but 
it does depend strongly on age at exposure. This follows from comparisons 
of the temporal distributions of date of diagnosis for breast cance2~ 
among high-dose and low-dose atomic-bomb survivors of the sam2 ages , 3o 
and similar comparisons based on the two main medical series. 6 After 
a probable minimal latent period, the age distribution of radiation-induced 
breast cancer appears to be identical with that of other breast cancers. 
There is probably a built-in bias toward overestimating the minimal 
latent period, in that breast-cancer incidence normally increases with 
age and the evidence of increased risk in women exposed at ages over 40 
is either nonexistent (e.g., in the LSS cohort who were 40-49 at the 
time of bombing) or based on small numbers (the oldest LSS cohort and 
the women over 40 at first medical exposure). The two LSS series suggest 
an excess risk within 5-9 yr after exposure, and, although the two medical 
series do not, they are based on relatively young samples. In view of 
these results and the suggestions of possible upward bias, it seems 
reasonable to assume a minimal latent period of 5 yr for women 25 yr old 
or older at exposure. But it appears that a further period may be required 
before there is substantial expression of the excess risk. 

The existence or nonexistence of a maximal latent period (and there
fore a risk "plateau") cannot be determined from the available data--except 
that, if one exists, it must be greater than 30 yr. 

RELATIVE- VERSUS ABSOLUTE-RISK MODELS 

Breast-cancer risk depends on age. For women with histories of 
radiation exposure, the risk may also depend on the age at which the 
exposure occurred. Available data are far too sparse to permit reliance 
on risk estimates calculated separately for specific ages at exposure 
and at the time of observation. It is therefore necessary to assume 
that a woman's excess risk at one age has a simple relationship to her 
risk at another ,age, provided that she received a given radiation dose 
at a given age. An absolute-risk model implies that the risk of breast 
cancer at a given age is the sum of the natural risk at that age plus a 
dose-dependent increment that may be related to age at exposure but not 
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to age at the time of observation. The difference between 
the risk for exposed women and the risk for othe.rwise similar 
nonexposed women remains constant over time. A relative-risk 
model expresses risk at a given age as the product of age-specific 
natural risk and a factor that depends on dose and age at exposure. 
If incidence.data based on a relatively short followup of women 
irradiated at early ages are used to estimate lifetime risk of 
breast cancer, and if the natural incidence of breast cancer 
increases with age throughout a woman's lifetime, then lifetime
risk estimates based on relative-risk models will tend to be 
greater than estimates based on similar absolute-risk models. 
The correctness of either approach depends, of course, on the 
degree to which it represents the action of the unknown car
cinogenic mechanism. 

Breast-cancer rates observed in high-dose (lOo+ rads) women 
in the three series and in their appropriate low-dose comparison 
group were canpared by age at the time of o~gervation or years 
of followup for different ages at exposure. Rate ratios appeared 
to be at least as stable over time as the rate differences; this 
suggests that lifetime-rJsk estimates based on the relative-risk 
versions of ~ach of the dose-response models should be considered, 
as well as estimates based on the absolute-risk versions. 

AGE-SPECIFIC RISK ESTIMATES 

Linear-model (F1) absolute- and relative-risk estimates ~re 
calculated for each series and each age at exposure represented 
in Table A-2, and they are shown in Table A-3. The estimates are for 
risk after 10 yr for women 20 or older at first exposure, and 
after 15 and 20 yr for women 15-19 and 10-14 yr old at first ex
posure, respectively. 

It is remarkable that the absolute-risk estimates for 
women exposed at ages 10-19, 20-29, and 30-39 are so similar 
among the three studies. It appears that younger Japanese 
women may be as sensitive to radiation as western women, with 
respect to absolute risk of radiogenic breast cancer.· As for 
relative risk, the effect on Japanese women is, of course, 
greater, given approximately the same absolute risk as western 

women and a much lower natural breast-cancer risk. 

The risk estimates for ages 10-39 at exposure also indicate 
approximate equivalence of effect per rad between the fluoroscopy 
exposures delivered in small doses over extended periods and the 
concentrated exposures of the atomic-bomb survivors and the 
mastitis patients. Experimental results consistent nth this 
interpretation were obtained by Shellabarger et al., who 
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TABLE A-3 

Linear-Model Risk Estimates for Breast Cancer, by Series and Age at First Exposurea 

No. Breast-
Cancer ca·ses 
Among Exposed Estimated Estimated Increase 

Age at First Women with Absolute Risk/ in Relative Risw 
Series Exposure, yr 1 Radb per Rad+ so0 per Rad,%± SD 

Atomic-bomb e 10-19 40 9.0 + 2.2 3.0 + 0.98 
survivors55 20-29 36 2.9 + 0.88 0.92 + 0.31 

30-39 28 4.9 + 2.5 1.5 + 0.85 
40-49 15 -1.0 + 0.45 -0.30 + 0.14 
so+ 15 3.3 + 2.2 0.97 + 0.68 

New York ~stitis 15-19 2f 27.9 + 19.8f not obtainable 
patients 20-29 18 6.3 + 2.0 0.43 + 0.18 

30-39 
l~f 9.4 + 3.4, 0.35+0.16f 

40-44 52.1 + 21.0 1.57 + 1.21 

Massachusetts 10-19 13 8.9 + 3.1 0.84 + 0.45 
tuberculosis 20-29 18 3.8 ± 2. 1 f 0.23+0.lo/ 
fluoroscg~y 30-39 4f,g 6. 9 ± 4. 5 f 2.3 +3.lf 
patients 40-49 1 f,h 6.4 + 15.6 0.54 + 1. 7 

a Reprinted with permission from Land et a1. 26 

b Excluding the first 10, 15, and 20 yr of followup for women aged 2o+, 
15-19, and 10-14 yr at exposure, respectively. 

0 Excess cases per 106 women per rad per year of life after 10 yr after exposure 
or age 30, whichever is later. 

dExcess risk per rad, as a percentage of age-specific natural breast-cancer risk. 

eonly women with 1 rad or more to breast tissue are included. 

!Estimate based on small numbers; normal theory inference based on the estimate 
and its standard deviation may be misleading. 

g4.8 breast
3
zancers would have been expected if Connecticut Tumor Registry rates 

applied. 

h 1. 6 breast <;ancers would have been expected if Connecticut Tumor Registry rates 
applied. 34 
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found that fractionation and protraction, as opposed to a single 
dose of 500 rads of whole-body x rays, did not change the overall 
incidence of mammary tumors in rats. These results suggest that 
the cumulative effect of many low-dose exposures is equivalent to 
that of a single, high-dose exposure and that low-dose exposures 
thus have a carcinogenic effect. They also suggest that the 
dose-response function is linear; otherwise, the breast-cancer 
effect of, for example, a single 200-rad exposure would be 
different from that of 100 separate 1-rad exposures. The 
experimental data indicate a possibly greater effect of 
fractionated dose, in that the proportion of adenocarcinomas, 
as opposed to fibroadenomas, increased with increasing fractionation 
and protraction. However, this result is difficult to interpret, 
because of competing mortality in the groups with fewer frac-
tions and because of the presence of fibroadenomas. 19 

The strongly negative risk coefficients for the LSS cohort 
40-49 yr old at the time of bombing underline the complete absence 
of a dose-response relationship in this group. The positive co
efficients (p = 0.059 for absolute risk) for the cohort 50+- yr old 
confuse the situation further. The extremely high coefficients for 
the New York mastitis patients 40-44 yr old at treatment are based 
on·only four breast cancers and therefore do not strongly suggest 
that the breast tissues of older women in this series were more 
sensitive to radiation than those of younger women. They do, however, 
suggest that sensitivity to radiogenic breast cancer did not markedly 
decrease in the mastitis patients with increasing age at exposure. 
Unless some unknown artifact (such as radiation effects on ovarian 
function) is the reason for the lack of a response in the LSS cohort 
40-49 yr old at the time of bombing (and the strongly negative risk 
coefficient suggests the existence of such an artifact), it may be 
that the Japanese and American populations covered by these studies 
differ in their breast-cancer response to radiation received after 
the age of 40. However, the hormonal state of the breast in postpartum 
women may mask age-specific variations in radiation sensitivity that 
would otherwise apply. Estrogen-replacement therapy for postmenopausal 
women is another unknown factor that might affect risk assessment of 
radiogenic breast cancer for U.S. women exposed after the age of 40. 

The Swedish radiation-therapy study reported a decreasing excess 
risk per rad, compared with population rates, with increasing age 
at treatment. Dose was highly correlated with age at treatment, 
however, and average doses were very high (285, 437, 667, 886, and 
995 rads for women treated at ages 10-19, 20-29, 30-39, 40-49, and 
50+-, respectively). It -is not possible to tell whether the variation 
in risk per rad by age at treatment was due to differences in sensitivity, 
to a high-dose cell-killing effect like that suggested by the analysis 
of the single-breast mastitis data, or even to age-related variations 
in the diseases treated. 
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The relatively small numbers in each of the two American 
series and the apparent Japanese-American differences with respect 
to naturally occurring and, possibly, radiogenic breast cancer suggest 
that risk estimates for American women should be based on pooled 
data from the two American series. Aside from the LSS cohort 
40~49 yr old at the time of bombing, the only age difference 
suggested by the coefficients in Table A-3 is a greater radiation 
sensitivity for breast tissue of women exposed between the ages of 
10 and 19. This suggests basing estimates for older women on the 
pooled American data for ages 2o+ and higher •. The analysis of 
single-breast data from the New York mastitis series suggests 
that a dose-response model incorporating cell-killing at high 
doses (F3 ) should be used, as well as a linear model (F1). 
Estimates of risk appropriate for low-dose exposures of normal 
breast tissue of American women are presented in Table A-4. As 
expected, the estimates differ greatly between the two age groups, 
but the effect of adding to the model a parameter for cell-killing 
at high doses, so that the estimated risks at low doses are less 
affected by downturn in risk at high doses, is confined to 
the younger group (p < 0.001 for ~2 in the 10-19 group, but 
p = 0.39 for women over 20 at exposure). The absolute-risk esti
mates for the older group are not greatly different from the pre
vious 1972 BEIR estimate of six exi5ss cases per year per 106 women, 
after a fixed 10-yr latent period. 

Life-table estimates of lifetime risk of radiogenic breast 
cancer due to a single 1-rad exposure are given in Table A-5 for 
different ages at exposure. The abs.olute-risk model estimates 
decrease with age at exposure, reflecting the decreasing expected 
number of years of life after exposure. The relative-risk model 
estimates decrease more slowly with age at first exposure, re
flecting the increasing average natural breast-cancer risk per 
year over these remaining years. 

The estimates in Table A-5 are considered to be the best estimates 
of risk, given the assumptions with respect to dose-response functions, 
absolute- or relative-risk model, and specificity for age at exposure 
in obtaining the corresponding risk coefficients in Table A-4. 
Perhaps the greatest uncertainty pertains to postmenopausal exposures. 
The decision to assume a uniform risk for all exposures after age 20 
was made in the absence of data pertaining to U.S. women exposed 
after age 50 and with only equivocal data from the LSS sample and 
the Swedish .radiotherapy series. It is unlikely that the true risks 
are greater than twice those given in the last column of Table A-5. 
They could be as low as one-third of the risks corresponding to the 
linear absolute-risk model, and could conceivably be zero at 1 rad if 
the models used for Tables A-4 and A-5 are not applicable at very low 
doses. 
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TABLE A-4 

Estimated Risk of Radiogenic Breast Cancer among American Womena 

Dose-Response Model 

Linear with cell
killing: risk = 
{<lo+ a.1D)e-S2D2 

Age at Exposure, yr 

10-19 
2o+ 

10-19 
2o+ 

Risk Estimates 
Absolute Risk per 
Rad (e!cess cancers Increase in 
per 10 WY per rad) Relative Risk 
:l: SD per Rad,% ;t SD 

10.4 + 3.8 1.03 + 0.64 
6.6 + 1.9 0.42 + 0.15 

22.4 + 5.3 2.7 + 1.30 
8.7 + 3.6 0.57 + 0.29 

a Reprinted with permission from Boie~ et al. 5 Est~ates canputed by 
pooling data from the Massachusetts ~ndNew York series after 
adjusting for study and age. The estimates are for risk after a minimal 
latent period of 10 yr for women aged 20 or over at first exposure 

and a correspondingly longer latent perioa for younger women (20 and 15 yr 

for women aged 10-14 and 15-19 at irradiation, respectively). 
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TABLE A-5 

Life-Table Estimates of Lifetime Risk of Breast Cancer 
Induced by a Single Exposure Resulting in a 

Breast Dose of 1 Rad, by Age at Exposure 

Estimated Lifett°1e Risk of Radiogenic Breast 
Cancer per 10 Womena 

Expected No. 
Breast Cancers 
Incident in Linear Dose Response 

Age at Year 0 6 Exposure 
Linear Dose Responseb 

With Cell-Killing at 
Exposure, yr per 10 Women High Doses 0 

Absolute-Risk Relative-Risk Absolute-Risk 
Model Model Model 

35 524 234 312 307 

40 1,036 202 288 266 

45 1,590 172 257 226 

50 1,713 143 226 187 

55 1,911 115 191 151 

60 2,251 88 154 116 

65 2,324 64 117 84 

70 2,566 42 79 55 

a Data from Boice et al. 5 

b An absolute risk of 6.6 cancers per 106 WY per rad and a 0.42% increase in 
relative risk per rad were used in the computation. 

0 An absolute risk of 8.7 cancers per 106 WY per rad and a 0.57% increase in 
relative risk pe~ rad were used in the computation. 

Relative-Risk 
Model 

425 

391 

350. 

307 

259 

208 

158 

108 
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THYROID 

Since the 1972 BEIR report, 35 there has been a considerable re
surgence--of interest in radiation-induced thyroid disease. Several 
large populations, many of which were exposed during childhood, have 
come to light in this interval, ~qd

4
this has resulted in a rash of 

new and updated r~ports.s, 3o, 3q,Jb, 6 Indeed, radiation-induced 
thyroid disease has been desc·ribed as "endemic" in some populations. 9 
In the United States especially, a number of large populations have 
had medical head and neck irradiation during childhood for a variety 
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of indications. Unfortunately, the long period between the irradiation 
and the recognition of induced abnormalities has resulted in a lack of 
availability of detailed records. Where records are available, specific 
populations have been studied in d9tfil--e.g., at the Michael Reese 
Hospital in Chicago, Illinois. 15 , 1 ' 6 Because of the magnitude 
of the problem, the National Cancer Institute has broadly disseminated 
information to physicians to inform them of the problem and to help 
identify people who were irradiated.so There is a continuing program 
to reach members of the public at large and alert them to potential 
dangers if they were irradiated. Despite the availability of a consider
able amount of additional information on irradiated populations, the 
overall absolute-risk estimate for induction of malignant neoplasia 
previously reported in BEIR I, 1.6-9.3 cases per 10 person-years (PY) 
per rad, does not seem to have changed appreciably. But the additional 
information does appear to have increased the understanding of and im
proved information on modifying factors and on the kinds of thyroid 
disease induced. 

EXPERIMENTAL INDUCTION OF THYROID NEOPLASIA WITH RADIATION 

Numerous experiments have been performed, primarily in rats to. 
4 demonstrate the induction of thyroid neoplasia with radiation. 4 ,1 3, 14, 16 , 7 

The adult rat thyroid, weighing only 15 mg, requires doses higher than 
1,000 rads of external low-LET radiation or administration of 40 µCi 
(about 8,000-10,000 rads) of iodinf-131 to induce measurable increases 
in thyroid carcinoma consistently. 3 Doniach has reported a very 
significant increase in incidence of both thyroid adenorna and carcinoma 
after administration of goitrogens that secondarily increase thyroid
stimulating hormone (TSH) w~th or without radiation. 13 Only one carcinoma 
was observed with 500 rads of external radiation in 17 thyroid-irradiated 
animals, whereas the same dose in 10 animals receiving goitrogens produced 
an excess of five follicular carcinomas over the control, goitrogen-only 
animals. 13 Other causes of increased TSH, such as ioding deficiency, 
have also increased the incidence of thyroid neoplasia. 1 "It is 
thought that the subsequent development of benign and malignant tumors 
results from summation of the TSH-induced h1~erplasia with neoplastic 
transformation initiated by the radiation." Conversely, administration 
of thyroid hormone with suppression of TSH decreases the incidence of 
tumors. 16 

Interestingly, the histology of radiation-induced carcinomas in 
animals is essentially of the papillary and follicular type, with 
apparent suppression of carcinoma of the alveolar type. 10 This finding 
is similar to observations in irradiated humans, in whom the carcinomas 
are of the papillary and follicular type, with no anaplastic carcinomas, 
which usually constitute 15% of thyroid cancers. Indeed, in the population 
of Japanese atomic-bomb survivors reported by Parker~ al., there were 
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no cases ~6 anaplastic carcinoma, although several would have been 
expected. Thus, the highly malignant anaplastic carcinoma that is 
responsible for most deaths from thyroid cancer appears to be unaffected 
by radiation, which results primarily in an increased incidence of cancer, 
rather than of mortality. 

KINDS OF POPULATIONS IRRADIATED 

The bulk of reports of radiation-induced thyroid disease have 
resulted from the use of a variety of therapeutic medical procedures. 
Such procedures were used beginning about 1925 and extending to about 
1955, with peak use probably in the 1930s. The tadfa3~oi

8
therapeutic 

procedures included scalp2}rradiation for ringworm, ' ' c~1st irradia
tion for enlarged thymus, chest irradiation for pertussis, head and 
neck irradiation for v1rious lymph node abnormalities (such as enl2fged 
tonsils and adenoids), skin irradiation for acne and hemangiomas, 
and the use of 

12
adioiodine (principally iodine-131) for ablation of the 

thyroid gland. The large population of Japanese atomic-bomb survivors 
in the cities of Hiroshima and Nagasaki has now been followed for 30 yr, 
and additional data on the development of thyroid tumors hgv

17
been reported, 

so the previously available information has been refined. 3 ' A smaller 
group of Marshallese acciden5aily exposed to nuclear fallout have also 
been studied in more detail. ' Low-level radiation from fallout 41 
iodine-131 has been studied in groups of western U.S. schoolchildren. 

TYPES OF IRRADIATION IMPLICATED IN THE INDUCTION OF THYROID DISEASE 

Recent evidence has continued to implicate external photon 
irradiation of the thyroid gland as the prime cause of radiation
induced thyroid neoplasia. In addition, more information has been 
.obtained since 1972 on the effect on the thyroid gland of internally 
administered particulate radiation, primarily in the form of beta 
particles from iodine-131. Detailed studies of large populations 
treated therapeutically with radioiodine have been reported with 
no evidence of resulting radiation-induced neoplasia; however, a 
ve·ry significant incidence of other radiation-induc1~ §8yroid 
disease, such as hypothyroidism, has been reported. ' External 
photon radiation·, per unit of radiation dose, primarily in the 
form of x rays, has been found to be considerably m~0e efficient 
than internal beta radiation in inducing neoplasia. Some reports 
have estimated that the ability of external photon radiation to 
induce thyroid neoplasia is some 10-80 t;~es that of internally 
administered ·particulate beta radiation. These estimates were 
derived mainly from animal experiments, very little information 
being available on human populations. 
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Microdosimetry must be taken into account, as well as macro
dosimetry, in assessing the effects of ionizing radiation and may 
in great part explain differences in the effectiveness of radiation 
quality. Microdosimetry studies of the thyroid reported by Anspaugh, 
assuming average-sized follicles 300 µmin diameter (most of which 
represented "inert" colloid), suggested that the iodine-131 particulate 
radiation dose to the thyroid may be homogeneous over long periods, 
but there probably are dose inhomogeneities over short periods, 
especially in a thyroid that is not normal. 2 Inhomogeneities could 
lead to intensive irradiation of individual follicles that are 
functioning, but spare nonfunctioning follicles. This would approach 
an all-or-none effect and result in a microdosimetric inhomogeneous 
dose distribution. Such inhomogeneities could also partially explain 
the greater biologic effective8ess of iodine-125, which is much 
longer-lived than iodine-131. 1 In contrast, external photon 
irradiation does not depend on thyroid function for its effect and 
results in a more homogeneous distribution of dose. 

THYROID RADIATION DOSES 

The induction of thyroid disease by radiation has been studied 
over a wide range of radiation doses. Therapeutic external radiation 
has ranged in most series from approximately 100 to 1,500 rads. Larger 
doses are likely to ablate the thyroid. Radiation doses as 
low as 6.5 rads to the thyroid may have induced thyroid neoplasia. 34, 48 

Radiation doses in populations irradiated therapeutically with beta 
particles from internally administered radionuclides are considerably 
higher, usually above 10,000 rads. 

EFFECTS OTHER THAN NEOPLASIA 

With respect to radiation-induced thyroid disease, the greatest 
attention has been focused on thyroid neoplasia. But other important 
thyroid diseases, including acute thyroiditis and hypothyroidism, 
are associated with the use of higher doses of ionizing radiation 
than those associated with neoplasia. 

The highest absorbed radiation doses are associated with the 
development of acute thyroiditis at threshold doses over 20,000 
rads, which are possible only with internally administered beta 
radiation from radionuclides, such as iodine-131. 30 

Primary hypothyroidism has been observed after external 
irradiation at about 2,000 rads. The thyroid is thus ablated and 
probably has less potential for neoplastic degeneration. Internally 
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administered beta-radiation doses perhaps as low as 5,000 rads in 
routine clinical use of iodine-131 have been associated with the 
development of hypothyroidism. 30 According to recent evidence, 
hypothyroidism occurs with a two-phase res~3nse after radioiodine 
treatment of patients for hyperthyroidism. Thus, there appears 
to be, as a second phase, an inherent incidence of hypothyroidism 
associated with the prior hyperthyroidism, and for approximately 
the first 2 yr after treatment with radioiodine the induction of 
hypothyroidism is proportional to the amount of irradiation. Thus, 
both external photon and internal particulate radiation can induce 
hypothyroidism, but with thre~3olds of approximately 2,000 rads 
and 5,000 rads, respectively. 

CLASSIFICATION OF THYROID NEOPLASIA 

Universally accepted criteria for definition of various types 
of thyroid neoplasia have ~een developed and promulgated by the 
World Health Organization. This classification divides thyroid 
cancer into follicular, papillary, squamous-cell, undifferentiated 
(anaplastic), and medullary types. 8 A clinical subcategory of 
mixed papillary-follicular cancer has been included in the category 
of papillary carcinoma. It must be recognized that there is not 
universal agreement among experts on the cell type of some thyroid 
neoplasms in studies thus far reported. Recent well-documented 
studies of radiation-induced thyroid cancers have indicated that 
only the papillary and follicular types appear to be related to 
radiation induction, with perhaps sli~h!!Y more than the usual 
preponderance of the papillary type. 2 ' Furthermore, the 
radiation-induced papillary tumors that have been observed may 
have somewhat liss malignant potential than those arising 
spontaneously. 4 Papillary carcinoma accounts for approximately 
80% of all spontaneoljs, thyroid cancers, but about 89% of radiation
induced cancers. 22, 40 The mortality from well-managed spontaneous 
papillary carcinoma is now less than 5% and ap~1ars to be the same 
with papillary carcinoma induced by radiation. 

Besides more uniform terminology~ there is increased recognition 
of the entity of "minimal or occult microscopic thyroid cancer," 
defined as a tumor of 1 cm or less in diameter. It is thought that 
such a lesion has essigtially no malignant potential and should not 
be considered cancer. This lesion has been recognized in the 
Japanese population at necropsy

4
~n up to 28% of patients and in 

the United States in up to 15%. Furthermore, there is minimal 
or no evidence that.this lesion is induced by radiation. In any 
series of reports of radiation-tnduced thyroid carcinoma, it is 
imperative that the occult carcinoma not be lumped with clinical 
disease as being radiation-induced. Because some series reporting 
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radiation-associated thyroid carcinoma include some cases of occult 
carcfrioma, incidence figures for clinically significant cancers may 
not be correct. It is critical that thyroid pathology sections 
from patients reported to have thyroid carcinoma associa'ted with 
radiation in these series be reviewed by panels of experts to 
esta~lish the true incidence. 

' ,' 

There is no evidence that benign thyroid neoplasia has malignant 
potential. ·Rather, the processes appear to be independent, parallel 
phenonana. No instance has been reported of progress of a benign 
nod'ule to malignancy in the thyroid, despite many years of widespread 
needle biopsy of such benign lesions. Howev~r, there is ample clinical 
eviden~e in some instances that papillary or fgllicular carcinoma may 
advance to anundifferentiated thyroid cancer. 

I . • l 

THERAPEUTIC RADIATION EXPOSURES 

University of Rochester Followup of 
Population with Thymus Irradiation during Infancy24- 28 , 38- 40 

This study compares 2,872 people who were irradiated during the 
first year of life for presumed·enlargement of the thymus gland wit~ 
5,055 untreated siblings; ther~ have been four mail surveys over th~ 
last 29 yr. A subgroup (Group C) of the population, 261 persons, 
h~s been identified as having received higher radiation doses 
and is thought to be at greater risk than the rest of the subjects. 
This subgroup has also been followed longer (i.e., it is an older 
population)~ and it has a high proportion of Jewish subjects. Al
though it is small, it has contributed 13 of the 24 cancers found. 
Furthermore~ 11 of the 24 cases of thyroid cancer have developed in 
th.~ 8% of the population that is Jewish. 

The overall ratio of observed-to-expected cases of thyroid 
\:!ancer was 24:0.29, indicating a relative risk of nearly 100. 
For Group ·c, the relative risk was over 300. Thyroid neoplasms 
diagnosed a~ ~urgery have not shown an increase in incidence ·over 
the p~riod of followup, which now exceeds 35 yr. 

,•> l 

A plot of the incidence of thyroid carcinomas against absorbed 
dpse sugge,'s,ts a linear propor~ionality, but it may be curvilinear, 
with slopeEj gt 3 cases per 10 PY per rad for the entire group and 4.8 
cases per 10 PY per rad for Group C. Benign neoplasia incidence 
is approximately 3 times higher. Hempelmann raised some questions 
is to ~trict dep7ndence on ~ose me~surements, ~ecause of ;ge un
cE:rtainty of positiqn of the thyroid in the primary beam. 
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Sex is seen to be an additional risk factor, females having 
i.3 times the incidence of males. The combination of being female 
and having a Jewish ethnic background results in a 17-fold increase 
over the rest of the study population. There appears to be no re
lation of longer latent period with lower doses. 

University of Chicago Head and Neck Irradiation Sample9, 43 

Of 100 patients with a history of head and neck irradiation at 
about 4.5 yr of age, 26 were found to have nodular thyroid disease, 
with seven cancers found at operation; i.e., there was a 7% prevalence. 
Both the base population and the occurrence of abnonnali ties .were 
evenly divided between sexes. Five cancers were basically papillary, 
and two follicular. No occult carcinomas were reported, but one 
cancer was found incidentally in the opposite lobe from that of the 
benign lesion for which the operation was performed. Radiation dose 
ranged from 180 to 1,500 rads, with an estimated average of 750 rads. 
Peak incidence, as judged from discovery and surgery,, was at about 24. 5 
yr of age. Cancer pati·ents appeared to be in tge higher-dose groups·. An 
absolute risk of approximately 4 cancers per 10 PY per rad can be 
estimated from these data. 

Michael Reese Hospital Head and Neck Irradiation Sample3, 15 , 17- 19 , 46 

Of a population of 5,226 known to have received radiation to 
the head, neck, or chest during infancy, childhood, or adolescence 
( about 90% less than 10 yr of age), 49% were contacted and 28% 
(1,476) were examined. A nearly constant 55:45 male-to-female ratio 
was present throughout the group contacted and the group examined. 
About 80% of the total population received 750 rads. Character
istics of age, radiation dose, and year of first therapy were 
similar between the contacted-only and a demographically selected 
sample of the examined groups, suggesting that the examined group 
was nearly representative of the overall irradiated population. 
Of the followup group of 2,189 subjects actually contacted on whom 
adequate data could be obtained 32.6% have been found to have 
nodular thyroid disease. Approximately one-third of those with 
nodular disease have been found to have cancer--an 11. 7% prevalence. 
The benign nodular disease has a prevalence of 20.9%, 2 or about 
double that of cancer. An absolute risk of 5 cancers per 106 
PY per rad and a lower limit of 2.1 cancers are estimated, assuming 
a linear dose response. A minimal latency of 10 yr after irradiation 
was observed, 16h an apparent peak incidence of about 19 yr Jor 
thyroid cancer. A slight but significant inverse relations,hip 
was seen between age at treatment and latency, i.e., shorter latent 
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periods in older persons. About 91% of the lesions were papillary. 
Some 35% were less than 5 mm in diameter and were found incidentally 
at surgery; another 47% were 6-15 mm in diameter. Thuf~ a total of 
perhaps 82% were within the occult-carcinoma category. Although 
it was not reported, it is interesting that this population was pre
dominantly of Jewish origin. 

Scalp Irradiation for Tinea Capitis in Israe132- 34, 52 

A total of 10,902 Jewish children immigrating into Israel 
were studied after having received scalp irradiation for ringworm 
in one of three medical facilities. An estimated thyroid dose of 
6-9 rads was received. All but 60 of the patients were successfully 
traced and matched against an equal number of nonirradiated controls 
with tinea capitis and a nonirradiated sibling group of half the 
size. A sixfold increase in malignant thyroid tumors was found 
in the irradiated group, compared with the controls. Nine of 
the 12 thyroid cancers in the irradiated group occurred in females, 
most of them of the papillary-cell type. Ten of the tumors occurred 
between 9 and 16 yr after therapy. In the most recent revised re
ports, two of the patients with cancer were found to have received 
more than one course of radiation. Thus, 10 of the patients who 
developed cancer had an estimated dose of ~~o~t 6-9 rads to the thyroid, 
and the other two received 12 and 18 rads. ' Only two cases of 
thyroid cancer would have been expected in this study, so the 
excess was 10 cases. On the basig of this revision, the absolute 
risk estimate is 6.3 cases per 10 PY per rad. Most of the cancers 
were papillary carcinoma, and there were no cases of anaplastic 
carcinoma. No data were given on the occurrence of occult carcinoma. 
Detailed dosimetry studies have been repeated by the authors and 
have confirmed the low radiation doses measured in phantoms that 
reproduced the circumstances of the scalp irradiation. However, 
as discussed by the authors, if a small amount of movement or mis
alignment occurred during exposure and the thyroid gland came into 
the primary therapy beam for only a few seconds, the thyr~;d radiation 
dose might have been considerably higher than calculated. The 
case-finding techniques in these investigations from the Israeli 
Tumor Registry did not permit the identification of benign thyroid 
tumors. 

Scalp Irradiation for Tinea Capitis in New York1, 23 , 48 

Shore, Albert, and Pasternak reported on the second survey 
of a population of 2,215 irr!§iated and 1,395 nonirradiated control 
subjects with tinea capitis. Scalp epilation was accomplished 
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with essentially -the same technique as in the Israeli population 
just discussed; the authors produced almost exactly the dosimetry 
estimates of 6-10 rads to the thyroid. The average age at irradia
tion was about 8 yr, and the average interval of followup was about 
20 yr after irradiation. No thyroid cancers were observed, although 
eight patients with benign adenomas werj

4
identified. The variance 

of this study from that of Madan et al. may be due to the much 
smaller size of the population. --

National Thyrotoxicosis Followup of Patients 
Treated with Surgery, Antithyroid Drugs, or Radioiodine11 , 12 

In a U.S. Public Health Service thyrotoxicosis followup, 21,714 
adult patients treated with radioiodine were matched against 11,732 
patients treated with surgery and 1,144 treated with antithyroid drugs; 
667 patients were operated on more than a year after one of the 
forms of therapy, and 27 thyroid cancers were found in the patients 
operated on. Sixteen of the cancers were in patients who had previously 
received iodine-131 for therapy. Thus, no clear-cut increase in the 
incidence of thyroid cancer due to radioiodine was found in this study, 
compared with the incidental malignant lesions found in patients with 
thyrotoxicosis who were treated primarily with surgical thyroidectomy. 

ACCIDENTAL RADIATION EXPOSURES 

Marshall Islands Population Exposed to Fallout5 , 6 

In March 1954, 64 inhabitants of Rongelap Island (105 nautical 
miles from detonation site), 28 Americans on a nearby island, 18 
Rongelap natives who happened to be on Ailingnae (also a nearby 
island), and 157 islanders on Uterik (about 200 miles farther east 
in the Marshall Islands) were accidentally exposed to "fresh" fall
out from a thermonuclear detonation. Thyroid radiation doses could 
only be approximated from urine collections for Rongelap people 
assayed for iodine-131, although the shorter-lived radioiodine 
isotopes to which the inhabitants must have been exposed during 
the early period after the explosion delivered 2-3 times the dose 
of iodine-131. The approximate adult thyroid dose was estimated 
at 220-450 rads, and that of a 4-yr-old child, 700-1,400 rads. 
Thyroid-function studies, even on control "normal" Marshallese, 
suggested unusual function, with excess iodinated organic products 
in serum--perhaps evidence• of underlying dyshormonogenesis. Within 
22 yr, 40 had developed thyroid nodules, and seven, thyroid cancer, all 
in the nodule of concern in clinical examination. The latent period 

- 359 -



varied between 11 and 22 yr. There is some evidence that glands• that 

received lower doses developed tumors la6er. An estimate of thyroid-

cancer absolute risk of 3.5 cases per 10 PY per rad is similar to 

that found in series of people who developed cancer as a result of 

therapeutic external photon radiation. The higher energy of the short

lived iodine-132, -133, and -135--resulting in higher dose rates and 

more uniform exposure than iodine-131--may explain the similarity of 

risks to those from external photon therapeutic radiation. All the 

t.umors occurred in females, and the data do not support significant 

differences i~ the risk of cancer between exposed children and exposed 

adults; the majority of the children (15 of 19) had most of their thyroid 

tissue remove4 surgically. Followup of the Americans has not been reported. 

36 37 49 53 
Atomic-Bomb Survivors ' ' ' 

By 1961, 16 yr after the de to nation of atomic weapons over 

Hiroshima and Nagasaki, an excess of thy§gid ne~pla~,s had developed. 
Parker~ al. published new data in 1973 and 1974 on the occurrence 

of thyroid cancer in the Japanese atomic-bomb survivors followed to 

1971, 26 yr after whole-body irradiation in 1945. In the approximately 

17,000 members of the Adult Health Study sample resident in or near 

Hiroshima or Nagasaki in the period 1958-1971, 40 clinically diagnosed 

and microscopically confirmed cases of thyroid cancer were found 
(28 in Hiroshima, 12 in Nagasaki). In autopsies performed in the 

same period, 34 clinically silent cases were discovered by routine 

procedures (27 in Hiroshima, seven in Nagasaki). The clinically 

evident and clinically silent cases differed markedly as to cell 
type, clinical cases being predominantly papillary (27 of 40), and 

autopsy cases being mainly papillary sclerosing (23 of 34)-
the usual cell type of occult papillary carcinoma. There were 11 

follicular cases among the 40 clinical cases, and seven among the 34 

autopsy cases. The clinically silent tumors were usually less than 1.5 

cm in diameter and appeared to be of little clinical significance. 

They did not include cases detected only in the special study of 

Sampson et al., in which serial sections were examined and the 

prevalence of occult thyroid ca4§inoma at autopsy among zero-dose 

survivors was estimated at 28%. 

The 34 autopsy cases cannot be used in incidence calculations 

and do not, by themselves, provide strong evidence of the carcino

genic effect of radiation on thyroid tissue; but for females only 

the excess was statistically significant at the 0.02 level. The 

40 clinical cases may perhaps be considered incidence c~ges--not 

for the period 1958-1971, as reported by Parker et al., but for 

the period 1950-1971, because the Adult Health Studysample was 

defined by schedules filled out at the time of the 1950 census. 

Nine of the 40 cases were reported to have had their onset before 
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i958, but most subjects were not examined at the Atomic Bomb Casualty 
Commission before 1958, when the first cycle of examinations,in the 
Adult Heal th Study began. Multiplication of the exposure-years 
reported by Parker et al. for 1958-1971 by the factor 21/13 provides 
an approximate adjustment consistent with the view that the 40 cases 
are best regarded as incidence cases for 1950-1971. 

Although examinations during the first two cycles (1958-1962) 
of the Adult Health

4
ijtudy included a strong emphasis on the detection 

of thyroid disease, only about half (70 of 131) of the recommended 
surgical biopsies were taken, and the succeeding 2-yr cycles were 
characterized by less zealous case-finding. The report of cases 
by Parker et al. underestimated the true risk of thyroid cancer in the 
atomic-bombs~vivors. 

The clinical series, with person-years counted from 1i5o, 
is summarized in Table A-6 in terms of excess cases per 10 PY 
per rad of tissue dose, derived from the contrast between 
those with essentially zero dose and those exposed to So+ rads 
kerma. For both cities combined, the estimate is 1.89, and the 
rates of 2. 2 for Hiroshima and 1. 5 for Nagasaki do not differ 
significantly. Regression estimates, based on tumor-registry 
ascertainment in the much larger Life Span Study sample for 
1959-1970 and adjusted for age, are considerably lower: 1.3 
for each city when converted from kerma to tissue dose. Both 
coefficients are significant at th~ 0.01 level. 

In every dose group of the clinical sample, the incidence 
for females exceeds that for males, and the absolute-risk estimates 
are 2.4 for females and 0.9 for males. The baseline data for males 
are too few, however~ to determine whether the absolute risk is 
reliably different between the two sexes. Differences in suscepti
bility by age are also difficult to explore in the clinical sample, 
for the same reason: the baseline rate for those under age 20 in 
1945 is based on only two cases. Although, therefore, the

6
calcu

lated absolute-risk estimate of 2.85 excess cancers per 10 PY per 
rad to thyroid tissue of persons who were under age 20 in 1945 
exceeds that of 1.29 for those who were 20 or older, the sampling 
errors are so large that the difference is no more than suggestive 
of the greater susceptibility of thyroid tissue of younger people. 
In their original analysis, Parker et al. concluded that, among 
female subjects, the relative risk of thyroid cancer was significantly 
higher in persons who were under 20 in 1945. 

As reported by Parker et al., the year-of-onset distribution 
(5 before 1955, 12 during 1955-1959, 20 during 1960-1964, and 3 
during 1965-1971) suggests a peaking of inc!dence about 15 yr after 
the bombing, with a sharp subsidence thereafter. In view of the 
pattern characterizing the ascertainment effort, however, it would 
be unwise to conclude that incidence has declined in this fashion. 
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City 

Total 

Total 

Hiroshima 

Nagasaki 

TABLE A-6 

Estimation of Absolute Risk of Thyroid Cancer Attributable to 
Ionizing Radiation, Atomic-Bomb Survivors, Hiroshima and 

Nagasaki, 1950-1971a 

Rads (Kerma) 

Not in City, 
Sex Statistic <I 1-49 5o+ 

Total Person-years, thousands 162.7 65.3 83.7 
Cases observed 9 6 25 
Cases expected 9 3.61 4.63 
Tissue dose, rads0 .;.. 129 

Male Person-years, thousands 60.6 22.0 32.2 
Cases observed ~ 5 
Cases expected 3 1.17 
Tissue dose, rads0 129 

Female Person-years, thousands 102.1 43.3 51.5 
Cases observed 8 4 20 
Cases expected 8 3.39 4.04 
Tissue dose, rads0 129 

Total Person-years, thousands 115.1 57.3 50.2 
Cases observed 6 6 16 
Cases expectedd 6.36 3.17 2.78 
Tissue dose, rads0 119 

Total Person-years, thousands 47.6 8.0 33.5 
Cases observed 3 0 9 
Cases expectedd 2.63 0.44 1.85 
Tissue dose, rads0 145 

aModified from Parke6 et a1. 36 
rad of tissue dose, 5o+ rads. 

Absolute-
Risk 

Total 
Tissie 
Dose 

311. 7 
40 

1.89 

114.8 
8 
4.17 

0.92 

196. 9 
32 
15.4 

2.40 

222.6 
28 

2.21 

89.1 
12 

1.47 

bExcess cases per 10 persons per year ~gr 
°Kerma-to-tissue rad factors from Kerr. For the 5o+ rads (kerma) group, the gamma and 

neutron components are, respectively, 117 and 12 for both cities, 99 and 20 for Hiroshima, 

and 144 and 1 for Nagasaki. 
dBased on rate for not in city+ <l rad for both cities combined. 
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Children Potentially Exposed to Fallout Radioiodine 

Two groups of children--one group of 2,691 residing in a relatively 
high-fallout area of Utah and Nevada, and another group of 2,140 in a 
minimal-fallout area of Arizona during t~1i~

2infancy and early childhood-
were compared by Rallison and co-workers ' for evidence of thyroid disease. 
Benign neoplasms were observed in 6 exposed and IO nonexposed children. 
Two carcinomas were found, but only in the nonexposed children, 15-20 yr 
after the fallout period. The estimated radiation dose, primarily from 
iodine-131, was approximately 120 rads to the exposed group (C. Mays, 
personal communication). An average radiation dose of 18 rads quoted by 
the authors is misleading, in that it is based .on the sum of the exposed 
and nonexposed populations. Radiation doses may actually have been higher, 

· ranging from 30 to 240 rads (Mays, personal communication). · 

DISCUSSION OF IRRADIATED POPULATIONS 

Ranges of external radiation dose of 6.5-1,500 rads have been 
associated with the induction of thyroid-carcinoma, as noted. The 
data presented may suggest that thyroid-carcinoma induction by ex
ternal photon irradiation at high dose rate is a nonthreshold, linear 
phenomenon. Maxon has plotted the estimated dose response for this 
range of observed d~fles and has found an apparent linear dose-
incidence response. Such amounts of radiation may well be in the 
range of some currently used diagnostic radiographic studies. 

Minimal evidence is available to establish a relationship 
between induction of thyroid carcinoma and beta particulate radiation. 
What little evidence is available from children treated with iodine-
131 for hyperthyroidism does ~it demonstrate the carcinogenic effect 
seen with external radiation. 

Observations of the Marshallese are difficult to analyze, because 
their radiation exposures were to a mixture of high-dose-rate external 
and internal gamma photons, as well as to beta radiation. A mixture 
of fission iodine radioisotopes is considerably different from 
iodine-131 in radiation characteristics. The radiation-induced 
thyroid disease in these populations, particularly thyroid carcinoma, 
is probably more analogous to the results of external radiation than 
to the results of the therapeutic use of iodine-131. Indeed, tumor 
incidence in these populations seems to approach that in those exposed 
to external photon irradiation. 
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THYROID ADENOMAS 

Radiation-induced thyroid adenomas have been observed in all 
the populations in whom thyroid carcinoma has been induced, where 
data sources permit the detection of benign disease. Thyroid 
adenoma may have a higher incidence thari_thyroid carcinoma with 
smaller amounts of radiation. In all the population series studied, 
the relative increase in thyroid nodularity was

6
significantly higher 

th~n that in thyroid carcinoma--12 cases per 10 PY per rad, or about 
3 times that of thyroid carcinoma. 30 

~ODIFYING FACTORS IN RADIATION-ASSOCIATED THYROID NEOPLASIA 

Many of the classically known modifying factors in radiation 
effect have been identified in the study of radiation-iqduced 
thyroid disease. The influence of some of these factors has been 
more clearly delineated since the 1972 BEIR report. 

Age may be a weak factor in influencing the effect of h1diati6n 
on the thyroid, at least with external high-dose-rate irradiation. 
This is particularly true of thyroid neoplasia for b~th malignant 
and benign lesions. There may be some increased risk under the age 
of 20, but this suggestion is based on minimal data (G~W. Beebe,. 
personal commtmication). The body of data available on .~eoplastic 
induction in the thyroid of adults is very small. Unfortunately, 
extensive therapeutic use, particularly involving the hea~. and neck 
region early in cHildhood, has resulted in numerous reports of the 
incontrovertible association of neoplastic induction in the immature 
thyroid. Hypothyroidism and thyroiditis may be induced at ~ny age, . 
given a large enough absorbed radiation dose. The "apparent" inverse 
relation of radiation-induced thyroid neoplasia with age is probably 
mistakenly assumed, inasmuch as the nonmalignant conditions for which 
medical irradiation was used occurred primarily in infants and ~hildren. 

There is a g~~ater predominance of thyroid ijeoplasia in femiles, 
as is the case with __ {ilmost allthyroid disease. 1 There may be as 
much as a fourfold difference in induction of thyroid neoplasia 
between sexes. This is probably related to the fluctuating hormonal 
status in females~ with significantly greater variations in the 
pituitary-thyroid axis and in secretion of thyroid-stimulating 
hormone than in males. Other hormonal interdependences of the 
thyroid in the endocrine system may also be involved. Animal data 
clearly indicate the increased efficacy of induction of thyroid 
neoplasia in the presence of thyroid stimulation increased by TSH. 4 

Some questions have been raised as to the dependence of thyroid 
neoplasia induction on ethnic background--specifically, whether there 
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is an increase in susceptibility to induction in those of Jewish 
descent, particularly females. Reevaluation of the Hempelmann data 
by R. E. Shore (personal communication) has confirmed the increased risk 
in the Jewish component of the population study. The Michael Reese 
series46 of pa tients

3
r th head and neck irradiation and the Israeli 

tinea capitis series was predominantly Jewish. Thus, hereditary
familial background may be a moderating factor of some significance. 

Many, if not most, series have suggested that there is a peak 
incidence of thyroid carcinoma induction 15-25 yr after irradiatioo. 
This is observed in the recent data from the Michael Reese series, 46 

suggesting a peak incidence at approximately 25 yr, and in the m~te 
recent reports from Japan, with a peak incidence at about 15 yr. 
Other series have reporte~

6
a peak incidence at approximately 20 yr, 

which appears reasonable. In contrast, a more recent evaluation 
of the data from Hempelmann's series suggested no definite peak 
incidence, but a continuingly increa~ing incidence after 35 yr, 
although the case numbers are small. An artifact in the cumulative 
incidence due to changing amounts of radiation given in the last few 
years of treatment of the group may obscure a peaking of -inc-id-ence. 
It is not clear, however, to what extent latency is associated with 
the amount of radiation received. Another peak-incidence artifact 
could be introduced by variation in the intensity of patient followup. 

At this point, the effect of fractionation of irradiation on 
the induction of thyroid neoplasia is not established. This influence 
is extremely difficult to evaluate, because detailed data are not 
available on fractionation in all series. Where such data are avail
able, particularly in the Hempelmann study, 26 a difference in effect 
with fractionation is not evident. 

Related to fractionation is dose rate, which may be a significant 
factor accounting in part for the difference observed between external 
radiation and internally absorbed, longer-lived beta radiation. Be
cause the bulk of the experience with the latter stems from iodine-131, 
which has a relatively long half-life, the low dose rate may lead to 
a significant cellular recovery rate. In the special instances of 
the Marshallese, where radioisotopes of much shorter half-life may have 
contributed to a large fraction of the dose, the results of internal 
irradiation are much closer to those of external irradiation. 

A further influence related to dose rate and fractionation 
is the degree of homogeneity of delivery of radiation. It is 
most likely that the delivery of external radiation is considerably 
more homogeneous than that of absorbed beta particles in the thyroid 
gland. Furthermore, most of the radioiodine incorporated into 
thyroid hormone resides in colloid of the follicles of approximately 
300 µm, delivering variable beta radiation to the cellular component 
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of the follicle. A considerable amount of the energy deposition is 
inconsequential, because it is deposited in the biologically un
important colloid within the follicles. These factors probably are 
mostly responsible for the marked differences between the results of 
external photon irradiation and of internal particulate irradiation. 

RISK ESTIMATES 

Risks are derived ftOill the numerous reported series in 
the literature.s,z7, 34 ,Jb, 4J, 4b Risks are given for incidence, 
and not mortality, because the mortality rate from thyroid cancer is 
extremely low. Inasmuch as insufficient data are available, it is 
not possible to subtract the minimal-latent~period years from the 
years at risk in all these reports. These results, of course, must 
be qualified by the conditions that limited the studies. Risk 
estimates are given for the various types of radiation-induced 
thyroid disease in adults and children where the data are available. 
The risk estimateg continue to approximate four cases of thyroid 
malignancy per 10 PY per rad for doses up to 1,000 rads and per
haps down to 6.5 rads. For benign thyroid adenoma or nodule 
inguction, this figure appears to be approximately 12 cases per 
10 PY per rad. In the more recent series, it appears that the 
relative risk of development of thyroid carcinoma in persons with 
radiation-induced thyroid nodular disease is approximately twice 
that in persons with spontaneously occurring nodular disease--i.e., 
a thyroid nodule in an irradiated person is tnce as likely to 
be carcinoma as is the usual clinical nodule. It must be recognized 
that both these absolute- and relative-risk factors are contingent on 
the number of person-years in each series and also depend on whether a 
peak or equilibrium incidence is reached in each population. If a peak 
or equilibrium incidence is not reached, then, with increasing numbers 
of years of observation, the tumor incidence would be expected to con
tinue to increase ·in the population. However, if a peak or wave of 
incidence is experienced, as may be the case in the Japanese and Michael 
Reese populations, then, with increasing numbers of years of observation, 
the incidence would actually be reduced. Thus, final absolute-risk 
factors will be available only when the entirety of an irradiated popu
lation has been observed for the total length of its life span. It 
would therefore be expected that the absolute- and relative-risk factors 
will continue to be modified through the years, and any present estimates 
are necessarily tentative. 
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SUMMARY 

The effect of thyroid irradiation is primarily an increase in the 
incidence, and not the mortality, of thyroid neoplasms. The malignancies 
induced by radiation--namely, of the papillary-follicular type--are 
usually associated with a normal life span. Indeed, there appears to 
be a lack of the lethal form of thyroid malignancy--the anaplastic 
type--in the irradiated populations reported thus far. Furthermore, a 
distinction must be made as to the types of observed tumors, because 
it has recently been recognized that the occult type may be of little 
significance and may account for one-third to one-half the incidence 
of thyroid carcinoma reported in various irradiated populations. A min
imal latent period of 10 yr seems to be reasonable, paralleling other 
radiation-induced solid tumors. A peak incidence perhaps 20 yr after 
exposure is suggested by some studies. A consistent threefold increase 
in incidence is seen in women, compared with men. Jewish ethnic back
ground may predispose to a higher incidence of development of thyroid 
cancer. There are no significant data to substantiate an age-at
irradiation effect, and the best estimate gf risk for all ages appears 
to be approximately four carcinomas per 10 PY per rad, which includes 
incidence of occult carcinomas in some series. Benign adenomas are 
alio induced by radiation, with an absolute risk of 12 adenomas per-
10 PY per rad. 
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LUNG 

Lung cancer-~or, more properly, bronchial c~ncer~-was the first 
internal cancer of which exposure to ionizing radiation was implicated 
as a cause (in Bohemian miners). As followup investigations of 
radiation-exposed groups have been ~tended, bronchial cancer has 
emerged as one of the most j.giportant radiation-induced cancers. 
Since the 1972 BEIR report, 31 ' our tqiderstanding of radiation induction 
of bronchial cancer in man and lung tumors in animals has advanced 
considerably. Moreover, further information about ra,~iation dosimetry 
related to lung ~ancer associated with inhalation of radionuclides 
h~~ become available. There are also new experimental and epidemio
logic data, on the role of cigarette-smoking in relatipn tq radiation 
exposure in lung-cancer induction. 

EXPERIMENTAL STUDIES 

The experimental production of cancers of the respirato22 §2act 
in animals by ionizing radiation has recently been reviewed; , 
this ~rief summary stresses evidence from the apimal data most per
tinent to human experience. In experimental studies of lung cancer, 
the origin of tumors in rodents and dogs commonly is found to be 
bronchoalveolar; they arise from regions adjacent to the respiratory 
bronchioles. In contrast, human cancers induced by cigarette-smoking 
or exposure to enviromental agents nearly always arise from epithelium 
in proximal regions of the bronchial tree (down to the first few 
generations of branc~ing). This difference in site of origin has 
raised important questions about the applicability of animal data to 
the human disease. 

Animals exposed_ to aeros(?ls of beta- or gamma-emitting 
isotopes or to x rays develop primarily br9n§hoalveol~r tumors, 
but may have tracheal or bronchial tumors; , 5 the radiation 
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exposure of all the tissues is generally uniform. Bronchoalveolar 
tumors are also ch~2acteristic in animals that have inhaled alpha-
emitting elements. Beta- or gamma-emitting nuclides implanted 
in the uppey

3
a1iways give rise to tumors near the site of im

plantation. ' 

Kennedy and co-workers observed in hamsters that bronchoalveolar 
tumors induced by intratracheal instillation of polonium-210 arose from 
the Clara cells in the t 2sminal regions of bronchial epithelium near the 
respiratory bronchioles. These tumors occurred whe~ger the polonium 
was absorbed on iron oxide particles or in solution. At equivalent 
mean lung doses, the tumor yield-was similar in the two cases. For· 
particle-absorbed polonium, aggregation of activity occurred in the 
terminal bronchial region where the tumors arose; for free polonium, 
there was rather uniform distribution in the terminal bronchiolar and 
alveolar tissues. Soon after instillation ~l polonium-210, the f~9e 
polonium could be found in the Clara cells. Little and O'Toole 
demonstrated that tracheal instillation of benzo[a]pyrene in hamsters 
induced primarily epidermoid cancers in the trachea and large bronchi 
and concluded that the distribution and kinetics of the carcinogenic 
agent in pulmonary tissues are important determinahts of the site of 
cancer induction. 

Hamsters were given zirconium oxide (Zr02) microspheres containing 
plutonium-238 or plutonium-239 intravenously; the microspheres lodged in 
the pulmonary capillaries and produced only adenomatoid chi~ges in the 
bronchiolar region in a few animals, but few frank tumors. This 
change was not dose-related, nor were the few cancers that occurred. 
Intratracheally administered plutonium-~~9 microspheres, however, have 
been reported to induce "lung cancers." These data suggest that 
the response depends on the extent to which alpha particles reach 
cells that are sensitive to cancer induction. 

Lung cancer produced in animals by inhalation of radon daughters 
has now provided an experimentaS model of cancer production from this 
source in man. Chameaud et al. exposed rats to radon daughters at 
various concentrations; the cumulative dpse was a function mainly of the 
number of exposures. Both bronchogenic epidermoid and bronchoalveolar 
cancers occurred at a dose-related frequency, but the cell type was 
independent of total dose. In 26 rats given 300-500 working-level months* 

*The "working level" (WL) is a concentration of radon daughters 
equivalent to equilibrium with 100 pCi of radon per liter of 

5 air. It is defined as the activity in air that gives 1.3 X 10 
MeV of alpha radiation per liter from ultimate decay of the short
lived daughters. The working-level month (WLM) is defined as 
exposure at 1 WL for 170 h. 
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of exposure (the lowest-dose group), one bronchogenic cancer and one 
bronchoalveolar cancer were found. Change of the exposure regimen from 
2,500 WL for 5 h/d, or about 74 WLM/d, for 20-60 d (cumulative doses, 
1,500-4,500 WLM), to 3,000 WL for 16 h/d, or about 282 WLM/d for 7-20 d 
(cumulative doses, 2,000-5,500 WLM), yielded a higher cancer percentage 
(at equivalent doses) from the more protracted dose. The occurrence of 
induced tumors as a function of cumulative radon-daughter exposure was 
in good agreement with similar data in man, although the dose rate was 
much higher in the animal experiments. 

Filipy and co-workers, in a long-term study, 12 exposed three 
groups o~ 20 beagles to radon daughters (600 WL) and uranium-ore dust 
(15 mg/m ), 4 h/d and 5 d/wk, with and without concomitant smoking of 
cigarettes (10 cigarettes/d, 5 d/wk). One other group was exposed to 
smoking alone. Thus far, after exposure periods of 4-5 yr and cumulative 
doses of more than 11,000 WLM, seven dogs among the groups exposed to 
radon and uranium have developed lung cancer: three bronchoalveolar 
cancers (without cigarette-smoking), three epidermoid cancers (smoking 
status not stated, but one evidently nonsmoking), and one fibrosarcoma 
of the peripheral lung (nonsmoking). In animals of these groups that 
were sacrificed after 40 months or more, extensive adenomatosis 
was found at the b49nchoalveolar junction, as well as granulomas and 
bullous emphysema. Three dogs have had squamous carcinomas of the 
nasal mucosa (two nonsmoking and one smoking). No cancer at any site 
has appeared among the smoking dogs not exposed to radon and uranium, 
and at 4-5 yr pulmonary changes have been minimal in this group. 

The Hanford group has exposed hamsters and rats to radon
3

daughters 
(900 and 1,200 WL) with and without uranium-ore dust (15 mg/m )

1
to

48
5 

months, with total cumulative doses of about 10,000-12,000 WLM. ' 
Squamous metaplasia of the nasopharynx was a very common observation in 
both hamsters and rats exposed to radon daughters only, and there were a 
few squamous-cell cancers of the nasal epithelium. The groups exposed 
to dust and radon daughters had changes in the deep lung, instead of 
nasal mucosal metaplasia. Hamsters thus exposed had no lung neoplasia, 
but did have fibrosis, emphysema, and adenomatosis. However, rats exposed 
to radon daughters and dust had a high proportion of bronchoalveolar 
squamous carcinomas and occasional adenocarcinomas. It is evident that 
hamsters were more resistant than rats to development of lower respiratory 
tract neoplasia. Moreover, the contrast in results between those exposed 
and not exposed to dust indicates that radiation exposure without dust 
was chiefly to the upper airway, presumably owing to absorption there of 
the free-ion fraction of radon daughters. 

Little and colleagues have demonstrated bronchoalveolar cancer 
induction from polonium-210 i9stilled intratracheally in hamsters at 
mean doses as low as 15 rad. 2 A single dose of 100 nCi in 0.2 ml of 
saline produced tumors in fewer animals (two of 31) than a slightly 
lower cumulative dose given in 15 instillations each of 5.6 nCi each (14 
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of 59 animals). 25 A most important observation in these experiments 
has been that instillation of salt solution alone increased the 
effects of polonium instillation. For example, if, under the same 
conditions of exposure, the single instillation (100 nCi) was followed 
by 14 weekly intratracheal instillations of 0.2 ml of normal saline, 
the proportion of animals with tumors was approximately the same as in 
the group given 15 instillations of 5.6 nCi. A number of such experiments 
have shown the enhancement of lung-cancer production in hamsters from 
alpha-radiatioQ exposure by this potential stimulus to bronchial cell 
proliferation. 28 Saline alone was as effective in increasing the 
carcinogenic action of polonium as was the instillation of benzo[a]pyrene 
in saline; thus, the increase in cancer production from polonium instillation 
by benzo[a]pyrene can be ascribed to the effects of the saline vehicle. 

These results may explain the relative resistance to lunf-cancer 
induction observed in hamsters, compared with othe~ rodents. 4 Hamsters 
are resistant to chronic respiratory infection, 11 , 4 whereas rats and 
mice commonly develop chronic peribronchial inflammation, even if they 
are bred to minimize maternally transmitted infection during weaning. 
An endemic factor associated with a bronchial cell-proliferation stimulus 
may render the epithelium more susceptible to the development of cancer 
in response to an initiating agent, in this case alpha radiation. In 
man, factors acting as proliferative stimuli to the respiratory epithelium 
are more widespread than in animals maintained under controlled laboratory 
environments. 

These considerations may be important in the relationship of 
cigarette-smoking to radiation-induced cancers. The results in the 
Hanford beagle experiments do not suggest, at least so far, a marked 
increase in radon-daughter induction of bronchial cancers wheq regular 
cigarette-smoking is ad~nd• In rats exposed to plutonium or americium 
aerosols by inhalation, exposure to cigarette smoke added to exposure 
to americium-241 aerosol substantially increased the incidence of 
pulmonary and extrapu!,onary cancers and reduced the latent period 
for their appearance. 

Patrick and Stirling36 have shown in rats that about 1% of the 
retained activity of a radiolabeled aerosol given intratracheally 
could be found in the bronchial wall; this activity did not clear 
rapidly, as it would if it were associated with the mucociliary blanket, 
but remained for 30 d or more. In the case of nonpenetrating radiation, 
such as alpha radiation, if particles were retained for relatively 
long times at this location adjacent to the proliferative epithelial 
cells, the local dose to this cell population could differ substantially 
from tha, inferred from the average lung concentration. Radford and 
Martell 3 estimated from preliminary data obtained from human lung 
tissues that about 1% of the lead-210 activity inhaled in cigarette 
smoke is found in bronchial epithelium--in good agreement with the 
experimental results of Patrick and Stirling. The residence time of 
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the insoluble particles containing lead-210 in this location may be as 
long as several months. These results suggest that classical models 
of retention of radionuclides in the human respiratory tract may require 
some modification to take account of local exposure of insoluble particles 
resident near the proliferating-cell layer of the bronchial epithelium. 

In summary, results obtained in experimental animals support 
the following general conclusions: 

• Respiratory tract tumors develop in animals exposed to 
radiation at sites where the local radiation exposure is greatest. 

• Bronchial and nasal sinus tumors have been produced in animals 
by exposure to radon and its daughters. 

• The effect of cigarette-smoking on the development of bronchial 
cancers in the latter experiments remains equivocal. 

• The sensitivity of the respiratory tract of animals to cancer 
induction by radiation may be increased by irritant or other pro
liferative stimuli given after the radiation exposure. 

• The bronchial tissue in the lungs is itself a separate compartment 
whose uptake and release of inhaled materials may play an important 
role in diseases, such as bronchogenic carcinoma, arising in the bronchial 
epithelium. 

These results are significant new additions to our ability to 
relate human bronchial cancer to the experimental models that have 
been studied. 

HUMAN STUDIES 

Substantial progress since the 1972 BEIR report has been 
due to longer followup observations of several human populations. 
The latent period for lung-cancer induction by radiation is rela
tively long, and thus many more cases are being added with further 
observation. 

Patients with Radiotherapy for Ankylosing Spondylitis 

A followuy o
44

over 14,000 patients, up to January 1, 1970, has 
been reported. O, · Treatments were given in 1935-1954; currently, 
the study includes the patients who received one course of x-ray 
therapy, originally about half the total group, plus the experience 
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of the remainder up to a second treatment. On the ~verage, the patients 
received about 10 treatments over 4-6 wl$, dir~cted to the whole spine 
and sacroiliac area or to more restricted fields. Of these patients; 
83% were men; so far, there is no analysis of sex-specific cancer risks 
in this group. 

Of the patients followed to 1970, 124 had diea of lung cancer, 
compared with 87.3 expec,=ed fr9~ iige-, sex-, and year-specific rates 
for England and Wales. This difference is highly significant statisti
cally. Analysis of lung-cancer deaths by ti~e since x-ray treatfuent 
showed that for 0~5 yr there were 23 observed versus 1~.8 expected; this 
~xcefg generally occurred within a year. after treatment. Smith and 
Doll attributed this "early" excess of deaths to lung cancer. that . 
existed at the time of treatment~ with meta~tatic,disea~e attfibuted to 
reactivated spondylitis. For 6 yr or more after treatment, there wefe 
101 observed lung-cancer deaths versus 69.5 .~xpected; this is also a 
highly significant difference. Because there was no significant excess 
of cancers of the heavily _irradiated. sites, excluding leukemia, 6-8 yr 
after treatment, the excess can be considered to have arisen 9 yr 6r 
more. after treatment. Sm~king histories ~ere not _availabl~ for these 
patie~ts; for purposes of comparison, it was as$umed that the smoking 
experience of these patients did not differ from that of the general 
population (for which the expected rates were calculated). 

The mean radiation dose to the bronchial tree has been estimated 
f~pm exposure data (see Ch~p,ter III).,, From the ana~y;is presented we . 
estimate that the total bronchial dose may have been about 197 rads in 
this treatment group, with each exposure yielding an average bronchial dose 
of ab9~t 20 rads. On thig basis, the absolute-_ris~ estimate is 2.~ 
lung-ca~cer deaths per 10 PY per rad for the period 9 yr_~r more after 
treatment. At th~ time of the last fotlowup, these patie~ts had an 
average age of about 55 yr~ A preliminary analy~is (Radf~rd, unpublished 
data) of those who died of lung cancer 9 yr or more after irradiation 
indicates that there .. was only a slight effect qf age at,; exposure on the 
average latent period from x-ray treatment to death. this observation 
must be considered tentative until analysis is available of the distri
bution of the expected lung-cancer deaths in time after exposure. 

Japanese Atomic-Bomb Survivors 

. . Result~ of the mortal! ty foilowup ~f sµrvivors in Hirosl:).ima and 
Nagasaki are now complete through 1974. AutOP,SY studies indicate that 

46 l4I)g cancer was underdiagnosed on death certificates by about one-third; 
thus, mortality data based on Japanese death certificates seriously 
underestimate the risk of this kind of cancer. The types of lung tum~rs 
observed in the bomb survivors have been investigated by Cihak et al. 
Only small-cell anaplastic cancers were observed significantly more 
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frequently in the survivors than in nonirradiated persons; but, from the 
small numbers reported, one cannot exclude a general effect involving 
all cell types. 

Through 1974, the Life Span Study (LSS) yielded little or no evi
dence of an excess of lung cancers in Nagasaki, except possibly in 
the highest dose groups. In contrast, a significant trend of increas
ing lung-cancer deaths per unit population at risk with increasing 
dose (p = 0.002) has been observed in Hiroshima. Absolute-risk 
estimates are 0.54 (0.22 to 0.86*) excess deaths per million persons 
per year per rad (kerma) for Hiroshima and 0.12 (-0.23 to 0.47) for 
Nagasaki. It is important to note that, when the LSS death-certificate 
data are augmented by information from the tumor registry in each 
city for the period 1959-1970, the rate for Nagasaki is signifi-
cantly above zero, the difference between Nagasaki and Hiroshima 
largely disappears, ang the absolute risks are higher than for the 
death-certificate data --1.06 + 0.41 for Hiroshima and 1.02 + 0.41 
for Nagasaki. 

We know that deaths certified as resulting from lung cancer are 
about 83% accurate acc.ording to autopsy data, but that 45% of the 

46 
lung cancers seen at autopsy have not been certified as lung cancer. 
These two sources of error may be sufficient, in the Nagasaki mortality 
results, to dilute a real effect that is better demonstrated in 
tumor-registry data. Ascertainment of cancer incidence in the Nagasaki 
tumor registry is believed to be good, and incidence data are less 
subject to errors of misdiagnosis. The fact that the association 
between lung cancer and radiation dose among the atomic-bomb survivors 
was not demonstrated until 1967 is an argument against the likelihood 
of a dose-related reporting bias in the tumor-registry data. For 
lung cancer, the tumor-registry data do not indicate a marked difference 
in risk per rad for the two cities, but the tumor-registry data are 
believed to be more nearly complete in Nagasaki than in Hiroshima. 

The induction of lung cancer depends heavily on age at exposure 
and duration of observation. Those who were over 50 yr old at the 
time of the bombing had a mortality excess above expectation beginning 
10 yr after the bombing; those who were 20-34 yr old are just beginning 
to show an excess above expectation 33 yr later. Among those who 
were 35-49 yr old, the ~nset of lung-cancer excess occurred about 15 
yr later. Beebe et al. calculated the following age-specific 
mortality risks for cancer of the trachea, bronchus, and lung for 
the period 1950-1974 for the two cities combined, and with no adjustment 
for incomplete reporting: 

*Numbers in parentheses are 90% confidence intervals. 
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No. 
deaths, Absolute risk--

Age in 1945, l0o+ rad Relative risk, exgess deaths per 
yr group l0o+ vs. 0-9 rads 10 PY per rad (kerma) 

t 0-9 
;I\ 

0 

10-19 1 

20-34 4 0.19 

35-49 19 1. 45 o. 84 

)49 16 2.54 1.91 

All ages 40 1.79 o. 35 

If one takes into account the marked underdiagnosis of lung cancer 
in Japan, converts kerma dose to absorbed dose, and applies an arbitrary 
RBE of 5 for neutrons, absolute-risk estimates increase to 2-3 times 
the absolute-risk estimates given above, 1.25 for Hiroshima and-0.35 
for Nagasaki, for all ages c~mbined. Age-specific estimates are not 
available separately for each city, unfortunately; but, for both 
cities combined, the regression estimates, corrected as above, are 2.1 
excess deaths per million persons per year per rem for those aged 
35-49 in 1945, and 4._ 9 for those aged 50 or older. If the coefficients 
had been calculated, not for 1950-1974, but for 1955-1974, to allow 
for a more reasonable latent period and to provide estimates more 
comparable with that for the ankylosing-spondylitis patients, and if 
the age-specific estimates were weighted by the age distribution for 
the ankylosing-spondylitis patients, one would obtain an estimate of 
2.0. This is not significantly below the 2.8 for the ankylosing
spondylitis patients with a latent period of 9 yr. Application of an 
RBE of 10 for neutrons would increase this difference slightly. 

Ishimaru et a1. 18 examined the smoking histories of persons 
found to have lungcancer at autopsy. For the nonirradiated group 
(less than 1 rad), the lung-cancer risk of smokers was 6.2 times that 
of nonsmokers. For patients exposed to greater than 200 rads kerma, 
the relative risks were 8.6 and 3.0 for smokers and nonsmokers, 
respectively, compared with nonirradiated nonsmokers. These preliminary 
results are consistent with the conclusion that exposure to external 
radiation does not interact strongly with smoking in increasing lung
cancer risk; the separate risks from smoking and external radiation 
were nearly additive in this study. 

- 379 -



The Japanese analysis is i~portant also because it is the only one available that allows comparison of the risks in women and men. The radiation~exposed women had a somewhat greater relative risk of lu·ng canc~r than the men (2.33 and 1.57, respectively, for iOO+ rads. :versus 0:--9 rads), but the absolute risk was somewhat less in the women than in the men (0.28 and 0.43, respectively, excess deaths per million persons per year per rad kerma). 'I'll.e discrepancy between these two measures reflects the much lower natural lung-cancer risk in Japanese women than in men beciiuse of the sex difference in prevalence of ciga:rette-smoking •.. The relatively small and _statistically insignificant difference in absolute risk between the two sexes is further indication that cigarette~skoking does not influence strongly the cancer-induction process related to exposur~ to external radiation. 

Bec~use excess lung-cancer risk continues beyond 25 yr after n· ·. exposure arid because the lung-cancer effect is only now being expressed in persoris exposed before the age of 35, it is evident that future estimates are likely to be somewhat higher than those available now. 

Miners Exposed to Radon Daughters in Underground Mines 

Additional followup data are now available on several of the groups of miners discussed in the 1972 BEIR report and exposed occupati.6nally to alpha radiation from short-lived radon daughters. These include Czechoslovakian, Canadian, and U.S. uranium miners, Newfoundland fluorspar miners, and Swedish metal miners. In some of the studies, the concentrations of radon and daughters in the mines are now well established.* Results are for males 

*Becaµse the polonium-214 alpha particle has high energy, enabling it to reach the basal-cell layer of the bronchi more readily than _the polonium-218 alpha particle, the principal biologic effects of radon daughters in man are from the polonium-214 daughter. Thus, the WL as defined is not entirely satisfactory in characterizing health risks in all cases. The degree of equilibrium of lead-214 (RaB) and bismuth-214 (RaC) with polonium-218 (RaA) may vary, and thus the proportion of polonium-214 alpha decays to total alpha decays will be variable. Iri mine atmospheres, the extent of equilibrium will depend on the relative ventilation, and in practice the degree of disequilibrium does not greatly affect the ratio of .polonium-214 to total alpha activity. In other atmospheres, however, such as homes or building, the degree of disequilibrium may be substantial. Another variable factor affecting the health significance of a given WL is tyg fraction of free daughter ions unattached to dust particles -not a major problem in mines, but potentially important in relatively clean spaces, such as homes. 
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only, and generally they are not analyzed according to cigarette
smoking experience. For all groups except the Swedish miners, 
smoking is common; e.g., about 70% of the U.S. and Czechoslovakian 
uranium miners have been smokers. This proportion was stated- by the 
Czechoslovakian investigators to be fairly close to national rates. 42 

Smoking has neve.r been as prevalent in Sweden as in other western 
countries, and in the miners it has probably not exceeded 50%--not 
much greater than national statistics for the proportion who have ever 
smoked. 6 

Czechoslovakian Uranium Miners. $eve et al. 42 recently reported 
followup of a group of Czechoslovakian uran~mminers who began under
ground mining in the period 1948-1952 (Group A). Lung cancer in these 
men has been investigated through December 31, 1973. The exact number 
of miners was not stated, but evidently was comparable with the number 
of U.S. uranium miners. More than 98% of these miners had had no· 
previous hard-rock mining experience. 

Over 120,000 radon-gas measurements were made in the mines. Before 
1960, the degree of equilibrium of radon daughters was estimated from 
ventilation and other data; from 1960 on, some measurements of radon 
daughters were made directly. Thus, the mean exposure to radon daughters 
in the mine atmosphere for the different dose groups was considered to 
be accurate to within +3%. A random sample of smoking histories in 
700 miners indicated that the proportion of cigarette-smokers (70%) 
was the same as that in the general male population in Czechoslovakia. 

The exposure in the Czechoslovakian mines was relatively slight: 
if the underground work experience was 20 yr or more and the average 
cumulative exposure was about 300 WLM, then the concentrations of 
radon daughters were about 1 WL--much lower than in the U.S. uranium 
mines before 1960. 

An important observation :Un this group of miners was an assessment 
of excess lung cancers by age at which underground exposure began. 
Three groups were separated: miners who began work at less than 30 yr 
of age, those who began at age 30-39, and those who began at 40 or 
older. The excess risk per cumulative dose for the two lower age 
groups showed a reasonable straightline fit to the data; but·ifor the 
oldest age group, the three highest dose groups (cumulatrfve dose greater 
than 300 WLM) showed a relatively constant excess risk that was independent 
of dose. 

The lung-cancer risk estimates were given by the authors simply 
as excess cases per 1,000 miners and included all years since the 
start of mining (on the average, about 23 yr). Obviously, the excess 
risk was zero for several of these years and then increased. 
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To convert the data to risk per person-year with the 10-yr latent 
period excluded, the years at risk are taken to be 13. Although some 
slight excess may have occurred earlier than 10 yr after mining began, 
it is apparent from other mine populations that the full lung-cancer 
excess is not reached until 15 yr or more from initial exposure; 
thus, exclusion of 10 yr on the assumption of zero risk may underestimate 
the risk slightly. This procedure permits comparison with the other 
studies in this report. 

The authors' calculation of excess lu%g cancers per 1,000 miners 
per WLM is converted to excess risk per 10 PY per WLM by multiplying 
by 1,000/13, or 77. To eliminate the smaller effect of higher doses 
on cumulative risk per dose in the older miners, at doses greater than 
300 WLM, risk estimates have been calculated only below that cumulative 
dose. Moreover, each of the two lowest dose groups (less than 100 
WLM) were stated to have only half as many men as the higher dose 
groups; therefore, the data for less than 100 WLM have been combined 
into one group, and no weighting by dose category is required. 

Thus adiusted~ the total excess risk is found to be 19.0 excess 
cases per 10 PY per WLM. Precise correction of the published relative
risk e-stimates to eliminate the latent-period years is not possible; 
but, on the assumption that the expected lung-cancer deaths per year 
during the first 10 yr were one-third the expected during the succeeding 
years of followup, an approximate value is obtained of 1.8% excess 
lung-cancer risk per WLM over the period under study. This value 
indicates a doubling dose of about 56 WLM. 

Similar calculation of the absolute risk per WLM for the three 
4 .... 2 age subgroups and for expo~ures

6
less than 300 WLM (from Sevc et al., 

Table 2) gives 8.8 cases per 10 PY per WLM fo5 the group that began 
mining before the age of 30, 13.3 casgs per 10 per WLM for those who 
began at 30-39, and 46.7 cases per 10 PY per WLM for those who began 
at 40 or older. Although these risk estimates obviously are subject 
to the statistical uncertainties of the data presented, they show a 
marked effect of age at first exposure or of age at risk and are con
sistent in that regard with the results obtained in the Japanese bomb 
survivors. 

,~ 17 · Horacek et al. studied the histologic type of bronchial cancers 
in 115 cases among these miners by comparing the frequency of cancer 
cell t58e (according to the WHO classification as modified by Yesner 
et al. ) with data from 326 nonminers matched for smoking experi-
enc~ The results indicated that the frequencies of epidermoid and 
small-cell anaplastic cancers (WHO types 1 and 2) were about equally 
increased and dose-dependent, with only a small excess of adenocarcinomas 
(type 3). The excess of "other" cancers (types 4-6) may have been 
due to the inclusion of mixed epidermoid cancers and adenocarcinomas 
in this category. The authors concluded that their results confirmed 
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those of Archer et al. 1 and indicate that radiation-induced cancers 
are not limited to the small-cell anaplastic types. 

Of those 115 miners, five were nonsmokers and three were pipe
smokers; this indicates that a substantial excess of lung cancer has 
already begun to occur in the nonsmokers among these miners. The 
expected cases for comparison with the 115 miners would be 25.5. On 
the assumptions that the relative risk of lung cancer among Czechoslovakian 
smokers compared with nonsmokers is 10, that nonsmokers constitute 30% 
of the total miner population at risk, and that the age distributions of 
the smokers and nonsmokers are similar, the expected deaths for nonsmokers 
would be 1.0 and for smokers 23.5. On this basis, the relative risk 
among the smokers, 110/23.5 = 4.7, is approximately the same as that 
among the nonsmokers, 5/1.0 = 5.0. Because the latent period for lung
cancer induction in nonsmokers is longer than that for smokers, 2 , 4 

with further followup the relative risk would be expected to rise more 
rapidly for nonsmokers than for smokers. 

U.S. Uranium Miners. The group of men under study was identified 
by medical examinations carried out between 1950 and 1960 at the uranium 
mines in the Colorado Plateau region. All miners included had at least 
1 month of underground employment before December 31, 1963; 3,366 
white and 780 nonwhite miners had adequate records of age, race, and 
mining experience and met the above criterion for inclusion. The 
nonwhite miners were nearly all American Indians. Followup of these 
miners began at the time of their first medical examination and has 
continued to the present. Data on mortality are complete through 
September 30, 1974 (V. E. Archer .!:.!:. al., unpublished manuscript). 

The following table gives the results of analysis for this group 
by cumulative dose categories. All lung-cancer deaths and person-years 
less than 10 yr after the start of mining have been excluded. Expected 
rates have been calculated from age- and year-specific rates for white 
males in Colorado, Utah, New Mexico, and Arizona, with an upward correc
tion of 10% to account for the inclusion of some lung-cancer cases 
diagnosed among miners who are still living. The U.S. uranium miners 
had exposures to high concentrations of radon daughters; at 
least before 1960, the radon-daughter,concentrations ranged generally 
from 10 to 100 or more WL. This explains the fact that the average 
cumulative exposure, 1,180 WLM, is well above that of most of the 
other mining populations studied. The estimates of risk are therefore 
heavily weighted by experience associated with high cumulative doses 
and at relatively high dose rates. The table indicates that, except 
for the lowest dose group, in whom no lung-cancer excess has been 
observed, the lower exposure groups have risk estimates 2-3 times 
those for the higher dose groups. 
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Absolute risk, 
Cumulative WLM Person- Lung cancers cases per 106 PY Relative risk, 
Range MidEoint iears Observed ExEected Eer WLM % increased risk/WLM 

0-119 60 5,183 3 3. 96 

120-239 180 3,308 7 2.24 8.0 1. 2 

240-359 300 2,891 9 2. 24 7. 8 1. 0 

360-599 480 4,171 19 3.33 7.8 1.0 

600-839 720 3,294 9 2. 62 2. 7 0.3 

840-1,799 1,320 6,591 40 5. 38 4.0 0.5 

1,800-3,719 2,760 5,690 49 4.56 2. 8 0.4 

>3,719 

All 

7,000(est.) 1,068 23 o. 91 3.0 0.3 

1,180(mean)32,196 159 25.24 3. 52 o. 45 

If we consider only the data for miners eiposed to less than 360 WLM, 
the absolute-risk estimate is 6.0 cases per 10 PY per WLM, and the relative 
risk is 0.8% per WLM. These values indicate a risk well below the results 
for the Czechoslovakian miners with comparable total cumulative doses. 
This difference cannot be explained by smoking experience, and the American 
miners have had about the same followup as the Czechoslovakian miners. A 
possible explanation for the lower risk in the U.S. miners is the high 
dose rate at which exposure occurred. An increased bone-cancer effect 
from a reduced dose rate of alpha-radiation exposure from radium-224 has 
also been observed. 

Archer et al. 1 analyzed the histologic types among 107 bronchial 
cancers in 104 miners. In three cases, two different types of cancer 
were present at autopsy: in two there were simultaneous epidermoid and 
small-cell undifferentiated cancers (WHO types 1 and 2), and in one 
there were simultaneous small-cell cancer and adenocarcinoma (WHO types 
2 and 3). Nearly all tissue sections were reviewed independently by a 
panel of two or three pathologists with long experience in evaluating 
lung-cancer cell types. The frequency of cancer by type was compared 
with the frequency in a group of 121 lung cancers in noruniners matched 
for smoking history. 
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The authors concluded that small-cell anaplastic type 2 cancers 
were in greater excess than other types, bµt that epidermoid cancer, 
adenocarcinoma, and mixed epidermoid cancer and adenocatcinomas (types 
1, ·3, and 5) iere also present in greate:i; numbers than expfcted. -Only 
the large-cell undifferentiated cancers (type 4), carcinoi~s, and 
bronchoalveolar tumors (among type 6) were not i~ excess among the miners. 
The proportion of excess tumors by type was not dose-related. These 
observati~ns are important in refuting the earlier con~+~sion39 that 
only small-cell anaplastic tumors are the result of exposure tq radon 
daughters. 

No detail~d cqmparison of r~sk by cigarett~-smolctng cat~~ory is 
avatlable for the U.S. miners, ~ut it is possible tq make an estimate 
similar to that given above fo~ the Czechoslovakian miners. Among the 
159 lung-cancer cases, 10 were in men wh9 had never smoked cigarettes 
(two had be~n cigar-smokers). On the pasis that U.S. cig~rette-sm~kers 
have 12 times the risk of lupg cancer as nonsmokers, that 30% of the 
miners w,ere nonsmokers, an4 that the age distributions of the smokers 
and nonsmokers were simi+~r, the expected cases among the nons~okers 
would be 0.87, and among the smokers, 24.37. Thus, the· relative risk 
for no~smokers is 10/0~87 = 11.5~ and for smokers, 149/24.37 = 6.1. Tpe 
somewhat higher relative risk fqr nonsmokers is consistent with the 
co~clusion given above for the Czechoslovakian miner~: the excess cases 
among the nonsmokers may rise proportionately more ~apidly with further 
followup, because the latent period for nonsmokers ts longer. Because 
the assumptions used to derive these data are relatively crude, however, 
furth~r infonnat:f.on will qe needed to settle the q4estion of whether 
exposure of these miners to radon daughtefs simply, adds to the effect of 
cigarette-smoking, or whether the effects are greater than ad~itive 
when both are present 0 

Canadia.n Uranium Miners. A Royal Q9mmissi9n stlldy of Canadian miners 
who worked in the Qntario mines during l955-1974 has been published. 15 

In the uranium mi~es, radop-daughter measurements have been routipe 
since 1957. Among 15,094 persons who worked undergri)Und iq the uranium 
mines for at lea'st 1 month during that, period, 81 deaths from lung cancer 
were certified. For these cases, the median year of starting mining was 
1957, and the f9llo_wup was 17 Y+• It is evident from tqe published data 
that many of these miners worked undergrounq only relatively short times, 
and it is not possible to determine which should be excluded on the grounds 
of having been followed for less than 10 yr after beginning mining (when 
the e~cess r!sk would be essentially zero). For these reasons, one 
cann9t de,ri~~ risk estimates with any coaj:idence, but it is evident th,_at 
the J,:ung-cance:t data iq this group of miners have unusual potential for 
defining low risks, if studied adequately, as the report recommended. 15 

Not only is the population larger than that of other mining groups under 
study, but exposures have generally been low and there has been reasonably 
good monitoripg of these mines'since they were opened. An eval1,1ation of 
the effect of cigarette-smoking should a+so be possible. 
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Despite the limitations of this aspect of the Royal Commission's 
report, several important points can be made from the data presented. 
First, although exposures were below 1 WL, except in a few mines, a 
significant excess risk of lung cancer has been observed. From age-
and year-specific data for lung cancer for Ontario males, the expected 
number of lung-cancer deaths was 45.1 for the entire roll of more than 
15,000 miners; the relative risk of 81/45.1, or 1.8, is undoubtedly an 
underestimate, because of incomplete ascertainment of cases and because 
of the inclusion of years at low risk during the latent period in calcu
lating the expected deaths. Second, miners who began underground work 
after the age of 35 were at somewhat higher relative risk than miners 
who began work when they were younger, so the absolute risk would be 
substantially greater in the older miners, as was found in the 
Czechoslovakian study. Third, a plot of lung-cancer deaths, as an 
estimated proportion of the population born before 1933, versus cumula
tive exposure in WLM gives a reasonably linear relationship, the slope 
being such that the crude doubling dose is about 12 WLM. This latter 
figure is not an accurate indication of the relative risk, because im
portant factors, such as age and smoking, may have varied by exposure 
dose category; but this observation suggests that a more complete analysis 
may well show this group of miners to be at high-risk. 

The lowest cumulative dose category in this analysis was 1-30 WLM, 
in which 29 lung-cancer deaths were recorded. Of these, eight occurred 
less than 10 yr after mining was begun and may be considered to be un
related to the mining experience, or in other words to represent the 
expected cases during this interval. If we assume that during the 8 yr 
of further followup (10-17 yr) the expected cases per year were about 
twice the rate per year during the first 10 yr (or about 0.8/yr), the 
expected deaths would total about 12.8 during this latter followup period. 
This would give a relative risk of 21/12.8, or 1.64, for this group in 
this interval. The meart cumulative dose for miners who died 10 yr or 
more after starting mining was 10.9 WLM; thus, on this basis, the doubling 
dose for this low dose group would be 17 WLM, in reasonable agreement 
with the analysis discussed above. Although this assessment is tentative, 
the data suggest an excess risk for these miners at this very low cumulative
dose range. The importance of an adequate epidemiologic followup of this 
mining population is obvious. 

Newfoundland Fluorspar Miners. A. J. deVilliers and D. T. Wigle 
(unpublished manuscript) have continued the followup study of these 
miners through 1971. Underground mining in these mines in St. Lawrence, 
Newfoundla'nd, began in 1936. The total employed population, both under
ground and on the surface, was 2,414 men, whose work records and mortality 
experience have been determined for the period 1933-1971. The number of 
miners who worked underground before 1960 was 1,118, with 16,845 PY of 
followup more than 10 yr after the start of underground mining. The 
average followup has been 25.3 yr, and the average age at the start of 
mining was 28. 
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Radon-daughter measurements were begun in 1959, and the concentra
tions before then have been estimated, with mining methods, ventilation 
history of the mines, and work locations taken into account. Estimates 
of radon-daughter concentrations varied from 2 to 8 WL, according to 
the type of work during the period up to 1960, when with improved 
ventilation they decreased to below 0.5 WL. Exposures in these mines 
were therefore substantially lower than in the U.S. uranium mines, but 
somewhat higher than in the Czechoslovakian or Canadian uranium mines. 

Sixty-five deaths from lung cancer have occurred among the under
ground miners (lung cancer was the cause of 27% of all deaths up to 
1971) and six among the surface workers (4% of all deaths). The first 
lung-cancer death in the underground workers occurred in 1949, and 64 
occurred after 1952; the number contined to rise sharply up to 1971. 
No lung-cancer deaths were observed less than 10 yr after the start of 
underground work, and the average latent period was 22.6 yr. The risk 
of lung cancer had a highly significant correlation with cumulative 
dose and with age at the start of underground mining. The risk per 
WLM has not been analyzed by age at the start of mining. 

For~the entire group of underground miners during the years under 
study, the expected number of deaths was 3.76, on the basis of age
and year-specific lung-cancer death rates for Newfoundland males. 
The average cumulative exposure weighted for person-yea6s at risk was 
204 WLM; thus, the absolute risk was 17.7 deaths per 10 PY per WLM. 
In this group, the relative risk was 8~0% per WLM, which yields a 
doubling dose of 12.5 WLM. These results illustrate the problem of 
determining relative-risk data for lung cancer, whose incidence is 
so strongly influenced by cigarette-smoking. These miners were nearly 
all smokers (86% according to a 1960 survey), and many smoked heavily. 
Thus, the expected rate is probably too low--a bias that affects the 
relative risk substantially, but has little effect on the absolute 
risk in this instance. Another consequence of the high proportion of 
smokers is that the number of nonsmokers was probably too small in 
this study group,to provide an adequate comparison of risks between 
smokers and nonsmokers. 

From the data presented on the 65 lung-cancer cases, it is· possible 
to analyze the latent period as a function of age at start of mining, 
on the assmnption that the expected cases are so few that they can be 
neglected. The results· of this analysis are as follows: 
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Age when began Time to first death, Mean latent 
mining 2 ir No. deaths yr after start Eeriod, ir 2 ±_ SD 

(20 18 13 22.9 + 5.0 

20-24 13 12 22.9 + 5.9 

25-29 10 14 24.1 + 6.2 

30-34 7 17 23.7 + 4.0 

35-39 8 11 21.9 + 6.4 

)39 9 12 21.4 + 7.7 

In these miners, there was virtually no effect of age on the latent 
period, at least up to now. This finding is in sharp contrast with 
the data on the Japanese atomic-bomb survivors, but is in reasonable 
agreement with the tentative results in the British spondylitics. 
The explanation for the difference is nof

8
clear, but one possibility 

is that the Japanese were light smokers, in comparison with the 
miners. Smokers have a shorter latent period and one that may be less 
influenced by age-specific factors than would be the case for an exposed 
group containing a high proportion of nonsmokers and light smokers, as 
the Japanese survivors appear to have been in the postwar period. 

Wright and Couves 49 reported on the cytology of sputum obtained 
from 29 fluorspar miners in whom the diagnosis of bronchogenic cancer 
was made. Twenty-six had squamous-cell carcinoma, two oat-cell (or 
small-cell) cancer, and one adenocarcinoma. This marked preponderance 
of well-differentiated tumors diagnosed during li!e has also been 
found in a smaller number of U.S. uranium miners. O The distribution is 
in contrast with that found at autopsy among the U.S. and Czechoslovakian 
miners. This observation is consistent with the view that the degree 
of differentiation of these cancers may be a function of the stage of 
progression of the disease. 

Swedish Metal Miners. Several reports of lung-cancer excess 
among Swedish metal miners have been published. A number of these 
reportsJ, 20, 38 , 45 are preliminary and include incomplete followup 
or material on only active miners. Therefore, it is not

4
possible to 

determine risk estimates from them. Axelson and Sundell have re
cently published data on a group of zinc miners studied for the period 
1956-1976, with deaths ascertained by local parish records. The zinc 
mine in question has been in operation since before 1900. The number 
of miners is small; about 100 have worked underground at any one time, 
with relatively slight turnover until recently. Radon concentrations 
have been extensively measured in the shafts since 1969 and, according 
to analyses before institution of new ventilation methods, have been 
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found to be equivalent to 0.3-1 WL. Expected lung-cancer-mortality 
rates were obtained from Swedish national statistics by an indirect 
method. 

Twenty lung-cancer deaths have been observed, compared with 2.32 
expected, with 2,154 PY at risk. The mean cumulative exposurg is esti
mated at 270 WLM, and the risk estimate is 30. 4 deaths per 10 PY per 
WLM. This group of miners has had very long followup into retirement, 
so the approximate value obtained is applicable to a relatively old age, 
probably equivalent to the oldest age group of Czechoslovakian uranium 
miners. The long followup of these men is indicated by the mean times 
from beginning mining to death of 34 yr for smokers and 43 yr for non
smokers (median, 37 and 49 yr, respectively). Of the 20 cases, smoking 
histories have been obtained on 19. Nine of the miners were nonsmokers 
and 10 were smokers. If this mining population gad smoking experience 
similar to that of other Swedish laboring groups and if the work ex
perience of smokers and nonsmokers were the same, these data would indi
cate little difference in radiation risk between smokers and nonsmokers. 

Forty-five lung-cancer deaths have been observed between 1953 and 
1976 in Swedish iron miners at Malmberget--a larger group than the zinc 
miners, but also with very long followup (E. P. Radford and K. G. St. C. 
Renard, unpublished data). Smoking histories were obtained in these 
cases from some miners before death, and the rest from the families or 
from co-workers. Seven lung-cancer deaths have occurred in men who 
never smoked, nine in men who had stopped smoking 15 yr or more before 
death, and 29 in current smokers. Smoking surveys among active and 
retired miners indicate that about two-thirds of the miners.have smoked, 
but only one-third are current smokers. The study is not yet completed, 
but these proportions indi~ate that the excess risk for smokers may not 
be markedly greater than that for nonsmokers. The very long followup of 
these Swedish groups is an important factor in determining risk estimates 
for nonsmokers, because of the long latent period that may be observed 
in these cases. 

Summary of Risk Estimates in Underground Miners. From the data 
presented above, the risk estimates for lung cancer from gxposure to 
radon daughters now range from about 6 to 47 cases per 10 PY per WLM; 
the range reflects in large part the effect of age at exposure or at 
onset of the cancer. The Newfoundland fluorspar miners and Czechoslovakian 
uranium miners have risk estimates very comparable with those for the 
entire population; the Swedish zinc miners have higher estimates, even 
with less evidence than for the other groups of cigarette-smok~ng as a 
factor, apparently because they have been followed to a greater age. 
The U.S. uranium miners have risk estimates well below those of all the 
other groups. Only two explanations seem reasonable to account for this 
latter difference: either the radon-daughter measurements in the U.S. mines 
have overestimated exposures by as much as a factor of 3 (not likely, in 
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view of the great efforts made to obtain this infonnation) or the much 
higher dose rate (working levels in the mines) has led to less risk per 
unit of cumulative exposure than the lower working levels in the other 
mines. There is no evidence that the age distribution of the U.S. miners 
differs significantly from that of the Czechoslovakian or Newfoundland 
miners • 

. The most likely risk estimates, at exposure of about 1 WL and with 
characteristic smoking experience, are agout 10 cases per 106 PY per WLM 
for the age group 35-49, 20 caseg per 10 PY per WLM'for the age group 
50-65, and about 50 cases per 10 PY per WLM for those over 65. These 
values apply to the age at diagnosis and are consistent with available 
followup data. 

CONCLUSIONS 

The more proximal regions of the human bronchial tree are most 
sensitive to induction of bronchogenic cancer by radiation or other 
environmental agents. Experimental studies have indicated that cancer 
of these proximal regions of the bronchi can be induced in animals with 
radiation, provided that the dose delivered to those regions is sufficient. 
The data of Little and colleagues have drawn attention to the possible 
role of nonspecific proliferative stimuli to bronchial tissues in the 
induction of bronchial cancers. Such stimuli may be widespread in human 
populations, but it is of interest that emerging data in man indicate 
that cigarette-smoking does not contribute as strongly to the risk of 
bronchial cancer induced by radiation as has previously been thought, 
although smoking shortens the latent period. 

The possible influence of "hot spots" of insoluble radioactive 
particles deposited i~ pulmonary tissues on cancer risk has been evaluated 
in a previous report. 2 The evidence is still insufficient to determine 
whether aggregates of radioactivity that remain localized in specific 
regions of the lungs give a greater or smaller risk of lung cancer per 
average lung dose than uniformly deposited radiation. Preliminary ex
perimental data indicate that a small fraction of inhaled insoluble 
particles may remain in the bronchial epithelial layer for long periods, 
but the significance of this local exposure on lung-cancer·risk is still 
uncertain. 

Risk estimates for lung cancer depend on the age of the subject at 
the time of radiation exposure, as well as the age at the time of appear
ance of the cancer. There is little evidence of an increased risk before 
the age of 35, regardless of the age at exposure, but the risk at later 
ages rises steeply, as does the risk in the general population. The 
latent period from ra_diation exposure to death from lung cancer is generally 
10 yr or more, with excess cases appearing in some populations 50 yr or 
more after the beginning of exposure. Among the Japanese atomic-bomb 
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survivors, latent periods are much longer for those exposed when younger, 
compared with those exposed when older, but ·there is little evidence of 
this effect in other groups studied. 

To compare the risk estimates obtained from the Japanese atomic-bomb 
survivors or the British patients with spondylitis with those from under
ground miners, the assumed minimal latent period, as well as the age 
distribution over which risk estimates are compared, must be approximately 
the same. ior the British spondylitis patients, the estimate is 2.8 
cases per 10 PY per rad (x ray) versus 2.0 for the Japanese survivors 
of both cities (quality factor of 5 for neutrons), age-adjusted to the 
age distribution of the spondylitics. The miners are older, and the 
most reliable population estimates are for the Newfoundland fluorspar 
miners and the Czechoslovak6an uranium miners_; on the average, these 
yield about 18 cases per 10 PY per WLM. 

Conversion of WLM to a rad dose to the basal-cell lay16 y; the 
proximal bronchial segments has recently been reevaluated. ' Several 
factors influence these estimates, such as the fraction of free ions 
compared with the fraction inhaled and bound to dust particles, breathing 
pattern and whether the -subject is mouth- or nose-breathing, and the thick
ness of the epithelium. On the basis of average data presented in these 
reports, the conversion is taken as 1 WLM = 0.4-0.8 rad, the range reflect
ing the variables mentioned above. 

Application ot this range for the miners yields a risk estimate of 
22-45 cases per 10 PY per rad of alpha-radiation exposure to the 
bronchial epithelium. The Japanese~bomb survivors and British spondylitics 
have risk es6imates in the equivalent (older) age groups of about 3 
cases per 10 PY per rem. From these data~ the RBE for alpha irradiation 
for induction of this cancer is between 8 and 15. The uncertainties in 
this comparison are substantial, but the results fit conventional views 
of the relative effectiveness of experimental alpha irradiation. Re
gardless of the conversion factor applied for WLM to rad, comparison 
of the empirical data for risks per WLM with risks per rem yields about 
6 rem/WLM--very close to the value of 5 assumed in the 1972 BEIR report. 

Expression of the age-specific lung-cancer risk estimates 
in rems yields the following values, based on available data 
and on the assumption that the smoking experience of the exposed 
population is typical of the whole population of which it is a 
segment: 
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Age at diagnosis of cancer, yr 

(35 

35-49 

50-65 

)65 

Excess risk, cases per 106 PY 
per rem 

0 

1. 5 

3.0 

7.0 

These values are based on the combined estimates for the miners, but are 
reasonably consistent with the data on all the groups studied, except 
for the Japanese data, which are anomalous in terms of the long latent 
periods observed in the younger groups. No available data indicate 
whether these values may be used for groups irradiated in childhood. At 
the least, the minimal latent period applicable to irradiation before 
the age of 15 would be long, i.e·., about 25 yr. Above that age, the 
minimal latent periods are approximately 15-20 yr for those irradiated 
at the age of 15-34 and 10 yr for those irradiated at the age of 35 or 
above. 

The effect of cigarette-smoking on these risk estimates cannot be 
finally evaluated. If smoking and radiation risks are merely additive, 
then the risk estimates presented above apply to either smokers or non
smokers. But, as the Japanese data suggest, the risks could develop 
among nonsmokers at higher ages than indicated in the table. If the 
lung-cancer risk after radiation exposure is proportional to the usual 
age-specific rates for smokers and nonsmokers (as in the relative-risk 
concept, consistent with a multiplicative effect of radiation on cigarette
induced cancer), then the estimates of excess risk should be increased 
by about 50% to apply to smokers and reduced by a factor of about 6 for 
nonsmokers, as well as delayed in time. Some evidence now available is 
consistent with both positions, and it is probable that the truth is 
somewhere in between. The evidence now indicates, however, that a purely 
multiplicative effect on lung-cancer risk related to radiation exposure 
and cigarette-smoking is highly unlikely. 

The risk estimates given above have been derived on the assumption 
of a linear relationship between dose and effect. The new information 
since the 1972 BEIR report is consistent with this procedure for high-LET 
radiation, at least. The lowest dose at which the lung-cancer rate is 
increased has been lowered. Experimentally, an excess of neopl~9ms has 
been found in hamsters at 15 rads for polonium alpha radiation. · The 
Canadian uranium miners appear to have an excess of lung cancer in the 
lowest-dose group (1-30 WLM; mean 10.9 WLM), at a cumulative dose to the 
bronchi of 4-9 rads. In Hiroshima survivors, a significant excess of 
lung cancers has been observed in the dose range of 10-49 rads kerma; 
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this group has a mean absorbed dose to the lungs of 8.8 rads from gamma 
radiation and 0.95 rad from neutrons. For the British patients with 
spondylitis who were given x-ray therapy, the mean bronchial dose is 
estimated at 197 rads on the average given in doses of about 20 rads 
each. 
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LEUKEMIA 

The 1972 BEIR report summarized knowledge available up to 1972 
regarding radiation-induced leukemia. Knowledge regarding mechanisms 
was derived largely from animal studies, and estimates of risk were ob
tained from human epidemiologic investigations. 

Experiments with many species led to the conclusion that the leu
kemogenic effect of ionizing radiation varied with radiation quality 
(LET), dose rate, and total accumulated dose. Particular attention was 
paid to myeloid leukemia induced in RF mice (inasmuch as myeloid leukemia 
was known to predominate in the Japanese atomic-bomb survivors and the 
British ankylosing-spondylitis patients). A strong dose-rate dependence 
was observed in many laboratory animal species after gamma-ray exposures. 
In RF mice, the leukemogenic effect of a single dose of x or gamma rays 
was noted to be 5 or more times that of the same total dose accumulated 
through daily exposures. The observed reduced effectiveness of low dose 
rates from low-LET radiation was attributed to repair of incipient injury 
and accounted for the corresponding depart~1e from linearity of the 
dose-effect curve seen at high dose rates. No dose-rate dependence 
was observed after high-LET radiation exposures. 

Despite extensive studies in irradiated mice and numerous studies 
in rats, guinea pigs, dogs, cats, swine, and monkeys, it was not possible 
to establish dose-effect relationships at low doses or to characterize 
the process of leukemogenesis in detail. The 1972 BEIR report therefore 
placed greatest reliance on the data from epidemiologic studies of 
irradiated human beings. 

The most extensively studied group was that of the Japanese atomic
bomb survivors. All forms of leukemia, except chronic lymphocytic leu
kemia, were increased in incidence in atomic-bomb survivors of Hiroshima 
and Nagasaki. The excess risk increased with dose. On the assumption 
that a linear relationship held at all doses, the average leukemia risk 
was estimated to be about one excess case of leukemia per million exposed 
persons per year per rad (kerma) in Nagasaki. Excess risk after high 
doses was evident within 3-4 yr after irradiation and declined within 15 
yr, but persisted for 25 yr after exposure. The estimate of the RBE, 
for neutrons in Hiroshima, at high doses and dose rates was between 1 
and 5, on the basis of kerma. An RBE of 5 was claimed to give the best 
fit 31 and yielded an excess leukemia incidence (for all ages combined) 
in Hiroshima survivors of 1.7 cases per million persons per year per 
rem; for an RBE of 1, the excess was 3.1 cases per million persons per 
year per rem. The excess rate of leukemia for Nagasaki was about one 
case per million persons per year per rem and was almost unaffected by 
neutron RBE. These are average rates computed for 16 yr of followup 
(1950-1966). Absolute and relative risks were higher for those under 
10 yr old at the time of the bombing in both cities. 
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The data from British ank.ylosing-spondylitis patients treated with 
x rays revealed 0.88 (0.71-1.0) excess leukemia deaths per million persons 
per year per rem averaged over the total red marrow (for a followup 
period of 5-25 yr). An increased risk of leukemia was observed in cancer 
patients receiving pelvic radiotherapy for ovarian sterilization, but 
not for cervical cancer. Leukemia incidence was increased after radiation 
therapy for thymic enlargement and for scalp ringworm in childhood, and 
the excess risk was approximately 3.0 cases per million persons per year 
per rem averaged over the total red marrow. No increased leukemia 
incidence was observed after iodine-131 therapy for hyperthyroidism or 
in occupationally exposed workers, other than radiologists. Suscepti
bility to leukemia induction was higher in the fetus irradiated in 
utero in patients exposed to diagnostic x rays, but not in the atomic-bomb 
populations irradiated with x rays and neutrons.· Some studies reported 
an association between leukemia in adults and prior diagnostic exposure 
to x rays. Leukemia risk was increased in patients who had received 
Thorotrast as an x-ray contrast agent. Chronic lymphocytic leukemia was 
not found to be increased in any study of irradiated people. 

ANIMAL STUDIES 

Experiments have been conducted in many species to ~nxjstigate the 
factors that influence radiation induction of leukemia. 4 ' Additional 
confidence in the conclusions drawn from leukemia induction in irradiated 
RF mice was provided by recent studies in CBA mice. This strain has a 
negligible spontaneous incidence of leukemia and is subject to an in
creasing incidence of myeloid leukemia with increasing dose, followed by 
a plateau and then a decrease in incidence. These effects are seen 
promptly after radiation exposure, before increased mortality ~tom 
competing risks, which simplifies analysis and interpretation. 

In general, the following observations appear to be relevant to 
the human situation: 

• Incidence rises less rapidly in the low-dose region after low-LET 
than after high-LET radiation. This is presumed to reflect differences 
in induction and repair rates--greater induction by high-LET radiation 
and greater repair with low-LET radiation. 

• There is a dose above which a decreasing incidence of leukemia 
occurs; this is presumed to reflect killing (or mitotic inactivation) 
of cells in which malignant transformations have been induced. Protrac
tion and dose-rate effects indicate that repair mechanisms operate 
more effectively after low-dose-rate low-LET radiation than after 
high-dose-rate high-LET radiation. 
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• Despite the availability of information on the importance of 
these different variables for leukemia induction, statistics associated 
with the small samples that are practical in such studies are too 
limited to permit the assessment of risk at very low doses. 

• Differences in types of leukemia and the importance of viruses, 
particularly in murine leukemias, make it difficult to extrapolate 
directly from animal studies to man, but the general principles outlined 
above are wide~y accepted. 

HUMAN STUDIES 

Since the 1972 BEIR report, new information has become available 
from several important epidemiologic studies. 

Leukemia in Japanese Atomic-Bomb Survivors 

Newly available information is derived from: 

• Additional years of followup, allowing for the documentation 
of the duration of increased leukemia risk after a single whole-body 
radiation exposure. 

• New information on organ dose distribution from gamma and 
neutron exposures (which permits a more careful analysis of the dose
response curve). 

• New calculations of the neutron RBE according to these new 
data. These have been based on death certificates from the Life Span 
Study sample* and on the leukemia registry (hematologically verified 
cases). 

The total number of deaths certified as due to leukemia in the 
Hiroshima and Nagasaki LSS atomic-bomb survivors for the period 1950-1974 
was 144 (Table A-7). During the years 1971-1974, 14 of these deaths 
occurred. The distribution of these 14 with dose was similar to that 
observed in the earlier years; hence, the shape of the leukemia dose
response curve remains essentially unchanged. 

The absolute-risk estimates are shown in Table A-8 for Hiroshima 
and Nagasaki, for sequentifl intervals. The new leukemia cases were 
found mostly in Hiroshima, with only one new case in Nagasaki 
survivors. The Hiroshima cases included four cases in the 10(}+- rads 
exposure group, and a significant correlation with radiation dose 
persisted through 1974. In the period 1971-1974, however, the mortality 

*89% detection rate, 83% confirmation rate. 39 
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TABLE A-7 

Deaths from Leukemiaa in the Life-Sean Study SamEle 2, 1950-197 4 

Average 
Kerma, 

T65 Dose, rads Person- No. Leukemias Relative 
rads kerma Total Gamma Neutron Years Observed Expectedb 0/E Risk 

Hiroshima 

0 630,094 28 54.0 0.521 1. 0 
1-9 3.7 2.9 0.8 291,890 14 25.5 0.55 

10-49 21. 9 17.6 4. 3 227,467 18 19. 5 o. 92 1. 7 

50-99 70.2 56.8 13.4 56,939 7 4.9 1.42 2.7 

100-199 138.9 108. 6 30. 3 35,861 1_3 3. 2 4. 06 7. 7 

200-299 243.0 186.2 56.8 14,028 8 1.2 6.45 12. 2 

300-399 346.4 254. 3 92.1 7,830 10 o. 7 15.08 28.6 

ill> 
0 )399 524.6 380.5 144.1 10 2 601 12 o.9 12.65 24 
I-' Total 1,274,710 110 110 

Nagasaki 

0 101,165 3 8.6 0.35] 
1. 0 

l-e9 3.9 3.9 0 142,845 9 ll.4 0.79 

10-49 21. 5 21. 5 0 79,734 2 6. 7 o. 30 o. 5 

50-99 70.8 70.6 0.2 28,591 0 2.4 0 0 

100-el99 144. 2 142.9 1. 3 30,481 3 2. 5 1. 22 2. 0 

200-299 241.4 238.0 3.4 16,431 7 1.3 5.31 8.9 

300-399 340.0 334.6 5. 4 6,060 2 o. 5 3. 94 6. 6 

)399 524.9 514.4 10.5 7!792 8 0.6 12.40 20. 7 
Total 413,099 34 ~ 

~Death-certificate diagnoses. Data from Beebe et al. 4 (Tables 2, 3, and 8). 
Normalized to number of person-years at risk. 



TABLE A-8 

Excess Leukemia Deaths per Million Persons per Year per Rad (Kerma), a 

By City 

No. Deaths 
Period Hiroshima Nagasaki 

1950-1954 4.11 4. 27 

1955-1958 3.67 0.30 

1959-1962 1. 27 2. 49 

1963-1966 1. 48 o. 21 

1967-1970 1. 73 0.43 

1971-1974 o. 90 -0.08 

Total 1950-1974 2. 33 1. 46 

a Linear-regression estimates based on death-certificate data. 
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rate was below one case per million persons per year per rad for the 
first time in Hiroshima and declined to below expected in Nagasaki. 

The temporal changes in leukemia frequency differed not only by 
city, but also by age at the time of bombing. Table A-9 shows observed 
and expected deaths from leukemia in survivors exposed to l0o+ rads in 
both cities combined, compared with the number expected on the basis 
of all Japan death rates, by broad age classes. In recent years, 
1963-1974, less effect is seen in those under age 20 at the time of 
bombing. The most recent cases were largely in those aged 20-34 at 
the time of bombing (at approximately the same relative risk that 
persisted since the earlier years in the same age group). 

Figure A-2 shows the relative and absolute risk models for leu
kemia induction in both cities combined for different ages at the time 
of bombing. Both models show the maximal increment in leukemia risk 
in the youngest (0-9) and oldest (So+) survivors. Age-specific mortal
ity trends since 1950 are shown in Figure A-3, where the number of 
deaths from leukemia per 1,000 living in 1950 is plotted against time, 
separately for those with l0o+ rads and those with 0-9 rads. The rate 
of increase in the 0-9 age group from 1950 to 1954 exceeded that exper
ienced by any other group. Only in the So+ age group did the initial 
rate of mortality persist through 1970, after which the effect may 
have disappeared. Cases in the youngest people tended to occur in the 
earliest years (before 1957), whereas the incidence in older survivors 
increased more gradually. 

The first case of leukemia reported in survivors occurred over 2 
yr after exposure. The maximal incidence occurred in the mid-1950s, 
and the most recent mortality data from Japan suggest that the effect 
may have persisted in Hiroshima, although at a very diminished rate, 
as late as 1974. 

Age at exposure, time after exposure,' and type of leukemia are 
important variables influencing the risk of radiatiog-induced leukemia. 
These factors ha~e been examined by Bizzozero et al. and by 
Ishimaru et al. 1 in the experience of the atomic-bomb survivors, 
and the latter have provided a schematic representation of the in
fluence of these factors that is reproduced as Figure A-4 with specific 
risk estimates drawn from the Ishimaru et al. report (Table A-10). Al
though sampling errors are large, the majorpatterns seem clear enough: 
Over the entire period of observation from 1950 to 1971 (Table A-11), 
acute forms of leukemia predominate, but in the early years, 1950-1955, 
acute leukemia cases do not greatly outnumber cases of chronic granu
locytic leukemia; after that, the latter virtually disappears, especially 
among the younger members of the sample. Risks are correlated inversely 
with age in the earliest interval in each subtype, as well as the total 
for all forms of leukemia. With the passage of time, the early age-risk 
relation is reversed, as the excess cases disappear among those who were 
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TABLE A-9 

Observed and Expected Deaths from Leukemia at all Japan Death Rates, 
in Those Exposed to lOo+ Rads, by Age at Time of Bombing and by 

Calendar Perioda 

Age at Time of Bombing, y__r 
0-9 10-19 20-34 35-49 5o+ 

Period Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp. Obs. 

1950-1954 7 0 5 0 6 0 4 0.1 1 

1955-1958 2 0 2 0.1 2 0.1 4 0.1 3 

1959-1962 5 0 2 0.1 1 0.1 1 0.1 1 

1963-1966 0 0 1 0.1 2 0.1 1 0.1 2 

1967-1970 1 0 0 0.2 3 0.1 2 0.2 1 

1971-1974 0 0 1 0.1 3 0.1 0 0.2 0 

Uiiepr inted with permission from al. 4 Beebe et --
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TABLE A-10 

Excess Mortality from Leukemia Among Atomic .. -Bomb Survivors Exposed to l0o+ 
Rads, by Age in 1945, Calendar Time, and Type of Leukemiaa 

Type of No. Excess Leukemia Deaths per 100,000 per Year 
Leukemia Period (15 yr 15-29 yr 30-44 yr )44 yr 

Total 1950-1955 176 78 84 0* 

1955-1960 53* 20* 57* 87* 

1960-1971 0* 20 46 64* 

Acute 1950-1955 101 76 24* 0* 

1955-1960 52* 38* 57* 62* 

1960-1971 0* 16* 39* 61* 

Chronic 1950-1955 72 56* 26* 

granulo- 1955-1960 0* 0* 10* 

cytic 1960-1971 0* 5* 6* 

a Data from Ishimaru et a1. 13 (Tables 5, 6, and 7). 
b Difference between rat-;-for l0o+ rads and for <l rad; rates adjusted 

for city and sex. Asterisk indicates ratio based on fewer than five 
cases among l0o+ rads group. 
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TABLE A-11 

Incidence of Leukemia in Japanese Atomic-Bomb Survivors in Life 

T65 Dose, 
rads kerma 

400-600 

200-399 

100-199 

50-99 

1-49 

<1 

Total 

400-600 

200-399 

100-199 

50-99 

1-49 

(1 

Total 

Average Kerma Person-
Gamma Neutron Years 

381 

211 

109 

57 

9 

0 

514 

264 

143 

71 

10 

0 

144 

70 

30 

13 

11 

4 

1 

0 

0 

0 

2 

0 

9,535 

19,614 

32,384 

51,456 

469,060 

569,266 

1,151,315 

6,981 

20,151 

27,355 

25,643 

200,417 

90,944 

371,491 

(Cases from Leukemia Registry 

Hiroshima 

Nagasaki 

No. CaseJJ 
AL CGL 

10 

8 

9 

3 

11 

16 

57 

6 

7 

4 

0 

6 

2 

25 

2 

7 

3 

4 

14 

4 

34 

1 

1 

0 

0 

3 

0 

5 

a Reprinted with permission from Ishimaru et a1. 13 (Table 1). 
b AL= acute leukemia; CGL = chronic granulocytic leukemia. 
a 1 case of chronic lymphocytic leukemia was included. 

Hiroshima and Na asaki 1950-1971 

No. Cases per 100,000 pyh 
AL CGL All 

104.9 

40.8 

27.8 

5.8 

2.3 

2.8 

s.o 

85.9 

34.7 

14.6 

o.o 

3.0 

2.2 

6.7 

21.0 

35.7 

9.3 
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3.0 
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3.0 

14.3 
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o.o 

1.5 

o.o 

1. 3 

125.9 

76.5 

37.1 

13.6 

5.3 

3.5 

7.9 

100.3 

39.7 

14.6 

o.o 

4.5 



youngest in 1945 and continue to be substantial in those in the older 
groups; thus, in the last interval, the rates increase with age in 1945, 
most clearly and emphatically for acute leukemia, which dominates the 
later experience. The available data constitute firm evidence of what 
has been claimed previously: radiation-induced leukemia in the atomic
bomb survivors has followed a characteristic latency pattern that dis
tinguishes·these cases of leukemia from those due to other causes. 
Furthermore, these data provide another reason to believe that chronic 
granulocytic leukemia is induced by mechanisms different from those 

28 which induce other forms of leukemia, as has been suggested by Mole. 

Age-adjusted leukemia mortality rates, computed from death-certificate 
data, reveal an increased leukemia risk in males. For Hiroshima and 
Nagasaki combined, the male:female ratio for 0-9 rads kerma is 1.36; for 
10-99 rads, 2.86; and for l0o+ rads, 1.56 (Table A-12). The increased 
risk in males is statistically significant; i.e., in eight of 10 age 
groups ()10 rads), the ratio is greater than 1. Where the ratio is less 
than 1, the decrement is small and probably not significantly diminished. 
The best estimate of the increased risk in males from these data is pre
sumed to be 56%, in that the l0o+ rads exposed have the smallest admixture of 
nonradiogenic cases. The.factors responsible for the apparently heightened 
sensitivity......:.of males are not understood. 

Previous estimates of T65 kerma (dose) were computed for aygr~5imately 
79,000 of the 82,200 atomic-bomb survivors included in the LSS. ' New 
estimates of attenuation by self-shielding yield absorbed doses to active 
bone m~rrg! gf Burvivors that vary significantly from the T65 kerma esti
mates. ,l 1 , 2 For an adult Japanese survivor, recent data show that 
the ratio of the low-LEr absorbed dose in active marrow to kerma from gamma 
rays is 0.56, whereas the ratios of high-LET absorbed dose and n~utron-capture 
gammas to kerma from neutrons are 0.28 and 0.067, respectively. 1 

Figure A-5 compares the leukemia dose~response curve for mortality in 
the LSS sample with a parallel estimate based on the dose distribution of 
all cases in the leukemia registry and the dose distribution of survivors 
enumerated at the time of the 1950 census. The sparsity of leukemia cases 
in the Nagasaki LSS sample below 100 rads kerma results in apparent 
curvilinearity in the low-dose region, which is much less marked when all 
the registry cases are used in relation to the total population enumerated 
in Nagasaki in 1950. In the Nagasaki LSS group, the incidence at all 
doses is less than observed in Hiroshima survivors, with the exception 
of the 0-9 rads group. The increased incidence in Hiroshima implies 
that neutrons are more leukemogenic than gamma rays--i.e., the neutron 
RBE is greater than 1. The curvilinearity requires that the neutron RBE 
also increase as the dose diminishes. This is thought to be due to 
greater repair of effects of low-dose, low-LET radiation, rather than 
·increased damage per unit of higher-LET radiation, such as neutrons 
(mainly from proton recoil interactions in tissue). These concepts are 
based on radiobiologic evidence from many species. The current question 
is the strength of the evidence that similar effects apply to man. 
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TABLE A-12 

Leukemia Deaths per Million Atomic-Bomb Survivors eer Year, Hiroshima and 
Nagasaki, by Age, Kerm·a, and Sex, 1950-1974 

Leukemia Deaths 
Age, 0-9 rads (kerma) 10-99 rads (kerma) lOOt rads (kerma) 
yr M F M/F M F M/F M F M/F 

0-9 25 33 0.76 40 21 1.90 1,118 301 3.71 

10-19 20 19 1.05 196 19 10.32 268 319 0.84 

20-34 73 24 3.04 33 39 0.85 769 499 1.54 

35-39 84 .54 1.56 92 19 4.84 479 228 2.10 

)39 8 35 0.23 27 21 1.29 389 229 1.70 

Total 57 42 1.36 120 42 2.86 736 473 1.56 

/ 
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FIGURE A-5. Dose response·for leukemia, LSS sample and death 
certificates, 1950-1974, versus atomic-bomb 
survivors'· survey arid total leukemia registry, 
1946-1~74. Reprinted with permission from Beebe 
et al. 
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Analysfs of leukemia in the LSS sample are complicated by the 
fact that there were few Nagasaki survivors in the low-dose group; 
hence, statistical confidence in the estimation of rates in

4
survivors 

who received less than 100 rads is low. Thus, Beebe et al. were 
led to analyze the data for all members of the Leukemia Registry, 
regardless of membership in the defined samples ordinarily relied 
on. The use of the Leukemia Registry increases the number of 
cases available for analysis: in Hiroshima from 120 to 323, and 
in Nagasaki from 46 to 231. The population base for rate calcula
tions is uncertain for the Leukemia Registry; however, assuming 
that it has the same dose distribution as survivors inumerated at 
the time of the 1950 census population, Beebe et al. computed rela
tive risks based on death certificates for survivors in the LSS 
sample and for the total Leukemia Registry in the entire city 
populations from which the Registry cases are drawn. Figure A-5 
shows good correspondence in Hiroshima between the compared groups, 
whereas the Nagasaki curve is much less curvilinear when the total 
Leukemia Registry is used. 

The shape of the Nagasaki curve is a strong determinant of the 
value for the RBE for neutrons derived from the Hiroshima (neutron
rich) and Nagasaki (neutron-deficiy~t1

4
eyijo~~res. Several analyses 

of neutron RBE have been reported. ' ' ' 

Rossi and Kellerer35 analyzed published data and concluded 
from a comparison based on kerma that the biologic effectiveness of 
the radiation in Hiroshima relative to that in Nagasaki varied smoothly 
from a value of 2 at high kerma to between 5 and 25 at a kerma of 10 
rads. To derive neutron RBEs, they made allowances for the fact that 
only about one-fifth of the ketma at Hiroshima was due to neutrons 
and for a two-fold difference of absorption by tissues overlying the 
bone marrow for gamma rays and neutrons. In this case, an RBE between 
50 and 250 was obtained }or ~ marrow neutron dose of 0.5 rad, the most 
likely value being about 70. 5 (Rossi--personal communication--now 
believes that the best estimate for the variation of neutron RBE with 
kerma for leukemia induction in the Japanese atomic-bomb survivors is 
approximately 45/oJ.) 

To estimate the neutron RBE, Ishimaru et a1. 13 considered two 
models, one that is linea~ with gamma-ray dose and one that varies 
with the square of the gamma-ray dose, and tested these against data 
for the period 1950-1971 (Table A-10). In the first model, the 
incidence depends linearly on both gamma-ray dose and neutron dose: 
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where P = leukemia incidence, a. 0 = baseline incidence in each city, 
Dy= gamma dose, D = neutron dose, and a. 1 and S 1 are fitted constants. 
In the second modef, the incidence depends linearly on neutron dose and 
on the square of the gamma-ray dose: 

Both models fit the leukemia incidence data (all leukemias) in the LSS 
(1950-1971) equally well, and the best model cannot be discriminated 
statistically. For acute leukemia, the gamma-ray component (s 1 term) 
is statistically most significant; for chronif granulocytic leukemia, 
the neutron component ( S 1 term) predomingtes. 3 (This is in agreement 
with earlier observations made by Mole. 2 ) In fact, the gamma-ray term 
(a. 1 or a. 2 coefficient) was not significantly different from zero for induction 
of chronic granulocytic leukemia in either model, and the 13

1 
term was sig

nificant at the 0.01 level for chronic granulocytic leukemra in both 
models. With regard to acute leukemia, both the a. 2 and s1 terms were 
significantly different from zero with model II, but only a. 1 was 
significant with the linear model. These findings held whether kerma 
or marrow dose was used. 

The neutron RBE was computed as D/D for those values of DY and Dn 
which produced the same effect. For moder I, the RBE was computed as 
S1/ a.1; for model II, the RBE varies with dose and was computed as 

[ S1/ (a.2Dn) ]~. 
For acute leukemia and for all forms of leukemia, the RBE for kerma 

and marrow dose derived from model II are listed in Table A-13. The 
results obtained by using kenna and marrow dose are almost identical. 
The RBE was not computed for chronic granulocytic leukemia, because the 
gamma coefficient (a.1 ) was not significantly different from zero. The 
data from Hiroshima and.Nagasaki are consistent with the observations 
that neutrons were more important than gamma rays for the induction of 
chronic granulocytic leukemia and that the neutron RBE for induction of 
chronic granulocytic leukemia greatly exceeds the values for induction 
of acute leukemia. 

With current information on absorb2y dose and published leukemia 
incidence data (1950-1971), Land et al. have compared linear and 
quadratic dose models for the twocities on the basis of the LSS data. 
The three models used included the following relationships for the gamma 
and neutron terms: linear gamma and linear neutron (L-L), quadratic 
gamma and linear neutron (Q-L), and both linear and quadratic gamma and 
linear neutron (LQ-L). 
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Neutron 

TABLE A-13 

RBE for Neutrons for Leukemia.in Hiroshima and Nagasaki, 
Model ua 

Kerma, rads Marrow Dose, rads 
Dose, rads Acute Leukemia All Forms Acute Leukemia All 

1 30 45 32 

10 9.6 14 10.2 

100 3 4 3.2 

500 1.3 2 · 1. 4 

a Data from Ishimaru et l 13 a • --
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Age-adjusted leukemia risk coefficients for gamma and neutron 
radiation (bone-marrow dose) are presented in Table A-14 by type of 
leukemia based ~n Leukemia Registry incidence data (1950-1971) from the 
LSS. RBE and x (goodness-of-fit) values are computed for the different 
model types. The value of a1 indicates the age-adjusted risk per rad 
of gamma rays for the linear term in the LQ-L model; °'2 is the analogous 
parameter for the gamma-dose-squared term in the two nonlinear models;s1 
is the risk coefficient for neutron exposure, which is treated as a 
simple linear process. 

The best-fitting model for all leukemias (total) and for acute 
leukemia (the LQ-L model) contains quadratic gamma-dose and linear neutron
dose terms. The linear model (in both gamma and neutron doses) and the 
Q-L model fit the chronic granulocytic leukemia equally well, but not 
significantly better than the LQ-L model. The RBE for neutrons for 
acute leukemia, which best fits the linear model, is 5.4 + 5.6, and the 
RBE for the Q-L model is 30.6/Dn\+ 10.7/Dnt. -

The wide confidence intervals on RBE reflect the statistical 
fluctuations in the data, especially in the low-dose region, and in 
the Nagasaki data in p~lticular. Analyses on larger samples, such as 
the Leukemia Registry, provide RBE estimates that are compatible 
with or higher than those shown in Table A-13. 

When the appropriate risk coefficients calculated for the different 
types of leukemia (from Table A-14) are multiplied by dose to the bone 
marrow, the increased risk to a population exposed to that dose can be 
estimated. The results of applying age-specific risk estimates to a 
hypothetical (but reasonable) population distribution are shown in Table 
A-15. If a million persons received 1 rad of gamma radiation to the 
bone marrow, we would expect to see on the average 2.2 cases of leukemia 
per year, starting 2 yr after exposure and continuing for 25 yr there
after, if a linear model is correct. If the linear-quadratic model is 
correct (it fits the data slightly better than the linear-linear model), 
the expected number falls to 1.0; and, if the quadratic-linear dose 
model is used, only 0.01 additional case per year would be expected. 
The differences between the various model predictions after gamma-ray 
exposure can be appreciable at the lowest doses, but the differences at 
the higher doses are considerably smaller. The risk of chronic granulo
cytic leukemia after gamma-ray exposure is much smaller than the risk of 
acute leukemia at all doses. 
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TABLE A-14 

Age-Adjusted Leukemia Risk Coefficient for Gamma and Neutron Dose to Marrow, by Type of Leukemia, 
Hiroshima and Nagasaki Data, 1950-197la 

Type of 
Model? .x__:_ Leukemia _i4_ ~ --4- RBE d.f. E..._ 

Total L-L 2.24 25.4 11.3 11.5 12 0.5 

Q-L 0.0137 31.1 47.6/D/ 12.3 12 0.4 

LQ-L 0.99 0.0085 27.5 < 27.8 10.4 11 0.5 

Acute L-L 2.02 10.9 5.4 20.6 12 0.07 

Q-L 0.0147 13.7 30.6/D;2 17.9 12 0.12 

LQ-L 0.19 o. 0136 13.0 < 68.6 17.6 11 0.09 

Chronic L-L 0.013 16.5 C 20.6 12 Q.07 
granulo-
cytic Q-L 0.00004 16.6 C 20.6 12 0.07 
leukemia 

LQ-L 0.012 o.o 16.5 C 20.6 11 0.05 

a Leukemia Registli incidence cases in the Life Span Study sample from 
Ichimaru et al; regression coefficients and RBE estimates from Land et al. 21 

b L-L a O + a1 D y + 131 Dn 

Q-L 2 
a o+ az~ + l31Dn 

LQ-L a 0 + a1D y 
2 + 13 D "' + a2Dy 1 n 

with a 0 , the risk at zero dose 

with a 1 , the risk coefficient per rad of gamma dose 

with a.2, the risk coefficient per (rad of gamma dose) squared 

with Bp the risk coefficient per rad of neutron dose 

c Not calculated. 

- 417 -



TABLE A-15 

Leukemia Risk Per 106 pya 

Leukemia Risk 
Type of Gamma-Ray Dose to Marrow, rads Neutron Dose to Marrow1 rads 
Leukemia Model 1 10 100 1 10 100 

L-L 2.2 22.4 224 25 254 2,540 

All types LQ-L 1.0 10.8 184 28 275 2,750 

Q-L 0.01 1.4 137 31 311 3,ll0 

L-L 2.0 20.2 202 11 109 1,090 

Acute LQ-L 0.2 3.3 155 13 130 1,300 

Q-L 0.01 1.5 147 14 137 1,370 

Chronic L-L 0.01 0.13 1.3 17 165 1,650 
granulo-
cytic LQ-L 0.01 0.1 1.2 17 165 1,650 

Q-L. o. o. 0.4 17 166 1,660 

aData based on Table A-14. 
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The possible effect of dose rate has not been included in these 
models. Thus, if sparing due to low dose rate or dose fractionation 
occurs~ as it does in lower mammals, then the gamma-dose risk estimates 
are too high. Differences in leukemia risk between males and females 
have not been taken into account explicitly. 

The risk estimates presented are based on leukemia-incidence data 
for the period from October 1, 1950, through December 31, 1971, and 
not for the period of presumed excess risk (mid-1947 through 1970 for 
Nagasaki and through 1974 for Hiroshima). In the excluded periods, 
the numbers of cases do not exceed (on an average annual basis) those 
occurring during the study period. The exclusion of the early cases 
is of interest with respect to neutron RBE, in that a high proportion 
(9 of 13) of the early cases had chronic granulocytic leukemia and 
were excluded-from rate calculations. The addition of these chronic 
granulocytic leukemia cases would further increase the values estimated 
for neutron RBE. 

Leukemia in Ankylosing-Spondylitis Patients 

Since 1957, important information on leukemia risk after 
human exposure to ionizing radiation has been derived from a series of 
investigations of British ankylosing-spondylitis patients treated with 
radiation therapy directed toward the spine. Reservations concerning 
the significance of excess risk observed in patients after radiation 
therapy for a serious medical condition arise when the incidence of 
associated disease in nonirradiated patients with the same primary 
disease is not known. A recent review of cancer mortality in 859 
British ankylosing-spondylitis patients diagnosed between 1935 and 1957 
who were not treated with x-ray therapy and were followed for ove

37
13 

yr through 1967 has gone far to allay some of these reservations. 
Leukemia, lymphoma, and a plastic anemia,_ which were increased after 
radiation therapy, were not observed to be increased in nonirradiated 
patients. Although it is still possible that more seriously ill pa
tients received radiation therapy and that radiation in severely ill 
patients may potentiate a leukemogenic effect, this study suggests 
that ankylosing-spondylitis patients do not have a high spontaneous 
incidence of malignant disease. 

The leukemia-mortality patterns following a single course of 
radiation therapy (average, 10 x-ray treatments over a period of 5-6 
wk) were d16ermined through 1969--an average followup of 16.2 yr after 
treatment.· A mean whole marrow dose of 321 rads and a 2-yr minimal 
latent period were estimated. (Recent unpublished data from Fabrikant 
and Lyman suggest that the average marrow dose was about 214 rads.) 
There were 29.15 excess leukemia deaths in 112,970 PY, or an estimated 
absolute risk of 0.8 leukemia death per 106 PY per rad, according to 
R. Doll and P. G. Smith (personal communication)--1.2, according to 
Fabrikant and Lyman's dose estimate. The leukemia induced in these 
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patients was acute, and the increment in incidence was most marked in 
the older irradiated patients. The smaller increase in chronic granulo
cytic leukemia is consistent with ~xpectation, owing to the absence of 
neutron exposure in x-ray therapy. 

The time course of the increased risk can be assessed most readily
36 from the followup of patients given a single course of x-ray treatment. 

Excess risk first appeared 2 yr after the start of treatment and persisted 
for 20 yr. This, too, is in good agreement with observations on atomic
bomb survivors. 

Leukemia in Other Irradiated Human Populations 

An increased incidence of leukemia has been observed in Portuguese, 
Danish, and German patients who received Tho~ijtrast (thorium dioxide) as 
a contrast agent for diagnostic radiography. In 3,772 patients, many 
followed for over 30 yr, after an a29rz§e dose of 25 ml of Thorotrast, 
44 cases of leukemia were observed. ' Bone-marrow exposu2gs were 
estimated to average 270 rads by 30 yr after administration. 

The f~rst leukemia cases were seen about 8 yr afzgr Thorotrast 
injection; cases are continuing to appear in excess. Only seven 
of the 44 cases were chronic granulocytic leukemia in the persons 
exposed to high-LET radiation. A possible explanation for the smaller 
number of such patients than expected, if chronic granulocytic leukemia 
is induced preferentially by high-LET radiation, may be cell inactivation 
or death of transformed cells at the high doses received by these patients. 
Th.e excess risk was estimattad as 40 cases per million persons per r~~' 
when the dose was calculated 30 yr after the dose was administered. 

Two investigators have reported leukemia after therapeutic scalp 
irradiation for tinea capitis in children. The followup of 2,043 
children who rece.ived an estimated 30 rads (average marrow dose) rev1aled 
four leukemia cases versus 0.9 expected, for a relative risk of 4.4. 
The absolute ~~cidence was estimated at 3.4 ~gr million persons per 
year per rem. · More recently, Modan et al. surveyed a large 
group (10,902 irrctdiated, 10,902 population controls, and 5,496 sibling 
controls) over a period of 12-23 yr and found a s,aller increment in 
risk: seven cases in the irradi~ted (0.6 case/10 ), five in the 
population c~ntrols (0.5 case/10 ), and two in the sibling control 
(0.4 case/10 ). The relative risk in this study thus was 1.4-1.8 
and this was not judged by the authors to be a demonstrated effect 
in this study group, !2 which the cranial marrow dose was estimated to be 
several hundred rads. 

The mortality exp.erience among radiologists in the United States 
includes. a significant increase in leukemia mortality among those in 
medical practice during the period 1920..,.1939; no excess was observed 
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in radiologists who began practice thereafter. 25 Uncertainty of the 
dose for the leukemia cases and the population at risk make it impossi
ble to establish a dose-response curve for these persons. Estimates 
of lifetime radiation exposures to the bone marrow for radiologists 
practicing in the 1920s and 1930s are 600 and 240 rads, respectively 
(BEIR I). This equates to a lifetime risk of 20-50 excess cases 
per million persons per rad, which is close to the value for low-LET 
irradiation of atomic-bomb survivors and ank.ylosing-spondylitis patients. 
Taken at face value, this observation suggests that protraction of 
exposure over many years does not diminish the leukemia rates below 
that observed after single high-dose, high-dose-rate exposures. Lack 
of knowledge of the doses received by radiologists who developed leukemia 
and those who did not makes such a conclusion highly suspect. 

Two new studies have shown that leukemia is increased in persons 
given rad~r.1 ~ntravenously for medical therapy and in radium-dial
painters. , 3 

The incidence of bone cancer in German patients given repeated 
intravenous injections of radium-224 is summarized later in this 
appendix. Among the 816 tra§gd patients of known dose and injecd..on span 
in the Spiess et al. series, two cases of leukemia occurred. 
Paramyeloblastic leukemia was diagnosed in a 44-yr-old man and lymphatic 
leukemia (presumed to be acute) was diagnosed in a 29-yr-old woman; 
they had received radium-224 2 and 3 yr previously, respectively. In 
a population in which 0.8 case was expected, three cases of panmyelosis 
were diagnosed (two in adults, one in an adolescent), with·no more 
than one expected. All cases had onset 2-4 yr after the start of 
intravenous injections. The authors noted that juveniles received 
higher doses, but no cases of malignant hematologic conditions occurred 
in that age group. The red marrow dose was estimated to be approx
imately 60% of the average skeletal dose from radium-224. The average 
skeletal dose was computed as being 282 rads in adult females and 186 
rads in adult males, from high-LET alpha-particle radiation. The 
short, well-defined latent period and the significantly increased 
incidence suggest that these effects are real. 

Mortality in a cohort of 634 women who worked in the United States 
as painter? of radium dials between 1915 and 1929 has recently been 
reviewed. 3 In addition to large excesses in bone cancer (22 observed 
versus 0.3 expected), diseases of blood and blood-forming organs were 
increased significantly (4 observed versus 1.0 expected). The number 
of deaths from leukemia and related conditions was significantly greater 
than expected in the period before 1945, whereas bone cancers were 
observed to peak later. These observations are consistent with data 
from the Japanese atomic-bomb survivors. Unfortunately, dosimetry 
studies are lacking; hence, risk coefficients cannot be computed and 
compared between series. The findings, however, closely parallel 
observations described above from patients given radium-224 intravenously. 
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Knowledge regarding the incidence of neoplasms after therapeutic 
irradiation of infants for enlarged thyt].ic glands has been extended by a 

fourth survey of a well-studied sample. 9 This represents a 20-yr 

followup of nearly 3,000 treated infants and approximately 5,000 non
irradiated siblings. One additional leukemia case was identified in 

the fourth survey, bringing the total to seven (2.27 expected). In 
the most heavily irradiated subgroup, two cases were observed in the 
earlier surveys (0.25 expected). Fewer cases than expected were observed 

in the sibling comparison groups. Dose information does not permit an 
accurate assessment of leukemia risk coefficients, but it appears likely 

that leukemia risk was increijsed in these subjects, especially in the 
earlier years after therapy. 

Other Hematologic Cancers in Man 

Aplastic Anemia. An increased incidence of aplastic anemia was 
reported in the Japanese atomic-bomb survivors in the early years 
after exposure. 22 It is not certain whether this effect was real 
and quickly attenuated or was a secondary manifestation of other 
diseases. More recent surveys have revealed that, in 56 patients 
among the atomic-bomb survivors who had confirmed diagnoses of aplastic 
anemia between 5 and 28 yr after exposure, there was no temporal trend 
in incidence; and aplastic anemia did not increase in frequency at the 

time that the leukemia incidence increased. The incidence of uncon
firmed aplastic anemia (death-certificate diagnoses) was 10 times 
higher in survivors exposed to 100 rads or more than in those exposed to 
less than 1 rad, but analysis showed n3 association between exposure 
and incidence in the confirmed cases. 1 

Aplastic anemia was reported in the British ankylosing-spondylitis 
patients who received radiotherapy to the spine, but it was finally 
concluded that this was aleukemic leukemia in many of the patients. 7 

In addition to the increased mortality from leukemia in American 
radiologists, 17 excess deaths occurred from aplastic anemia, compared 
with none in the cohort (1930-1939), with an average followup of 
30 yr. No reliable estimates of radiation dose are available, and 
it was not possible to locate and review the histologic evidence on 
classification. Lewis also reviewed the disease experience of American 
radiologists and suggested that an e!§ess of aplastic anemia had been 
observed during the years 1948-1961. · 

Malignant Lymphoma. Evidence from human studies, primarily those 
of the atomic-bomb survivors and the British ankylosing spondylitis 
patients, indicates that lymphoma incidence after radiation exposure

4 
is increased, but to a lesser extent than the incidence of leukemia. , 7 

Additional evidence i~ available from studies of American radiologistij, 25 

uranium-mill workers, and infants irradiated for thymic enlargement. 
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• Japanese Atomic-Bomb Survivors: Pathology ~~ta (autopsy and 
biopsy-proven cases) from the LSS (Nishiyama et al. and A. Steer 
et al., in preparation) demonstrate an increasedincidence of 
malignant lymphoma in heavily exposed (over 100 rads kerma) Hiroshima 
survivors, but for Nagasaki survivors the data are too few for a judg
ment to be made. The induction interval.was shortest in the youngest 
heavily exposed survivors. 

In the two cities, 10 malignant lymphomas were observed in persons 
exposed to kerma greater than 100 rads, and 2.3 were expected--i.e., a 
greater than fourfold increase--and the greatest excess occurred in 
Hiroshima (Table A-16). In this group, among 3,128 survivors, there 
were four cases of lymphosarcoma (0.4 expected), one case of reticulum 
cell sarcoma (0.5 expected), and three cases of Hodgkin's disease (0.2 
expected). In the LSS, there were 75 deaths attributed on death certifi
cates to cancer of the lymphatic and ~ematopoietic tissue, other than 
leukemia in the ABCC LSS (1950-1974). All patients exposed to more 
than 100 rads in this group had confirmed pathologic diagnoses. Thus, 
the effect was not due to the inclusion of misdiagnosed cases of leukemial 
for example. There were too few cases to support definite conclusions 
with respect to trends over time, but four of the .10 cases observed in 
subjects exposed to 100 rads or more occurred in 1971-1974, and only 
one in the 1950-1954 period--a distribution completely different from 
that observed in leukemia cases. There were too few cases to draw 
conclusions about variations with age, but. the major effect was not in 
young persons (those under 20 at the time of bombing). The ratio of 
excess leukemia to excess lymphoma deaths in the Japanese survivors above 
100 rads kerma (from Tables A-9 and A-16) is 61.1/7.7 = 8. It will be 
important to determine whether different types of irradiation induce 
similar relative ratios of risk. 

• British Ankylosing-Spondylitis Patients: Recent reviews of 
mortality in ankylosing spondylitis (Doll and Smith, personal communi
cation) have shown that 13 lymphoma deaths were observed after radio
therapy, wh~~eas 6.59 were expected--6.41 excess deaths in a period of 
6 yr or more. For leukemia, the excess is 31 - 6.47 = 24.5 for 6+ yr, 
19.53 for 3+ yr, and 13.11 for 6+ yr. Doll and Smith prefer to use 
the 3+-yr latent period for calculation of the leukemia risk. The 
ratio of excess leukemia to excess lymphoma is thus 19.53/6.41 = 3.0. 
Fabrikant and Lyman have reanalyzed the dosimetry data and, assuming 
that the disease originates in mediastinal lymph nodes, computed an 
absolute risk of 0.3 cases per million persons per year per rad absorbed 
dose to the mediastinal lymph nodes. 

• Other Human Populations: Increased mortality from malignant 
lymphoma has also been observed in two groups of worke2~ occupationally 
exposed to io2izing radiation. These are radiologists and uranium
mill workers, but dosimetry is inadequate for quantitative risk esti
mation in both situations. 
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TABLE A-16 

Expected and Observed Frequencies of Malignant Lymphoma in 

Japanese Atomic-Bomb Survivorsa 

No. Cases of 
Malignant Lymphoma 

City Dose, rads (kerma) Observed Expectedb 

Hiroshima 1-99 7 11.0 

~100 8 1.3 

Nagasaki 1-99 6 4.7 

)100 2 1. 0 

Total 23 18.0 

Excess s.o 

a Derived from Nishiyama et a1. 32 

b Based on rate observed in 37,675 survivors, 29 who received (1 rad (kerma). 
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In addition to the increased leukemia mortality noted in 
radiologists (American College of Radiologists), in comparison 
with pathologists (College of American Pathologists), from 1920 
to 1939, increased mortality from neoplasms involving the lymphatic 
and hematopoietic system (excluding leukemia) was noted from 1930 
to 1949. The standard mortality ratios (SMRs) computed were 3.57 
and 1.61 for the two specialties for 1930-1939 and 5.71 and 1.04 for 
1940-1949. The lymphoma increase was observed later than the leukemia 
effect; this corresponds to the experience in the Japanese atomic
bomb survivors. 

Following 662 men empl~yed in U. s. uranium mills from 1950 
through 1967, Archer et al. observed 104 deaths in the workers, 
compared with 105 expected. Although the numbers in the study are 
small, the one condition that showed a significant increase above 
expected was malignant neoplasia involving the lymphatic system 
(excluding leukemia): four observed vs. 1.02 expected. The radio
active nuclides identified in air in aerosol form included uranium-238, 
uranium-234, thorium-230, radium-228, radium-226, and lead-210. Urine 
analyses (1950-1953) showed average uranium concentrations of 8.2 µg/L, 
with 10% of the workers excreting uranium at concentrations up to 20 
times as high. Air concentrations were thought to be approximately 
10 times higher, on the average, than ICRP standards, as defined in 
1959. 

In addition to thyroid cancer and leukemia, an increased incidence 
of malignant lymphoma has been identified in th9 followup of infants 
given radiation therapy for thymic enlargement. Two new cases were 
observed in the treated infants in the fourth survey (bringing the 
total to eight, compared with 3.97 expected). The highest dose 
group contained two cases, with 0.49 expected. No increase was observed 
in the sibling control groups. Thus, from all the evidence reviewed, it 
seems highly probable that malignant lymphoma is increased in children 
after high levels of radiation exposure. The appearance of increased 
risk comes later than for leukemia and may last longer. 

Multiple Myeloma. Sf2ce the 1973 study,32 a more extensive 
study of multiple myeloma has identified 22 confirmed cases among 
survivors in the LSS sample: 14 in Hiroshima and eight in Nagasaki. 
With the data of the two cities pooled for analysis, those exposed to 
lOo+- rads kerma have a significantly increased risk relative to that 
of those exposed to less than 1 rad (relative risk, 4-7). Excess 
mortality was estimated at 0.45 death per million persons ~er rad 
of_ marrow dose for the mixed neutron and gamma radiation. 1 
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Summary 

Extensive information has been accumulated on hematologic 
malignancies (especially leukemia) after whole-body radiation exposure. 
Because of the low natural occurrence of leukemia, the high radiosensi
tivity of stem cells, and the short minimal latent period (2-3 yr), 
leukemia was recognized ea~lY as a potential consequence of high-level 
radiation exposure in man. To understand the pathophysiology of 
these diseases and the mechanisms by which radiation exerts its effects, 
many experimental studies have been conducted in a large number of 
animal strains. These have led to several important conclusions that 
bear on the interpretation of dose-response curves derived from epidemio
logic studies in man. Given the body of knowledge derived from controlled 
animal studies and parallel (but uncontrolled) studies in persons 
exposed to high doses (where statistically valiq observations can be 
made), we have been led to fit the observed data to models that are 
consistent with animal and human data. 

Leukemia induction after low doses of low-LET radiation in 
experimental studies in mammals is curvilinear, with decreasing 
effectiveness per rad at the lowest doses. Also, a decrease in effect 
is seen at progressively diminished dose rates. The data indicate 
that small amounts of radiation-induced damage can be repaired to a 
substantial extent. Similar repair mechanisms are believed to operate 
in man, inasmuch as they occur in so many different organisms. 

Several models consistent with the data in man have been dis
cussed. Linear and quadratic models have been considered with different 
estimates of RBE from the Japanese atomic-bomb survivors. Because 
this group includes all ages and both sexes, findings in these 
survivors provide a basis for estimation of risk in man after a 
single exposure at any time in life. 

Assuming that a million persons are exposed to 1 rad of gamma 
radiation, the total expected number of radiation-induced cases of 
leukemia that would appear during the 25-yr period starting 2 yr later 
would vary between 0.01 X 25 and 2.2 X 25, or between 0.25 and 55, 
depending on which proposed model is correct. These would include 
primarily cases of acute leukemia, with fewer cases of chronic myeloid 
leukemia, but no chronic lymphocytic leukemia. 

The two large populations whose followup has provided the most 
useful information are the Japanese atomic-bomb survivors and the 
British ankylosing-spondylitis patients. The most recent age-
specific estimates of excess leukemia mortality in the British patients 
are those of Doll an4 Smith (p~rsonal communication) for the period 
after a single course of x-ray therapy. The risk increases rapidly 
with age at irradiation, from 13'per 105 PY at risk for those aged 
25-34 at the time of therapy to 52 for those aged 55 or older. If 
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these estimates are transformed to excess deaths per million persons 
per year per rad, on the assumption that the average marrow dose was 
214 rads, and compared with those obtained for the atomic-bomb sur
vivors in Tables V-16 through V-18, the agreement is fairly close for 
the L-L and LQ-L models. The comparison in Figure A-5, it should be 
pointed out, which focuses on the influence of age, makes use of 
marrow dose for the atomic-bomb survivors in terms of rads. Conver
sion to rems, with an RBE of 10-15, would bring the two curves much 
closer together. All the indications are that the incidences of 
radiation-induced leukemia observed in these two well-studied irradiated 
human populations are in very close accord. The increased incidence 
of leukemia in irradiated human populations is a well-documented effect. 
An increased incidence of lymphoma has also been detected in several 
populations, although the effect is less striking. The ratio of leukemia 
mortality to lymphoma mortality observed in the atomic-bomb survivors 
is 8, and in the ank.ylosing-spondylitis patients, 3.0. The concordance 
of these diseases in surveys may give additional confidence in establish
ing a cause-effect relationship. 

Because data are available for age and sex groups only for the 
atomic-bomb survivors, we have used the risk estimates obtained 
from the Japanese survivors for estimating risks for other groups ex
posed, to high-dose-rate radiation at relatively high doses, i.e., up
wards of 1 rad. Until we know the radiobiologic basis for leukemia 
induction, we cannot be confident regarding the choice of model or 
parameter values for use in risk calculations at even lower doses. 
It should be recognized that risk estimated at a selected point in 
the high-dose region may overestimate the magnitude of hazards of 
low-dose exposures by a factor of 2-10, depending on the type of 
radiation, its rate of delivery, and the high-dose point at which 
the observations were made. It seems reasonable to estimate risk 
from the most similar set of exposure circumstances for which specific 
assessments have been made, rather than to try to establish a single 
risk figure for radiation-induced leukemia. The estimated risks from 
the atomic-bomb and ankylosing-spondylitis treatment represent upper 
limits, in that both are derived from high-dose-rate exposures. 
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ESOPHAGUS 

Esophageal tissue is not thought to bg especially sensitive to the 
carcinogenic action of ion~zing radiation, but its precise sensitivity 
remains to be established. Experimental data

5
r1tevant to the esophagus 

in man are primarily those of Warren and Gates' derived from contin
uous gamma irradiation of the esophagus and some incidental findings 
reported by Upton et a1. 10 and Cosgrove et al. 3 on the forestomach 
of mice; but therearedata-on ma~ basedonx-ray therapy for ankylosing 
spondylitis (Court Brown and Doll and R. Doll, personal ~ommunication) 
and on exposure to the atomic-bomb explosions in_Japan. ' 

Warren and Gates, 5, 11 reporting on experiments in which rodents 
of five different species were continuously exposed to gamma radiation 
from a cobalt-60 source, concluded that esophageal tissue was generally 
sensitive to the carcinogenic action of radiation, with little or no 
variation among eight strains of mice, but some variation among species. 
The incidence in mice was about half that in other species. Total 
doses varied from 8,500 to 1,900,000 rads. Incidence depended on both 
dose rate and total dose, and a dose rate in the range of 751-1,000 
rads/d appeared to be maximally effective for all species; both higher 
and lower dose rates were less effective. In their ana115is of late 
effects of atomic-bomb irradiation of mice, Upton~ al. noted 
that squamous-cell carcinoma of the forestomach was the most common 
form of stomach tumor observed in their animals, but that no signifi
cant excess was ~een in either gamma- or neutron-irradiated mice. 
Cosgrove et al. , reporting on a large series of experiments on labora
tory rodentsof several kinds, recorded a relatively large increase in 
tumors of the stomach, and especially in squamous-cell carcinomas of 
the forestomach, after irradiation. They also stated that neutron 
irradiation appeared to be more effective in one strain of mouse (LAF 1), 
but not in another (RF). 

In the 1965 report on the mortality of patients with ankylosing 
spondylitis treated with x rays, Court Brown and Doll found no evidence 
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of excess mortality from cancer of the isophagus, but both observed 
and expected frequencies were very low. For the period beginning 
6 yr after therapy, there were three observed versus 2.25 expected 
in the complete followup experience through 1959, and three versus 
3.37 in the incomplete experience through 1962. In the recent report 
on causes of death among pat~ents with ankylosing spondylitis, after 
a single treatment course with x rays, Doll and Smith found nine 
deaths versus 4.27 expected in the more than 10-yr interval beginning 
6 yr after therapy and ending January 1, 1970 (Doll, personal communi
cation). The difference was significant at about the 0.04 level, 
but no precise dose information is available for this heavily irradiated 
site. Patients with ankylosing spondylitis not treated with x rays 
have recentli been followed up and found to have no excess risk of 
such cancer. 

For the atomic-bomb survivors, the mortality data for the period 
1950-1974 provide more definite evidence that esophageal tissu2 is 
sensitive to the carcinogenic influence of ionizing radiation. 
Table A-17 gives the experience of 60,470 Hiroshima survivors and 
19,255 somewhat younger Nagasaki survivors. Only for exposure to 
the Hiroshima bomb did the.observed deaths exceed expectation in 
dose-related fashion (p < 0.01). Because 19-27% of the total kerma 
dose in Hiroshima, but much less of the unknown tissue dose, is 
attributable to neutrons, it is quite possible that some of the 
observed excess is attributable to the neutron dose, which consti
tuted-only 1~2% of the total kerma dose in Naga$aki. The observa
tions are too few to testify in support of any specific dose-response 
function. The effect is apparent in both sexes and is thus far seen 
only in those who were 35 or older when expoged in 1945. Age-specific 
regression estimates of excess deaths per 10 PY per rad are not 
available for the Hiroshima experience flone; but, for both cities 
combined, the estimates are as follows: 

H+N 

H 

N 

All ages 0-9 10-19 20-34 35-49 50+ 

o. 19 

o. 39 

-0.09 

0 0.06 -o. 04 o. 21 1. 80 

-------(not available)-------

-------(not available)-------

The 90% confidence interval for those aged 50 or older in 1945 is 
0.48-3.12. The effect is not especially concentrated in time. 
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TABLE A-17 

Observed and Expected Deaths from Esophageal Cancer among 
Atomic-Bomb Survivors, RERF Mortality Sample, 

1950-1974, by Citya 

No. Deaths from Esophageal Cancer 
T65 Dose, Hiroshima 
rads kerma Observed 

0 57 

1-9 12 

10-49 18 

50-99 6 

100-199 2 

200-299 7 

300-399 0 

)399 3 

Total 105 

Test ps: Homogeneity 

Trend 

Excess deaths per 106 PY 
per rad: 

90% confidence limits 

aData from Beebe et al. 2 

o. 01 

0.01 

Expected 

50.9 

24.2 

18.8 

5.1 

3.5 

1.2 

0.5 

0.9 

105 

0.39 

0.18, 0.60 
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Nagasaki 
Observed 

10 

5 

7 

3 

2 

1 

0 

0 

28 

Expected 

o. 50 

0.50 

7. 4 

8. 8 

5.5 

2.1 

2.1 

1. 1 

0.5 

0.5 

28 

-0.09 

-0.31, 0.13 



In summary, human esophageal tissue may be sensitive to the 
carcinogenic action of ionizing radiation, but the evidence is 
neither extensive nor strong. The small experience of the Nagasaki 
survivors is entirely negative as to the effect of gamma radiation, 
but followup of the ankylosing-spondylitis patients treated with 
x rays is more than suggestive. The strongest evidence of the 
effect, and the only basis for estimating its magnitude, is derived 
from the followup of the Hiroshima survivors (p~ 0.01), but applies 
to a mix of neutron and gamma radiation. Because esophageal cancer 
has a 70% detection rate by death certificate and 70% of such 
death-certif}cate diagnoses are confirmed by autopsy in the exgerience 
of the ABCC, the linear estimate of 0.39 excess cancer per 10 
PY per rad (kerma) is the best obtainable from the experience of 
the Hiroshima atomic-bomb survivors of all ages in the absence of 
estimated tissue doses. For persons who were 35 or older in 1945, 
however, the estimate would be considerably higher. 
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STOMACH 

In the 1972 BEIR report, 14 the stomach was mentioned as an 

organ possibly sensitive to the carcinogenic
4
effects of ionizing 

radiation; Court Brown and Doll had reported a quite significant 

excess of stomach cancer among patients given x-ray therapy for 

ankylosing spondylitis. On the assumption that the average tissue 

dose ranged from 250 to 500 rads, the abfolute risk was estimated 

at 0.32-0.64 death per 106 PY per rad. 1 It was then uncertain, 

however, whether the excess was attributable to radiation or to 

selection factors associated with the disease process or its treat

ment. Moreover, there was no substantial eviyinlZ of excess stomach 

cancer in the Japanese atomic-bomb survivorfs ' By 1977, however, 

as noted in the most recent UNSCEAR report, doubts about the role 

of radiation in the reported excess incidence of stomach cancer 

among patients with ankylosing spondylitis treaty1 with x rays had 

been dissipated by the failure of Radford et al. to find any excess 

cancer among similarly studied ankylosing-spondylitis patients 

treated r3 m:eans other than X rays. Moreover, in 1977, Nakamura 

reported the first solid evidence of excess stomach cancer among 

high-dose survivors of the Hiroshima atomic bomb. 
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~----------

_ In experi,in~,1 animals, the natural incidence of stomach 
cancer is low, ' and experimental observations suggest 
that the glandular stomach is less susceptible to radiation
induced neoplasia than

3
~ijY other organs of mice of the strains 

thus far investigated. ' Several investigators have, however, 
shown definite evidence that soYii3n!6r,~iation will cause gastric 
cancer in laboratory animals. ' ' ' ' In experime§tij with 
localized x-ray exposure of both mice and rats, Hirose' has 
found x radiaf5oy

6
to be effective in inducing gastric cancer~ 

Nowell et al. ' observed some increase in gastric cancer 
in mic~

0
irradiated with x rays and with fast neutrons, and Upton 

et al. reported an uncertain excess of gastric cancer in mice 
exposed to atomic-bomb radiation. In their 1968-1969 reviews of 
available data on radiation-induced carcinyfl of the glandular 
stomach, Cosgrove et al. and Upton et al. concluded that 
the likelihood of radiogenic stomach cancer in mice is a function 
of the dose and quality of radiation, with neutrons being more 
effective than x rays or gamma rays in LAF ,ice, but not in RF 
mice. In their discussion, Cosgrove et al. remarked on the diffi
culty of conducting an adequately thorough necropsy examination of 
the gastrointestinal tract of mice and suggested that all reported 
counts may be underestimates. 

In the 1965 report on their followup of about 14,000 patients 
with ankylosing spondylitis treited with x rays in the interval 
1935-1954, Court Brown and Doll tallied 28 deaths from stomach 
cancer versus 16.0 expected from a point 6 yr after treatment 
through 1960, and 38 versus 23.6 expected through 1963, when follow
up was still incomplete. The latter comparison corresponds to an 
excess ~f 14.4 deaths in 89,432 PY of followup. Although Dolphin 
and Eve estimated the average tissue dose to the stomach at 60 
rads, the BEIR Committee used the much higher range of 250-500 
rads and esti~ated the excf~s as 0.32-0.64 death from stomach 
cancer per 10 PY per rad. The most recent report on the 
mortal! ty followup of the ankylosing-spondyli tis patients was for 
the period through 1969 and for patients given a single course of 
x-ray therapy (R. Doll, personal communication). If the observed 
and expected counts of 36 and 24.57 deaths over the period 6 yr 
after therapy through 1969 are combined with the lower BEIR estimate 
of 250 rads and 77,g94 observed person-years, the result is 0.59 
excess death per 10 PY per rad, with approximate 90% confidence 
limits of 0.11 and 1.19. There is no information with which to 
examine the form of the dose-response fllllction. 

Among the atomic-bomb survivors, it is only in the survivors 
of the Hiroshima bombing that mort,lity from stomach cancer is 
clearly related to radiation dose. Table A-18 gives the observa
tions for 1950-1974 by city and total dose in rads kerma. Further 
observation will be necessary to determine whether the excess above 
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TABLE A-18 

Observed and Expected Deaths from Stomach Cancer among 
Atomic-Bomb Survivors by T65 Dose and by City, 1950-1974a 

No. Deaths from Stomach Cancer 
T65 Dose., Hiroshima Nagasaki 
rads kerma Observed E~pecteclO Observed Expectedl' 

0 610 601.3 55 63. 2 

1-9 253 276.0 94 84.0 

10-49 228 223.9 50 50.5 

50-99 55 59. 7 18 18. 2 

100-199 42 37. 7 13 17. 6 

200-299 18 13.3 7 8.9 

300-399 8 6. 3 4 3. 9, 

)399 14 9.7 10 4.8 

Total 1,228 1,228 251 251 

p (homogeneity) 0.43 0.21 

p (linear trend) 0.03 0.16 

Excess deaths per 106 PY 
per rad, 0.81 o. 40 
90% confidence limits o. 12, 1.50 -0. 25, 1.05 

a Data from Beebe et al. 1 

b Calculated on the assumption of independence of risk and dose, 
and adjusted for age and sex; the Nagasaki sample is appreciably 
younger than the Hiroshima sample and has a very different dose 
distribution. 
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400 rads in Nagasaki is reliable. Nagasaki Tumor Registry data for 
1959-1970, covering 231 cases among survivors of known dose (versus 
251 deaths for the period 1950-1974), also do not sho~ a significant 
linear trend with dose (p = 0.18), whereas in the Hiroshima Tumor 
Registry data the test for a linearly increasing incidence with 
dose yields p = 0.02. For Hiroshima, a regression analysis yielgs 
the average (linear) estimate of 0.81 excess cancer death per 10 
PY per rad (kerma). If the mean dose of those exposed to lo+ rads 
kerma is converted to an approximate tissue dose by mean9 of the 
attenuation factors published by Hashizume and Maruyama, one 
obtains a mean dose to stomach tissue of 37 rads. Recalculation 
of the average absolite risk in., terms of tissue dose yields 1.57 
excess deaths per 10 PY per rad, for which the 90% confidence 
limits are 0.23 and 2.90. That this estimate depends heavily on 
the age structure of the sample of atomic-bomb survivors and on 
length of followup is suggestld by the following age-specific 
estimates for Hiroshima only: 

Excess deaths per 106 PY per rad 
(kerma) 

Age in 1945, yr Estimate 90% confidence limits 

All ages 0.81 0.12, 1.50 

0-9 0.56 0.20, 0.91 

10-19 o.oo -0.44, 0.42 

20-34 o. 71 -0.2?, 1.65 

35-49 2.22 0.30, 4.15 

)49 0.23 -4. 72, 5.19 

Although the values for ages 0-9 and )49 seem atypical, there is 
otherwise a suggestion of an increasing absolute risk with age. 
In the absence of age-specific data on the ankylosing-spondylitis 
patients, and in the absence of an effect in Nagasaki, it seems 
pointless to attempt an RBE estimate for the effect of neutrons, 
but it is of some interest that the rough estima~e of absolute 
risk after x radiation, 0.59 excess death per 10 PY per rad, is 
of the same order as that of 1.6 for the mixed gamma and neutron 
radiation released by the Hiroshima bomb. Apart from age at ex
posure, there is no information on the influence of host factors. 
There is no clear evidence of an effect in Nagasaki, but the data 
are so few that it cannot be said that they are inconsistent with 
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those for the ankylosing-spondylitis patients. The 90% confidence 
limits on the Nagasaki es~imate of absolute risk are -0.25 and 
1.05 excess deaths per 10 PY per rad. 

Over the 24-yr period of followup, the time-specific estimates 
of absolyte risk for Hiroshima atomic-bomb survivors have been as 
follows: 

Excess deaths Eer 106 PY per rad (kerma) 
Regression 

Period estimate 90% confidence limits 

1950-1974 0.81 0.12, 1. 50 

1950-1954 0.01 -1.20, 1.24 

1955-1958 -0.87 -2.42, 0.67 

1959-1962 1.48 -0.18, 3.16 

1962-1966 1.70 -0.09, 3.49 

1967-1970 1.67 -0.22, 3.58 

1971-1974 1.32 -0.78, 3.43 

The distribution of the excess over time does not easily lend 
itself to the estimation of a latent period. But, if the end of 
the latent period is taken as the beginning of the 4-yr interval 
after which there is a consistent cumulative excess in Hiroshima, 
then the estimate becomes 14 yr after exposure in 1945. Perhaps 
because the excess mortality attributable to radiation is small in 
relation to natural incidence, the effect has been difficult to 
establish. Egrly suggestions of a possible effetb seen in Tumor 
Registry data and in an early report on the LSS were dis
counted, because the evidence was f~consistent or did not build up 
in time until Nakamura's analysis. On t~e linear hypothesis, 
the excess in Hiroshima by thg end of 1974 amounted to only about 
20 deaths (0.81 X 25.2 per 10 PY per rad) among 1,228 from stomach 
cancer. 

That Nagasaki atomic-bomb survivors should not exhibit excess 
mortality from stomach cancer seems inconsistent with the observa
tions on the ankylosing-spondylitis patients, but the data on 
Nagasaki survivors are so few as to be not inconsistent with the 
latter. Perhaps the apparent excess (10 observed versus 4.8 expected) 
at 40o+ rads (kerma) is reliable and in time the evidence of an effect 
will grow stronger. 
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The dose-response plot for Hiroshima (Figure A-6) suggests' 
linearity for this mixture of gamma and neutron radiation, but 
the excess cases are so few that a variety of functional forms 
would fit well enough. 
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INTESTINE AND RECTUM 

Cancers of the large and small intestine ap~ rectum were not 
specifically mentioned in the 1972 BEIR report, although gastro
intestinal cancers as a group, excluding those of the stomach, were 
discussed with respect to mortality oy2the basis of the experience 
of the Japanese atomic-bomb survivors and Brit~sh ankylosing
spondylitis patients treated with x irradiation. Other information 
available at that time included apparent excesses of colon and rectal 
cancers in women whose ovaries had been irradiated 3b10e15ernal x rays 
or radium implant to pro1yce artificial menopause. ' ' ICRP 
Publication 14, in 1969, listed the colon as an organ of 
apparent, but uncertain, sensitivity to radiation carcinogenesis 
and the small intestine as an organ of low sensitivity. 

Experimental studies have suggested that intestinal cancers 
can be induced by whole-body irradiation in mice, although not 
consistently enoug~ ~t 1~ large enough numbers to establish induc-
tion by radiation. ' ' Carcinogenesis by irradiation of temporarily 
exteriorized intestinal tissue in the rat appears to be a standard 
treatment in studies of intest~n1t cancer not directly concerned 
with radiation carcinogenesis. ' 

The Japanese atomic-bomb survivor mortality experience based 
on death-certificate information has so far failed to provide un
equivocal evidenc2 of a relationship between radiation dose and intestinal 
or rectal cancer. Only the Hiroshima female data show a statistically 
significant increasing trend in colon-cancer mortality with increasing 
dose for the period 1955-1974. The estimated risk for combined cities, 
seies, and ages at the time of bombing is 0.1 + 0.1 excess death per 
10 PY per rem, assuming a linear dose reponse and a neutron RBE 
of 15, 6with no increased risk for males and 0.3 .:!:_ 0.2 excess death 
per 10 PY per rem for females. The age-specific estimates for 
combined cities and sexes are unstable, but tend to increase with 
increasing age at the time of bombing. However, tumor-registry data 
for the period 1959-1970, which are not sex-specific, show a statistically 
significant increasing trend in incidence of colon cancer with 
increasing dose (p < 0.02), which, moreover, is found in both 
Hiroshima (p < 0.02) and Nagasaki (p < 0.05). Regressign estimates 
based on these data are 1.45 .:!:_ 0.67 excess cases per 10 PY per 
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rad (intestinal dose) for Hiroshima and 0.60 ± 0.45 for Nagasaki. 
The Hiroshima tumor registry is known to be incomplete; furthermore, 
the tumor registries have not been subjected to critical analysis 
for ascertainment bias, although the Nagasaki tumor-registry data 
seem reliable enough (I.M. Moriyama, personal communication). 
It is interesting that autopsy studies based on the LSS sample 
have not demonstrated any relationship betwe~~ radiation dose and 
benign or malignant tumors of the intestine. 

Neither the death-certificate data nor the tumor-registry data 
for the LSS sample suggest a dose-response relationship for rectal 
cancer. 

Earlier studies of women irradiated for benign pelvic dis
orders included a mail survey by Palmer and Spratt15 of 731 women 
with an average followup of 16.1 yr; seven rectal cancers ~ere 
reported versus 2.1 expected (p = 0.006). Doll and Smith1 re
ported results of a 13.6-yr (average) followup of 2,068 metropathia 
haemorrhagica patients treated with irradiation; there were 11 
deaths from intestinal cancer versus 5.84 expected (p = 0.04), and 
five from rectal cancer versus 2.24 expected (p = 0.08). Another 
series of 267 

3
patients ·followed for an average of 16.1 yr by Brinkley 

and Haybittle yielded four deaths from intestinal cancer versus 
1.0 expected (p = 0.02) and three rectal cancers versus 0.5 expected 
(p = 0.014). . 

However, no significant excess mortality from pelvic cancer 
(26 versus 21.5 expected; p = 0.19) was found in another followup 
of 2,049 metropathia haemorrhagica patients tfeated wit2

3
internal 

radium (14%) or external x irradiation (86%). Wagoner observed 
one cancer of the small intestine versus 0.78 expected, 32 colon 
cancers versus 28.77 expected, and 16 rectal cancers versus 13.63 
expected among Connecticut women who received radiotherapy for 
benign gynecologic disorders between 1935 and 1966; these ex
cesses are statistically nonsignificant, both individually and in 
total. An incomplete followup of women treated with radium for 
benign uterine hemorrhage between 1926 and 1966 also found no 

9 excess mortality from pelvic cancers, or indeed from leukem~a· 
but this may simply reflect inadequate tracing of patients. ,l9 

A study of women given radium treatment for cancer of the 
cervix found 13 deaths versus 9.94 expected (p = 0.20) from colon 
cancer among 923 women wgo survived more than 5 yr after treatment, 
a nonsignificant excess. Castro et al. 4 have reported circum
stantial evidence of radiation involvement in a substantial fraction 
of 26 colon or rectal cancers in women previously irradiated for 
carcinoma of the cervix and uterus. 
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A recent followup of the 2,068 patients in the. Doll-Smith 
metropathia haemorrhagica series found 32 deaths from intestinal 
and rectal cancers versus 19.1 I§pected (E_"" 0.004) in 28,857 PY 
5 yr or more after irradiation. These included three cancers 
of the small intestine versus 0.4 expected (p = 0.01), 21 colon 
cancers versus 13.5 expected (p = 0.035), and eight rectal cancers 
versus 5.2 expected (p = 0.16). 18 , 19 

The earlier followup study by Court Brown and Doll of irradiated 
ankylosing-spondylitis patients found a significant excess mortality 
from colon cancer (25 observed versus 14.8 expected), but it seemed 
possible that this might arise from the known associations between the 
treated condition and ulc7rative colitis and between ulcerative 
colitis and colon cancer. The observation of only one colon cancer 
versus 1.6 expected in f

7
series of ankylosing-spondylitis patients 

not given x-ray therapy does not make an especially convincing 
counterargument, because this is easily consistent with an under
lying risk twice as high as that expected; but the observation of 
21 versus 21.5 expected total cancers is somewhat more convincing. 

The most recent followup of the irradiated ankylosing-apondylitis 
patients covered 14,109 patients who entered the study after a single 
treatment course (R. Doll and P. G. Smith, personal communication) 
These patients were followed until the end of the year after their 
second treatment, if any, or until lost to followup, or until 
January 1, 1970. Of the 7,453 patients who were retreated before 
January 1, 1970, the average followup was 3.5 yr. The average 
followup for the remainder, who received only one treatment, was 
16.2 yr. Twenty-eight deaths were attributed to cancer of the 
colon, compared with 17.30 expected (p = 0.011). Of these, six 
occurred in the first 3 yr of followup (versus 2.52 expected), and 
four in the next 3 yr (versus 2.22 expected). Two colon-cancer 
deaths occurred in the next 3 yr (versus 2.17 expected); this is 
consistent with the inference that the early excess was not caused 
by radiation, but was related to the treated disease. Although 
the group not treated with radiation showed no such early excess, 17 , 20 

it is possible that this group was less severely affected by the 
underlying disease. There were 16 colon-cancer deaths 9 yr or 
more after the first radiation treatment, versus 10.39 expected 
(P = 0.164), with a ~otal of 58,014 PY of followup, or 1.7 + 0.7 
excess deaths per 10 PY per rad, assuming an average dose of 57 
rads to the colon (J. I. Fabrikant and J. T. Lyman, personal 
communication). 

Cancers of the small intestine and rectum were no.t tabulated sepa
rately in the most recent report on the ankylosing-spondylitis patients 
(Doll and Smith, personal communication). 

Polednak, Stehney, and Rowland, in a mortality followup through 
1976 of a cohort of 634 women ascertained from employment lists as 
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having been employed before 1930 in the U.S. radtum-dial industry, 
found a statistically significant excess of deaths from colon 
cancer (10 observed versus 4.96 expected). 16 The incidence of other 
cancers of the digestive organs and peritoneum was only slightly 
different from expectation (five observed versus 7.57 expected). 
The excess colon cancer occurred mainly in women who were first 
employed before 1925, that is, before the practice of pointing 
brush tips with the lips was banned. There were five colon-cancer 
deaths versus 2.11 expected, among 360 women measured alive for 
radium body burden in 1954 or later; all five occurred among the 
302 with body burdens of less than 50 µCi (1.72 expected). The 
role of the colon in the excretion of radium in man suggests that 
the relation between colon cancer and radium ingestion may be 
causal. 

Although there is evidence of a causal relationship between 
ionizing radiation and cancers of the small intestine and rectum, 
there is no information on which to base estimates of excess risk 
per rad. The LSS sample data suggest that these sites are relatively 
minor in terms of the overall excess cancer risk. 

Risk estimates for radiation-induced colon cancer vary from 0.1 
to 1.7 excess deaths per 10 PY per rad of low-LET radiation, and in
clude the value 0.6 per 106 PY per rad for excess incidence. The inci
dence estimate based on the Nagasaki tumor-registry data for the LSS 
sample is probably the most reliable, given its completeness of ascer
tainment of disease (I. M. Moriyama, personal communication) and the 
good individual dosimetry and unselected nature of the exposed popula
tion. In the case of the ankylosing-spondylitis series, the possibility 
that the treated disease itself, which was more severe among those 
irradiated, may have contributed to the excess of colon-cancer deaths 
is cause for discounting the high risk estimate obtained. The differ
ent population rates, colon cancer being 4 times more frequent in 
the United Ki~tom, and 7 times more frequent in the United States, 
than in Japan, offer an alternative explanation of the discrepancy, 
but data for cancers of other organs tend to support comparability 
of absolute, rather than relative, estimates of risk among irradiated 
populations having different underlying cancer rates (see sections 
on leukemia, breast cancer, and lung cancer). Accordingly, the most 
regsonable estimate of risk is 0.6 excess colon cancer case per 
10 PY per rad, 15-25 yr after exposure for a population exposed 
at ages similar to those of the Japanese atomic-bomb survivors. 
In terms of mortality, between 60% and 70% of the incidence cases 
might be expected eventually to result in death from colon cancer 
(B. F. Hankey, personal communicgtion), which corresponds to 0.4 
excess colon cancer death per 10 PY per rad. 
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LIVER 

Until recently, the risk of liver cancer from radiation has been 
largely overlooked. The liver was regarded as being relatively radio
resistant, owing to the lack of acute radiation damage and the long 
latency of radiation-induced liver cancer. Furthermore, much of the 
early radiobiologic research on plutonium and other actinide elements 
was done in laboratory mice and rats, which rapidly excrete these 
elements from the liver. However, in man, 45% of the plutonium 
reaching the bloodstream is now thought to be deposited

1
~n the liver 

and to remain there with a biologic half-time of 40 yr. Thus, the 
dose to the human liver from the maximal permissible body burden of 
o.04 µ~i of plutonium-239 is much higher thyy previousl2 calculated 
by the internal-dose committees of the ICRP and NCRP. 7 In addition, 
an increasing number of patients are receiving radiopharmaceuticals 
for diagnostic liver scans, and many radiotherapy patients are surviving 
long enough to be at later risk from cancers induced by the therapy. 
No longer can the risk of radiation-induced liver cancer be ignored. 

THOROTRAST PATIENTS 

Patients given Thorotrast (colloidal [232Th]thorium dioxide) 
injections provide by far the most significant evidence of liver
cancer induction in man by a radioactive material. Thorotrast was 
injected intravascularly as an x-ray contrast medium, primar~4y for 
the diagnosis of suspected brain diseases, starting in 1928. Its 
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use was stopped arouyg 1955, after the discovery that Thorotrast 
causes liver cancer. The three most common types of liver cancer 
in the Thorotrast patients are angiosarcomas, bile-duct carcinomas, 
and hepatic-cell carcinomas (Table A-19). 

Thorot2gs
29

was used ;n
8
many countrie~, but the followup studies 

in Germany, ' Denmark, ' and Portugal are of special value, be
cause large populations at risk have been identified and investigated 
systematically. The status of these studies is shown in Table A-20. 
Among the European Thorotrast patients in the followup series, only 
one of the 301 caseg of liver cancer had a reported appearance time 
shorter than 18 yr. However, an appearance time of 12 yr was re
ported for the first liver cancer ascribed to Thorotrast in the 
United States. 16 Thus, virtually no radiation-induced liver cancers 
are expected to appear within at least the first 10 yr after injection. 
Similarly, the last 10 yr of irradiation can be considered "wasted," 
with respect to inducing observable liver cancers--although, alterna
tively, a shorter span could be disregarded, such as the last 5 yr 
of irradiation. About 3,046 traced persons in Germany, Dernnark, and 
Portugal have lived at least 10 yr after Thorotrast injection (Table 
A-20). Their average time at risk, from the 10-yr minimal latent 
period to death or latest contact, is now about 18 yr, with a collective 
53,371 PY at risk. 

The natural yearly incidence of cancers of the liver (including 
gall bladder), per 100,000 persons of all ages, is eight in Denmark, 
15 in Hamburg,

0
Germany, and 14 in the Saarland, Germany, but unavailable 

for Portugal. Mul§iplying the average for these known rates, 12 
liver cancers per 10 PY, by the 53,371 PY at risk, yields a prediction 
of about six naturally occurring liver cancers. Thus, of the 301 
observed cases of liver cancer in Table A-20, almost all (295 cases) 
are attributed to Thorotrast. 

Intravascular injections of Thorotrast m~~tly ranged between
8
10 

and 100 ml, averaging ~bout 25 ml in Germany, 23 ml in Denmark, 
and 26 ml in Portugal. The average injection of 25 ml contained about 
5 g of thorium (0. 6 µCi of thorium-232 with additional radioactivity 
from its daughters). When Thorotrast is injected intravascularly,

14 whether by artery or by vein, about 60% is deposited in the liver. 
For the injection of 25 ml of Thorotrast, the alpha-particle dose rate 
to the liver of a standard 70-kg man (assuming that 65% of the alpha 
energy escapes from the Thorotrfit aggregates and becomes absorbed 
in tissue) is about 25 rads/yr. Multiplying 25 rads/yr by the 
53,371 PY at risk in Table A-20 gives a collective population dose 
of 1,334,275 person-rads. Thus, the risk coefficient, up to the time 
of the latest followup, is: 

295 liver cancers 
106 person-rads of alpha radiation 

221 liver cancers 
1,334,275 person-rads 

- 450 -



TABLE A-19 

Liver Cancers in Thorotrast Patients (at Latest Detailed 
Tumor Classification) 

Gennany 29 
Denmark 7 Portugal 5 Japan 19 

Types of Liver Cancer as of 1975 as of 1977 as of 1974 as of 1975 

Angiosarcomas 37 20 19 20 

Bile-duct carcinomas 48 15 11 57 

Hepatic-cell carcinomas 21 15 2 10 

"Liver" carcinomai 20 0 0 0 

Unspecified C 14 0 43 6 

Total 

arn the general population, the most frequent types of primar~0liver 
cancer are hepatic-cell carcinomas and bile-duct carcinomas. 
Angiosarcomas are extremely rare, except in persons exposed to 
Thorotrast, arsenic, or vinyl chloride. 

bEither bile-duct carcinoma or hepatic-cell carcinoma. 

cFatal, but not classified histologically, except for one case of 
reticulosarcoma in the Portuguese series. 
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48 
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TABLE A-20 

Thorotrast Patients Surviving at Least 10 Years 
a-fte-r ln-t-ra--vascular In-je~tion 

No. 
Cases of Traced Patients Person-Years at Risk from 

Country and Year Liver Surviving at 10 Years after Injection 

of Last Followup Cancer Least 10 Years to Death or Last Contact 

Germany, 1977
28 176 1,733 28,424 

Denmark, 19777 , 8 50 646 12,274 

Portugal, 1974 5 75 667 12,673a 

Total 301 3,046 53,371 

aThe fraction of the Portuguese patients surviving at least 10 yr 
and their average time to death or last contact were considered 

similar to those documented for the Danish patients. In both 

countries, suspected brain diseases were the main reason for the 
intravascular injection of Thorotrast (80% in Portugal and nearly 
100% in Denmark). 
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However, this does not include the additional risk during the remaining 
life spans of the surviving patients. 

About one-fourth 9f the
9
recent deaths among the Thorotrast patients 

are from liver cancer. , 28 ,l Thus, an estimated 256 additional liver 
cancers are expected among the total 1,026 surviving traced Thorotr,~t 
patients. There were 591 ~urviving patients as of 1977 in ~ermany, 
294 as of 1977 in Denmark, and 141 as of 1974 in Portugal. The age 
of these survivors averaged about 60 yr at the last followup. Allowing 
for the toxicity of Thorotrast, a mean additional survival time of 
about 15 yr is anticipated, with individual survival times ranging 
from Oto over 30 yr. Therefore, when all these patients have died, 
an additional 1,026 persons X 15 yr= 15,390 PY and an additional 
15,390 PYX 25 rads/yr= 384,750 person-rads are predicted. The total 
combined values to the end of the life span become 557 liver cancers 
(of which about eight would be expected naturally, leaving 549 as 
Thorotrast-induced), 68,761 PY at risk, and 1,719,025 person-rads. 
The projected risk coefficient to the end of the life span becomes: 

549 liver cancers 
1,719,025 person-rads 

= 319 liver cancers 
106 person-rads of alpha radiation 

As an alternative to the assumption that the last 10 yr of 
irradiation are "wasted," with respect to producing an observable 
liver tumor, one may assume that only the last 5 yr of irradiation 
are wasted, in which the collective radiation dose would be increased 
by 3,046 persons X 5 yr X 25 rads/yr= 380,750 person-rads. The 
total collective dose would then be 380,750 + 1,719,025 = 2,099,775 
person-rads, and the projected risk coefficient to the end of the 
life span would become 549 liver cancers per 2,099,775 person-rads 
= 261 liver cancers per 106 person-rads of alpha radiation. 

These evaluations are consistent with a rounded risk coefficient 
projected to the end of the life span of: 

300 liver cancers per 106 person-rads of alpha radiation. 

This is 3 and 4 times greatI? than estimat1~ previously derived from 
the Thorotrast data by Mays and by Mole, respectively, because 
these authors did not include the future risk to the surviving patients, 
they did not exclude the patients who died before the minimal latent 
period of 10 yr, and Mole did not exclude the "wasted" radiation received 
too late to produce an observable tumor. If one corrects for these 
effects, the risk coefficients of Mays and of Mole would become about 
the same as derived here. 

There are uncertainties, however, in applying the Thorotrast risk 
to liver irradiation from other alpha-emitters, such as plutonium-239. 
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First, colloidal 2~orotrast in the liver is taken up mainly by 
phagocytic cells, whereas pluton~um is deposited more uniformly 
throughout all cells of the liver. Thus, the distribution of 
alpha-particle radiation among the various. types of liver cells 
differs initially for plutonium and Thorotrast, although both 
are later concentrated in phagocytic cells. Second, the Thorotrast 
patients have several grams of thorium dioxide in their livers, 
whereas the permissible total-body burden of plutonium-239 for 
radiation workers is only 0.6 µg (0.04 µCi). Therefore, Thorotrast 
might (or might not) involve a chemical toxicity that would certainly 
be insignificant for plutonium and other actinide elements. When 
(or if) the toxicity ratio of plutonium to Thorotrast is evaluated 
for liver-cancer induction in suitable laboratory animals, an upward 
or downward revision may be necessary to obtain the most appropriate 
liver-risk coefficient for plutonium and the other actinide elements. 
Until this information can be obtained, the Thorotrast risk coefficient 
probably should be used as the best available estimate. However, as 
will now be shown, it is unlikely that the risk coefficient for plu
tonium could be over 10 times that derived for Thorotrast. 

PERSONS WHO RECEIVED PLUTONIUM INJECTIONS 

To evaluate the relationship between urinary excretion and 
plutonium body content, 17 persons of presumed short life expgc~~ncy 
received intravenous injections of plutonium in 1945 or 1946. ' 
Unexpectedly, six of these patients survived at least 10 yr, and 
two were still alive as of August 1, 1978 (Table A-21). No cancers 
of liver or bone have appeared. Furthermore, it seems unlikely that 
any plutonium-induced cancers will appear in the two present survivors, 
because of their advanced ages and the size of their doses. 

Disregarding the last 10 yr of irradiation as "wasted," these 
six patients had a collective 1,402 person-rads of alpha dose to 
the liver. Multiplying ~his by the Thorotrast risk coefficient of 
300 liver cancers per 10 person-rads yields an expectation of 0.4 
case of liver cancer--in good agreement with the zero cases observed. 
However, if the risk coefficient were 10 times higher for plutonium 
than for Thorotrast, then four liver cancers would have been predicted, 
and the chance of having no liver cancers would have been very small 
(p = 0.02). Therefore, it seems very unlikely that the risk coefficient 
for plutonium could exceed 10 times that for Thorotrast. This conclu
sion is very important, because it is based on experience with human 
irradiation from plutonium. 
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"'" 01 
01 

Injected 
Amount, 

Patient µCi/kg 

Cal-1 0.0608b 

HP-1 0.0040 

HP-3 o. 0043 

HP-6 0.0044 

HP-8 o. 0073 

HP-10 0.0053 

TABLE A-21 

Patients of Short Life Expectancy Who Lived at Least 10 Years 
after the Intravenous Injection of Plutoniuma 

Age at Time from Injection to Average Dose to Liver 2 rads 
Injection2 y__r Death or Aus• 1 2 1978 2 yr At Death or 1978 5 yr Before 

58 20. 6 7 1,460 1, 173 

,67 14. 25 85 58 

48 32.70c 226 19 9 

44 32.52c 194 1 71 

41 29.73 282 244 

52 10.89 91 51 
2., 338 1,896 

aData from Rowland and Durbin. 23 

bCal-1 received plutonium-238 (VI) nitrate; the other patients, plutonium-239 (IV) citrate. 

cPatients HP-3 and HP-6 still alive as of August 1, 1978 (R. E. Rowland, personal communication). 

10 yr Before 

848 

28 

170 

145 

203 

8 
1,402 



I 

ATOMIC-BOMB SURVIVORS 

Liver cancers from the tumor-registry data at Hiroshima and 
Nagasaki are shown in Table A-22. Among the atomic-bomb survivors 
followed from 1959 to 1970, those at Nagasaki exposed to an air 
kerma above 10 rads showed the same incidence of liver cancer as -
those exposed to under 9 rads. Because nearly all the dose at 
Nagasaki was from gamma rays, this suggests that sparsely ionizing 
radiation, up to a few hundred rads, is not very effective in the 
induction of liver cancer. However, the Hiroshima radiation 2on-

1 2 tained a biologically significant component of fast neutrons. ,l , 2 

These neutrons, in colliding with atoms in tissue, produced densely 
ionizing tracks, somewhat similar to those from alpha particles. 
At Hiroshima, 31 liver cancers were reported in persons exposed to 
an air kerma above 10 rads, compared with 23.34 cases expected on the 
basis of the incidence in those exposed to under 10 rads, thus 
yielding an excess of 7.66 cases. 

In the persons at Hiroshima exposed to a kerma of 10-600 rads, 
the absorbed neutron dose to the liver gave a collective 518,693 
PY-rads. That would be the relevant dosage figure if, on the basis of 
the Nagasaki liver data, the gamma-ray dose were considered ineffective. 
Alternatively, if the relative Offectiveness of gamma rays averaged 
one-tenth of that of neutrons, 1 the neutron "equivalent" would be 
(0.1) (4,746,430) + 518,693 = 993,336 PY-rads of neutron dose. The 
corresponding risk coefficients for a "plateau period" of 30 yr (starting 
at 10 and ending at 40 yr after an abrupt irradiation) would be: 

for negligible effectiveness of gamma rays: 

-- 7. 66 excess liver cancers (30 yr) 
518,693 PY-rads 

443 liver cancers and 
106 person-rads of neutron dose 

for gamma rays one-tenth as effective as neutrons: 

7. 66 excess liver cancers (.30 yr) = 
993,336 PY-rads 

231 liver cancers 
106 person-rads of neutron dose 

;gese results support the risk coefficient of 300 liver cancers 
per 10 person-rads of densely ionizing alpha radiation as derived 
from the Thorotrast experience for which the statistical significance 
is very much better. The atomic-bomb results have the advantage that 
they represent relatively uniform irradiation of liver tissue (in 
contrast with the focal deposition of Thorotrast) and are not compli
cated by the possibility of chemical toxicity (which might exist from 
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TABLE A-22 

Liver Cancers 2 Including Those of the Gall Bladder and Bile Ducts 2 from the Tumor-Registrl'.: Data, 
1959-1970, of the Atomic Bomb Survivors~ 

Kerma, rads Liver dose 15 Person-Years Person-Year-Rads Liver and biliarl'.: c~cers 
Range Gamma Neutron Gamm1' Neutrona (1959-1970 Gamma Neutron Observed Expected ·. Net 

Hiroshima: 

200-600 266.7 94.1 132.4 16.9 15,837 2,096,819 267,645 4 2.15 1.85 

100-199 108.6 30.3 53.3 5.5 17,458 930,511 96,019 5 2.37 2.63 

50-99 56.8 13.4 27.7 2.4 27,653 765,988 66,367 6 3.76 2.24 

10-49 17.6 4.3 8.6 0.8 110,827 953,112 88,662 16 15.06 0.94 
171,775 4,746,430 518,693 31 23.34 7.66 

~ 0-9 0.9 0.3 0.4 0.1 448,945 61 61.00 o.oo 
u, 
--..J 

Nagasaki: 

200-600 331.5 5.7 156.2 1. 0 14,859 2,320,976 14,859 5 3.74 1.26 

100-199 142.9 1.3 67.3 0.2 14,966 1,007,212 2,993 2 3.77 (-)1.77 

50-99 70.6 0.2 33.2 o.o 14,034 465,929 0 5 3.53 1.47 

10-49 21.5 o.o 10.1 o.o 38,908 392,971 0 9 9.79 (-)0.79 
82,767 4,187,088 17,852 TI 20.83 0.17 

0-9 2.3 o.o 1.1 o.o 119,203 30 30~00 o.oo 

tZnata from Beebe et al. 3 
--

.bLiver gamma dose= 0.47 gamma kerma + 0.075 neutron kerma. 

qLiver neutron dose = 0.18 neutron kerma. 

dBased on rate for 0-9 rads. 



the 3 g of thorium in the liver of a typical Thorotrast patient). 
However, the atomic-bomb data have severe statistical limitations: 
at Hiroshima, the liver tumor excess of 7.66 cases has a standard 
deviation of~ 6.32 cases; furthermore, whereas the accuracy of 
diagnosis is generally good in the tumor-registry data, the data 
are incomplete, especially for Hiroshima, and have not been investi
gated for possible bias in reporting and dose assignment. 

The most important conclusion from the atomic-bomb results 
is that the true risk coefficient for radiation-induced liver 
cancer seems unlikely to exceed, by a large factor, that derived 
from the Thorotrast data. 

RECOMMENDED RISK COEFFICIENTS 

For a population of mixed ages at the start of liver irradiation, 
the best estimate of the cumulative risk during the remaining life 
span is regarded as that derived from alpha-emitting Thorotrast: 

risk from densely ionizing (alpha and fast-neutron) radiation= 

300 liver cancers 
10

8 
person-rads of high-LET 

Dividing the above by the quality factor of 220currently 
recommended in ICRP Report 26 for alpha radiation: 

risk from sparsely ionizing (x-ray, gamma, and beta) radiation= 

15 liver cancers 
10

8 
person-rads of low-LET 

There are 3,046 traced European Thorotrast patients who lived 
at least 10 yr after injection. When all these patients have died, 
they are projected to have about 68,761 PY at risk beyond the first 
10 yr, or an average of about 23 yr at risk, from 10 yr after in
jection to their end of life. Dividing the preceding life-span 
risk coefficients by 23 yr yields the following risk rate coefficients: 
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risk rate from densely 
ionizing radiation 

risk rate from sparsely 
ionizing radiation 

DISCUSSION 

= 

= 

13 liver cancers per YEAR d 
106 person-rads of high-LET' an 

O.l liver cancer per YEAR 
10 person-rads of low-LET • 

Because nearly all human liver cancyrs are fatal, the mortality 
is approximately equal to the incidence. 

It is unknown whether children or adults are the most susceptible 
to radiation-induced liver cancer. Suitable life-table analyses of 
the Thorotrast patients, grouped by age at injection, might resolve 
this uncertainty. Relevant information on susceptibility versus age 
should be available within several years from experiments in progress 
at the University of Utah on the effects of plu1~nium injected into 
beagle puppies, young adults, and older adults. Until definite 
information is obtained, the same risk-rate coefficient is recommended 
for all ages at irradiation. 

The possible chemical toxicity of Thorotrast and the difference 
between the distribution of plutonium and Thorotrast in liver tissue, 
raise an important question as to how reliably the liver risk co
efficient for Thorotrast represents that for plutonium and the other 
actinide elements. This uncertainty is likely to remain unresolved 
until the ratio of plutonium toxicity to Thorotrast toxicity is 
evaluated in suitable laboratory animals, or until definitive results 
occur among the increasing number of plutonium-contaminated persons. 
In the absence of better data, the Thorotrast coefficient is used, 
with the realization that the true risk from plutonium could be 
greater or less. However, the lack of liver cancers in a small group 
of patients who received plutonium injections indicates that the risk 
to the liver from plutonium is very unlikely to exceed 10 times that 
from Thorotrast. 

From data on 8he long-term German Thorotrast patients living 
to 1968 or later, 2 the incidence of liver cancer seems to be some-
what linearly proportional to dose, although alternative dose-response 
relationships cannot be excluded. Inasmuch as over 90% of the radiation 
dose from Thorotrast is from alpha particles, it seems reasonable in the 
light of present knowledge to assume a linear dose-response relationship 
for the induction of liver cancer by other alpha-emitters, such as 
plutonium-239. However, the dose-response relationship for the induc
tion of liver ~Beer by beta-emitting cerium-144 in rats is strongly 
concave upward. This result and the lack of excess liver cancers 
in the Nagasaki survivors who received gamma-ray doses of up to a 
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few htmdred rads3 suggest that the dose-respone relationship for 
liver-cancer induction in man from sparsely ionizing radiation may 
also be concave upward, rather than linear. Thus, the true risk 
to the liver from low doses of x rays, gamma rays, and beta parti
cles could be considerably less than indicated from a linear risk 
coefficient for low-LET radiation obtained by dividing the linear 
risk coefficient for high-LET radiation by an assumed constant RBE 
of 20. There is increasing evidence from a number of different 
biologic systems that the relative biologic effectiveness of high
versus lo'SyE

22
radiation is not constant, but increases as the dose 

decreases. ' 

The indicated risk coefficient for liver exceeds that for the 
endosteal layer in bone. For protracted irradiation from repeated 
injections of alpha-emitting radium-224 in persons, the risk co
efficient in

6
terms of avery;e skeletal dose is about 200 bone sar-

comas per 10 person-rads. Dividing this by 7.5 (which is the 
ratio of endosteal dose to average skeletal dose for radium-224 and 
its daughters decaying half on bone surfaces and half within bone 
volume) yields a risk cgefficient in terms of endosteal dose of about 
27 bone sarcomas per 10 person-rads. By comparison, the liver risk 
coeffi6ient from the Thorotrast patients is about 300 liver cancers 
per 10 person-rads. 

If a 70-kg "reference man" inhales 1 µCi of plutonium-239 in 
particles having a median aerodynamic diameter of about 1 :~m, the 
average organ doses 50 yr later would be about 40 rads to fhe 1, 800-g 
liver and 13 rads to the 7,000-g skeleton without marrow. 1 The 
corresponding endosteal dose for plutonium-239 is about 9.27 times 
higher than the average skeletal dose of 13 rads, and is 120 rads, 
assuming that half the skeletal plutonium decays on bone surfaces, 
and the other half decays randomly throughout bone volume. 

The predicted lifetime cancer incidences per inhaled microcurie 
of plutonium-239 would be: 

liver-cancer 30g liver cancers {AO rads) = 1,2% and -incidence 10 person-rads 

bone-sarcoma 27 gone sarcomas (120 rads) = 0.3%. = incidence 10 person-rads 

These predictions indicat·e that the risk from plutonium intake by man 
might be 4 times as high for liver cancer as for bone cancer. Because 
of uncertainties in the risk coefficients for both liver and the endos
teum, as applied to plutonium in man, the ratio of liver cancers to 
bone sarcomas could be either larger or smaller than 4. 
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Liver tumors have generally been less common than bone sarcomas 
in laboratory animals exposed to plutonium, but there is uncertainty 
in extrapolating this result to man for the following reasons: The 
relative sensitivity to the induction of cancers of liver versus bone 
may be inherently different in man and other animals. Alcohol, solvents, 
and toxic chemicals may increase the susceptibility to radiation-induced 
liver cancer. People are often exposed to these potential liver toxins, 
whereas this has rarely occurred in laboratory animals in plutonium ex
periments. Studies of plutonium toxicity have often been done in labora
tory rats and mice, which quickly excrete plutonium from their livers. 
Thus, the infrequency of liver tumors in these rodents could be due more 
to the loss of plutonium than to an absence of its toxicity. The beagle 
liver tenaciously retains plutonium, but the beagle skeleton seems about 
25 times more sensitiv17than the human skeleton to the radiation induc
tion of bone sarcomas. The short latent period and high induction 
of bone sarcomas in beagles prevent the adequate expression of liver 
tumors after long latency, except at lower dosages. Whereas some of the 
induced liver tumors in beagles have been malignant (usually fibro- . 

26 
sarcomas or bile-duct carcinomas), most appear to be bile-duct adenomas. 
It is unknown whether these small adenomas would have progressed into 
carcinomas if a longer normal life span, such as occurs in man, had been 
available. In the Thorotrast patients, virtually all the liver tumors 
have been malignant at clinical recognition. 

However, part of the carcinogenicity of the Thorotrast may be due 
to its "foreign-body ef feet." 

To estimate more reliably the risk of plutonium-induced liver 
cancer in man, the risk to the Thorotrast patients should be multiplied 
by the plutonium-to-Thorotrast toxicity ratio. It is hoped that this 
ratio can be established in suitable animal species having a prolonged 
retentio~

6
of actinide elements in the liver. Sui~able species ·might be 

beagles, Ch~~ese hamsters (Cricetulus griseus), deer mice ~;eromyscus 
maniculatus), and grasshopper mice (Onychomys leucogaster). 
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PANCREAS 

The 1972 BEIR report 14 referred to cancer of the pancreas as 
one of a number of cancers reported to occur in excess in persons 
exposed to ionizing radiation; information on ipcidence in human 
populatfons was relatively limited, however. The 1969 ICRP Publica
tion 14 listed the pancreas among organs of apparent, but uncertain, 
sensitivity to radiation carcinogenesis. This observation was based 
on preliminary data on reported excess mortality from pancreatic 
cancer amo?2 British radiologists who entered the practice of radiology 
before 192! and among ankylosing-spondylitis patients treated with 
radiation. The pancreas was one qf the heavily irradiated organs 
considered by Court Brown and Doll in their ~u19e2 of the ankylosing
spondylitis patients treated with radiation. ' ' O The risk 
of pancreatic cancer at moderate radiation doses was difficult to 
assess, although it seemed likely that it was relatively low, for 
example, relative to the risk of leukemia induced under the same 
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conditions of irradiation. 8 There are no definitive experimental 
studies in animals on the radiation induction of cancer of the 
pancreas or other pancreatic tumors. However, pancreatic cancer 
was found in mice exposed to gamma irradiation, although not in 
sufficient numbers to establish its induction by radiation. 21 

RADIOTHERAPY FOR BENIGN DISEASE 

The initial study of 14,554 ankylosing-spondylitis patients 
treated with irradiation3 found nine deaths from pancreatic cancer, 
compared with 3.78 expected according to population rates, or 5.2 
(0.9, 11.9*) excess cancer deaths, in patients followed from 6 yr 
after the first irradiation treatment until January 1, 1960. 
Furthermore, there were 12 observed deaths due to pancreatic cancer, 
compared with 5.71 expected, or an excess of 6.3 (1.2, 13.7), in an 
incomplete followup of treated patients to January 1, 1963. 

The most recent analysis by Doll and Smith (Smith and D01116 
and R. Doll and P. G. Smith, personal communication) of 14,109 
ankylosing-spondylitis patients who had received radiotherapy and 
who were later followed from the date of their first treatment 
until the year after their second treatment, if any, or until 
January 1, 1970, found a significant increase in deaths from cancer 
of the pancreas. The excess was 8.5 (1.2, 17.0) cancer cases, or 
18 deaths observed versus 9.49 expected (mean followup, 9.5 yr; all 
deaths due to pancreatic cancer; 134,036 PY). In a subset of 
6,838 patients observed for 6 yr or more after radiotherapy, with 
a mean followup of 17.3 yr, this estimate fell to 4.5 (-0.5, 12.0) 
excess deaths from pancreatic cancer (12 deaths observed versus 
7.47 expected). This is to be compared with no excess deaths due 
to cancer of the pancreas obse.rved in 836 patients with ankylosing 
.spondyli tis not given x-ray therapy, with an average followup of 
7.9 yr to January 1, 1968.15 , 11 The values for this control series 
were one case of cancer of the pancreas observed versus 0.8 expected. 

There were six deaths observed versus 2.02 expected during 
the first 6 yr after treatment; this suggested either that the 
minimal latent period for radiation-induced pancreatic cancer is 
less than 6 yr or that the treated disease had an associated risk 
of cancer of the pancreas. Complete followµp o~ the Pf ~i19t group 
with ankylosing spondyli tis not treated with radiation ' does 
not clarify this, in that one death from pancreatic cancer was 
observed versus 0.8 expected from the second year after enrollment 
in the patient series until January 1, 1968. However, this figure 
is nevertheless consistent with an underlying risk some 2-3 times 

*Numbers in parentheses are 90% confidence limits. 
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that expected according to population rates. Nevertheless, the 
pancreas was not prominent among tissues associated with excess 
mortality in the series of irradiated patients; the overall finding 
was 21 cancer deaths from all cancers versus 21.51 expected from 
the population rates. 

If it is assumed that the mean radiation dose to the pancreas 
was approximately 90 rads for the treatment group receiving only 
one course of radiotherapy, these data suggest an absolute risk of 
0.70 (0.10, 1.4) excess death from pancreatic cancer per million 
patients exposed per year per rad (PYR), assuming no min~al latent 
period, and an excess of 0.44 (-0.06, 1.16) death per 10 PYR 
beginning 6 yr after treatment. 

ATOMIC-BOMB SURVIVORS 

The most recent survey of the atomic-bomb Life Span Study1 
mortality data on survivors in Hiroshima and Nagasaki contains 
little suggestion of a firm relationship between radiation dose 
and the induction of pancreatic cancer. However, cancer of the 
pancrey~ is often poorly diagnosed on death certificates in 
Japan, and death certificates are commonly completed before 
autopsy findings become known. A search of the tumor registries 
maintained by the city medical associations of Hiroshima and Nagasaki 
has, nevertheless, revealed suggestive evidence of an increasing 
trend in the induction of pancreatic cancer with increasing

1
radiation 

dose, among members of the LSS during the period 1954-1970. For 
the two cities combined, the estimatgd linear trend was 0.18 ±_ 0.15 
excess case pancreatic cancer per 10 PYR kerma (P = 0.09). For a 
ratio of organ dose to kerma dose of 0.37 for the two cities combiged, 
for an RBE of 1, the excess cancer risk is 0.49 + 0.41 case per 10 
PYR. For the two cities separately, however, the trend toward an 
increased incidence of cancer of the pancreas appears in the Nagasaki 
survivors, but not in the Hiroshima survivors; the Hiroshima tumor 
registry is known to be incomplete, however. The risk estimate tor 
the Nagasaki survivors was 0.33 + 0.21 excess cancer case per 10 
PYR kerma (P = 0.04). For a ratio of organ dose to kerma dose of 
0.40 for Nagasaki exposure, for an RBE of 1, the estimate is 0.83 + 
0.53 excess cancer death per 106 PYR. For the incomplete Hitoshima 
tumor registry, it was 0.04 + 0.22 excess cancer case per 10 (P = 
0.37). These estimates of excess cancer-induction rate are subject 
to bias, in that the known atomic-bomb survivors, or survivors known 
to have been heavily exposed, may have received more thorough diag
nostic medical attention than would other persons under normal 
circumstances. The conclusion may be drawn, however, that, although 
the LSS data for the 24-yr followup period after exposure up to 
September 1, 1974, do not by themselves suggest a firm radiation effect, 
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the data do lend plausibility to the epidemiologic evidence from 
the ankylosing-spondylitis patient series. 

OCCUPATIONAL EXPOSURE 

Pancreatic cany5r ;s one of the two cancers reported by Mancuso, 
Stewart, agd ~eale ,l and confirmed by other analysts of the same 
material5, ,l to be associated with cumulative radiation-badge dose 
among nuclear workers at the Hanford Works. Doubling-dose estimates 
based on proportional-mortality analyses and a~sy~iy2 a linear dose 
response are extremely low, from 7 to 13 rems, ' ' and a 
population-based data analysis yields a formal absolute-risk estimate 

6 of about 10 excess deaths per million persons exposed per year per rem. 
However, although the various analyses of these data confirm that the 
observed association of pancreatic-cancer mortality with cumulative 
badge dose is unlikely to be an artifact of the original analysis, 
there remains considerable doubt that these data give an accurate 
representation of the relationship between radiation dose and 

:i;~;;~~~~n~:;::~edB~~se~~:e~e:;:c:
0

~~x~~;;:rw~;k~~: ::::::as, 5 

which has been linked to chemical exposures. Further, and more 
complete, studies of cancer risk and exposures to radiation and 
other potential carcinogens among nuclear workers are needed. The 
preliminary findings from the Hanford study suggest the existence 
of an increased risk of pancreatic cancer among nuclear workers that 
may or may not be causally related to radiation, but these data appear 
to offer only limited information about the dose-response relation 
between this cancer and radiation. 

RADIOTHERAPY FOR MALIGNANT DISEASE 

Excess mortality from pancreatic cancer (seven cases observed 
versus 2.85 expected) has been reported in 923 patients who ~urvived 
5 yr .or more after radiotherapy for carcinoma of the cervix. Pan
creatic carciijoma has been reported in patients treated with radiation 
for lymphoma. Dose estimates are not available for the reliable 
assessment of excess risk in these radiotherapy patients. 

CONCLUSIONS 

New data from·the British survey of ankylosing-spondylitis 
patients treated with radiation tend to confirm and refine the 
earlier observations of an increased radiation risk of cancer of 
the pancreas. The most recent report of the LSS on Japanese 
atomic-bomb survivors has suggested a radiation dose-response 
relationship for pancreatic cancer, but this is not apparent from 

- 467 -



death-certificate infonnation. A recent study of proportional 
mortality among workers at the Hanford nuclear plant suggested 
that workers in the nuclear industry may be at increased risk of 
pancreatic cancer. Nevertheless, pancreatic cancer continues to 
be an especially difficult malignancy to study for possible radia
tion carcinogenesis. Thus far, the only three positive studies 
have given widely varied risk estimates. This may be explained, 
at present, on the basis of inaccuracy of death-certificate 
diagnoses, ascertainment bias, inaccurate or incomplete dosimetry, 
and the possible association of radiation with other carcinogens 
and environmental pollutants. It appears, primarily from the 
series of ankylosing-spondylitis patients and the LSS data on atomic
bomb survivors, that the increase in pancreatic-cancer induction 
rate may be attributable to exposure to radiation. The induction 
rate per rad appears to be low, but this is not known with certainty. 
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PHARYNX, HYPOPHARYNX, AND LARYNX 

The 1972 BEIR report referred to the excess occurrence of 
carcinoma of the pharynx in m7n after therapeutic irradiation of 
regigns of the head and neck. The 1977 recommendations of the 
ICRP do not indicate that the pharynx and hypopharynx would be 
human tissues at risk in radiation carcinogenesis. However, in 
a category including all other tissues and organs of the digestive 
tract, the evidence suggests that in these tissues there is a 
carcinogenic risk at moderate radiation doses. No experimental 
radiation carcinogenesis of the pharynx or hypopharynx has thus 
far been reported in animals. This is of particular interest, 
in view o7 fye extensive studies on thyroid neoplasia in mice 
and rats. ' 

RADIOTHERAPY PATIENTS 

Cancer of the pharynx and hypopharynx in man has been ob
served after therapeutic irradiation for benign or malignant 
conditions in adjacent tissues--frequently t~e esophagus, the 
larynx, the thyroid, and the spine. Goolden reviewed a series 
of 37 patients who had previously received radiotherapy for 
thyrotoxicosis or other lesions of the neck; the latent periods 
were extremely long (mean, 23.8 yr), the radiation doses were 
high, and exposure was continuous or fractionated (external radio
therapy fractionated doses of0some 3,000-6,000 rads delivered over 
3-6 wk). Raven and Levinson have reported 10 patients with 
cancer of the pharynx after radiotherapy; the mean latent period 
was 25.0 yr, 11nd doses were in the therapeutic range. Yoshizawa 
and Takeuchi reviewed 130 cases of pharynx and larynx radiation 
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neoplasia; the mean laten~ geriod was 27.3 yr. Other reports of 
similar radiation cancers ' indicate quite long latent periods, 
in the range of 23-24 yr. 

In their study of 14,554 males treated !ith x-ray therapy for 
ankylosing spondylitis, Court Brown and Doll demonstrated an 
excess of solid cincers, including cancer of the pharynx, in heavily 
irradiated sites. Two groups of patients have been reviewed, 
each with excess cancers that occurred at least 6 yr after therapy. 
In the group with complete followup to January 1, 1960 (14,796 
PY), there were four observed cancers of the pharynx and 0.70 
expected, for an excess of 3.3 (0.7, 8.5*). In the incompletely 
followed group to January 1, 1963 (165,631 PY), the values were 
five observed and 1.05 expected, for an excess of 3.95 (0.9, 9.5; 
p < 0.025; induction rate, 0.35 per 1,000 patients). 2, 4 However, 
the number of excess cases of cancer of the larynx over expected 
was not statistically significant. 12 In the most recent followup 
of the ankylosing-spondylitis patients treated with one course of 
radiotherapy (R. Doll and P. G. Smith, personal communication), 
no significant increase in deaths from cancer of the pharynx over 
that previously observed was recorded. The ankylosing-spondylitis 
surveys still require precise dose estimates for radiation risk 
to be determined. Risk estimates may be obtainable from this 
population when radiation dose absorbed by the tissues of the 
pharynx during radiotherapy has been reliably determined. A mean 
radiation dose to t~e spinal canal of 880 rads was estimated for 
the thoracic spine. However, the induction rate is probably 
not significantly greater than that observed in the atomic-bomb 
life-span study--perhaps 5-10 excess cases per million exposed 
patients per rad over almost 20 yr of followup. 

Radford et a1. 9 reported in their survey of mortality among 
patients withankylosing spondylitis who were not given x-ray 
therapy that the only deaths from cancer showing an apparent excess 
risk were from cancer of the pharynx and hypopharynx (two deaths 
observed, O. 13 expected; p < O. 01). The authors concluded, however, 
that the numbers were too small to permit firm conclusions concerning 
a relationship between ankylosing spondylitis and cancer of the 
pharynx. 

ATOMIC-BOMB SURVIVORS 

The Japanese LSS does not specify pharynx and hypopharynx 
neoplasia observed in excess, but this is included in a category 
of cancer of other digestive organs. 1 

*Numbers in parentheses are 90% confidence limits. 
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CONCLUSIONS 

It is important to recognize that the latent period for cancers 

of the pharynx and larynx is unusually long; mean latent periods 

exceeding 25 yr have been recorded in some clinical studies. It 

follows, therefore, that the values observed in both the LSS and 

the ankylosing-spondylitis patients would be below the true values. 

With a mean latent period of 25 yr, the total number of cancers 

occurring after irradiation, provided that patients do not die 

from other causes, would be perhaps only half the number of all 

cancers induced by radiation. Thus, in the absence of more precise 

figures of occurrence of cancers and absorbed radiation dose in 

the pharynx and larynx, only the following limited conclusions 

can be drawn: 

• There is now a significantly increased rate of induction 

of cancers of the pharynx in irradiated populations. 

• The mean latent period probably is some 25 yr after exposure. 

• The present value is an underestimate, and a large proportion 

of radiation cancers of the pharynx and larynx may be expected to 

occur in surviving populations over the next decade. 

• Any radiation-risk estimates are not precise, because of 

underestimated values and lack of information on absorbed radiation 

dose. 
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SALIVARY GLANDS 

Neoplasms of the salivary glands in man, both benign and 
malignant, have been reported to occur in excess after irradia
tion, but the data have been too sparf~ 2~ ~6ovide estimates 
of radiation risk. The early reports , , concerned primarily 
children exposed to therapeutic irradiation of the neck region 
at high dose rates and atomic-bomb survivors of all age groups; 
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the 1972 BEIR report 17 mentioned salivary-gland tumors only briefly, 
in connection with other neoplasms of specific types. Since then, 
additional dat,

4
have been reported from several sources. The 1977 

UNSCEAR report summarized briefly the major epidemiologic studies 
in which salivary-gland tumors have been reported after exposure 
to ionizing radiation, particularly after radiotherapy for benign 
disease. From these studies, data are emerging that may provide 
a preliminary estimate of radiation induction rate in relation to 
exposure dose. 1 

Tumors of the salivary gla~, ~~ve been observed in experimental 
rodents exposed to irradiation. ' ' 

The epidemiologic and experimental literature has not demon
strated the salivary-gland tissue to be more than moderately sus
ceptible to the induction of benign and malignant tumors, and it 
probably is so only at high doses. However, recent studies have 
suggested a much higher susceptibility in man than was previously 
suspected. 

RADIOTHERAPY FOR BENIGN DISEASE 

In their early studies of thyroid neoplasia after therapeutic 
irradiation of the neck and mediastinum for various benign diseases 
in 1,644 iy~ants and children between 1932 and 1950, Saenger and 
colleagues observed two excess cases of salivary-gland tumors; 
ccmparison was made with 3,777 nonirradiated sibling controls. 
After a followup period of 10-18 yr, they found two malignant and 
no benign tumors of the salivary glands in the irradiated population 
and no salivary-gland tumors in the control siblings. The fields 
of irradiation included the salivary glands in children irradiated 
for lymphadenopathy in the tonsils and adenoids, and to a lesser 
extent for cervical adenitis. Radiation-dose estimates were diffi
cult to ascertain, but probably less than 600 R in air. The authors 
reported a cumulative incidence rate for

6
salivary-gland tumors of 

0.12% in 30,254 PY, or 66.1 cases per 10 PY. 

Hempelmann and colleagues 9-ll,lB, 2l have reported four benign 
salivary-gland tumors and no malignant tumors in 2,872 irradiated 
patients in the Rochester series of children irradiated between 
1930 and 1951 for benign thymus enlargement, with a followup of 
20-40 yr until 1971. The control group of 5,055 siblings had two 
benign and one malignant salivary-gland tumors. The precise est·i
mates of radiation dose are not available, but doses were less 
than 600 R in air; the cumulative incidence rate for benign and 
malignant saiivary-gland tumors was 0.14% in 47,313 PY, or 84.5 
cases 8er 10 PY in the irradiated patients versus 19.8 cases 
per 10 PY in the control groups. On the basis of estimates of 
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radiation dose to the thyroid gland, however, the risk rate would be 
approximately 5-10 excess salivary-gland tumors per million exposed 
children per rad over a followup period of 20-40 yr. 

13 Janower and Miettiner observed one benign salivary-gland 
tumor in 466 thymus-irradiated children treated between 1924 and 
1946; two tumors occurred in 3,029 controls. The air dose was less 
than 400 R. The incidence rate for salivary-glagd tumors was 0.21% 
in 14,037 patient-years, or or 71.2 cases per 10 patient-yr in 
the irradiated group, and approximately 0.07% in the controls 
taken as a whole. 

1 8 20 The initial studies of Albert, Shore, and their colleagues ' ' 
of 2,215 children treated in New York during 1945-1950 with x-ray 
epilation for tinea capitis have now demonstrated three benign and 
one malignant salivary-gland neoplasms in exposed patients in a 20-
yr followup to. 1973. No salivary-gland tumors were observed in the 
control group of 1,413 persons. The cumulative incidence rate for 
benign and malignant salivary-gland tumors wis 0.18% in approximately 
44,300 patient-yr, or some 90.3 cases per 10 patient-yr. On the 
basis of radiation-dose esti~ates to the parotid gland of 39 rads 
determined by Harley et al., the radiation-risk rate for the 20-
yr observation periodwould be roughly 12 (1, 35*) excess salivary
gland tumors (benign and malignant) per million exposed children per 
rad. 

Mole 16 and Madan and colleagues14- 15 have reported the results of 
detailed observations on 10,902 children in Israel treated with 
scalp x irradiation for tinea capitis during the 11-yr period 
19491960. They found four malignant and three benign tumors of 
the salivary (parotid) glands during the 15-yr followup to 1973 in 
the irradiated population; one benign tumor occurred in the two 
control series. On the basis of phantom calculations of the mean 
thyroid dose in the irradiated children, a parotid-gland dose of 
approximately839 rads might be estimated from the measurements of 
Harley et al. in the New York series. These values would yield 
curnulativeradiation-risk estimates for benign and malignant 
salivary-gland (parotid-gland) tumors of at least 16 excess cases 
per million children exposed per rad for the 15-yr followup period. 

ATOMIC-BOMB SURVIVORS 

The study by Belsky and colleagues 3, 4 on salivary-gland tumors 
in Japanese atomic-bomb survivors for the period 1957-1970 has now 

*Numbers in parentheses are 90% confidence limits. 
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been extended to 1970. 5 In the LSS, the cases of salivary-gland 
tumors reported were those indexed in tumor registries in both 
cities from 1957 to 1970 and from the ABCC-JNIH Adult Health Study 
index of cases. The case-incidence data from Hiroshima and Nagasaki 
were combined. The gamma- and neutron-radiation estimates were added 
in these studies. Of 1,433 exposed persons examined in a 12-yr 
period (16,172 PY), there was a significant excess of two cases of 
malignant salivary-gland tumors observed versus 0.12 expected and 
an excess of one case of benign tumor observed versus 0.28 expected 
in the over-300-rads kerma group (observed/expected= 7.5). 
Assuming a mean kerma of 400-500 rads, the radiation-risk estimate 
was approximately three (one to eight) excess salivary-gland tumors 
per million persons per rad over the 12-yr followup period. No 
excess of salivary-gland tumors was observed in the below-300-rads 
kerma group (observed/expected= 0.91). 

Takeichi and associates23 have now observed 17 benign and 
malignant salivary-gland tumors (1.7 expected) over a 25-yr period 
(1945-1971) in the atomic-bomb survivors in Hiroshima and nearby 
Kure within 5,000 mat the time of the bombing, as determined from 
records of hospital pathology departments. Standardized incidence 
rates for benign and malignant salivary-gland tumors were calculated 
as 1.8 cases per 100,000 exposed persons per year and 0.7 case per 
100,000 unexposed persons per year. The incidence rates decreased 
with increasing distance from the hypocenter, from 3.8 cases per 
100,000 exposed persons per year at 0-1,500 m to 1.3 cases per 
100,000 exposed persons per year at 1,501-5,000 m. For malignant 
tumors ,alone, the standardized incidence was 2.2 cases per 100,000 
exposed persons per year at 0-1,500 m; 0.7 case per 100,000 exposed 
persons per year at 1,500 m and beyond; and 0.1 case per 100,000 
nonirradiated persons per year. Thus, the incidence of all benign 
and malignant salivary-gland tumors was some 5.4 times greater 
among the high-dose survivors than in the unexposed group; in the 
low-dose survivors, the incidence was only some 1.9 times greater 
than in the nonirradiated population. This increased incidence of 
tumors with increasing proximity to the hypocenter was statistically 
significant (P < 0.001). The radiation-risk rate for salivary-gland 
tumors in survivors exposed in the region less than 1,500 m from 
the hypocenter (assuming total air doses of 32 rads at 1,500 m and 
135 rads farther in) would be approximately 21 (9, 41) excess 
tumors per million persons exposed per year, and possibly only 
one-third of that in survivors ex~osed at 1,500-5,000 m. The LSS 
dosimetry exposure determinations would permit a very rough 
estimation of radiation risk: perhaps no more than one or two 
excess salivary-gland tumors per million exposed persons per rad 
over the 19-yr followup period. 
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CONCLUSIONS 

Since the 1972 BEIR report, 17 additional radiation-induced 
benign and malignant salivary-gland tumors have been reported 
in significant excess in irradiated children and in Japanese 
atomic-bomb survivors. The numbers in each group are small, 
the latent period for both benign and malignant tumors is rela
tively long, and the diagnosis has occurred after 13-25 yr. The 
induction rate for both benign and malignant tumors is low, per
haps no more than 10 excess cases per million exposed children per 
rad over a 20-yr period of followup; the rate would be expected 
to increase over a longer period of observation. Exposure in 
adult life might result in a decreased risk, perhaps only one
third or less of that after childhood exposure. No conclusions 
can yet be reached about the relationship of age at the time of 
irradiation to the incidence of tumors; in the childhood studies, 
the age range was relatively narrow. Neither can conclusions be 
reached on sex ratios; in the childhood studies, the patients 
were predominantly male. Finally, as in the case of thyroid 
tumors, salivary-gland tumors are both benign and malignant, and 
the present evidence from clinical studies of salivary-gland 
tumors indicates that patients with radiation-induced tumors 
of the salivary glands should be expected to have a high survival 
rate in association with modern diagnosis and management. 
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PARATHYROID 

Py~athyroid tumors were not men~toned in the 1972 BEIR 
report or the 1977 UNSCEAR report. H~yever, they have been 
produced in animals by x irradiation. 1, 2 , 

The association of parathyroid adenomas ~1th benign and maligant 
thyroid tumors in man has been observed. 3, 0, 8 10, 16 However, during 
the last 3-4 yr, a radiation factor in the development of primary 
hyperparathyroidism has been suspected; this suspicion has arisen 
from the association of thyroid tumors with prior irradiation. 
Most of the radiogenic parathyroid tumors have been hyperfunctioning 
adenomas, but a few carcinomas with metastases have also been 
reported. It is not clear whether there have been true increases 
in the incidence of primary hyperparathyroidism and in the incidence 
of parathyroid adenomas associated with irradiation. The increasing 
frequency of measurement of serum calcium in patients has led to 
the recognition of many patients with high serum calcium and may 
have resulted in the diagnosis of mild hyperparathyroidism and 
parathyroid adenomas that might otherwise have gone unrecognized 
for many years. 

A number of clinical reports linking hyperparathyroidism and 
parathyroid adenomas with prior irradiation of 

4 
tge h«rf~ iny ~,§k 

or upper thorax area hise appeared since 1975. , , 7, l , 7 

In the largest series, it was found that, of 89 surgical patients 
with parathyroid adenomas, at least 27 (30%) had a history of 
prior irradiati'on of the head, neck, or upper thorax--"at least," 
because many patients did not know whether they had received 
radiation in childhood. The dose of radiation was not known in 
most of these cases, but probably ranged from 250 to 1,000 rads. 

It is difficult to determine the incidence of parathyroid 
adenomas in the general population; benign tumors are not 
ordinarily entered in cancer registries. Because patients are 
usually cured by surgery, the incidence is not reflected in 
mortality statistics. Furthermore, radiation histories are 
not taken routinely, so it will be difficult to evaluate the 
association of simultaneous or sequential thyroid and parathyroid 
tumors with prior irradiation of the head~ neck, or upper thorax. 
Nevertheless, the suspected association of parathyroid adenomas 
with prior irradiation requires that this be considered in persons 
who received radiation to the head, neck, or upper thorax in 
infancy through young adulthood and who are being examined for 
possible thyroid tumors. 
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URINARY ORGANS 

Urinary organs, especially the kidney and bladder, appear to be 
among those with definite but low sensitivity to the carcinogenic 
action of ionizing radiation. Most experimental work has been done 
on the rat and the mouse; and findings are usually reported for the 
kidney, and seldom for the urinary bladder. 

Although renal tumors are uncommon in all species of animals, 
they can be produced experimentally by agents of many different 
kinds, including ionizing radiation, and this is especially true 
of the r~t. In his recent review of renal carcinogenesis, 
Hamilton summarized experimental evidence of radiogenic renal 
tlJ!lors in the rat and the mouse. The tumors included both benign 
and malignant types, and were induced by neutron, gamma, and 
x radiation and by both whole- and partial-body irradiation. 
Strain, sex, and age differences were reported. Although incidence 
varies greatly from experiment to experiment, dose-response f!5;y~ion
ships are rarely estimated. A series of reports by Maldague 
on experiments in which partial-body radiation was administered 
to rats is exceptional. Maldague reported a threshold dose for 
renal carcinogenesis between 570 and 850 R, an optimally effective 
dose of 1,710 R, and complete absence of effect at 14,250 R. Mice 
exposed to atomic-bomb radiation at various doses showed too few 
renal tumors to yield dose-response estimates or ~Y RBE estimate 
for the possibly greater neutron effect observed. From experiments 
on Sprague-Dyiley rats exposed to fast neutrons or to x radiation, 
Rosen et al. concluded that neutrons were more effective in 
producingrenal neoplasia. In their earlier experiments comparing 
the effects of x rays and fast neutrons on (C57L x A)F 1 mice, 
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Nowell and Cole 15 reported an excess of renal carcinoma only in 
neutron-irradiated mice. Several reports are of particular 
interest in regard to pathogenesis. From his experiments with 
whole- and pirtial-body irradiation of Sprague-Dawley and FAC-Fl 
rats, Berjis co.ncluded that nephrosclerotic and arteriosclerot c 
lesions in the kidney play a major role in the pathogenesis of 
these tumors. 

1
1nd in his partial-body x-ray experiments with 

rats, Maldague · observed that renal tumors developed from foci 
of regeneration within k\~neys atrophied by nephrosclerosis. 
Fina~ly, Rosen and Cole, after a series of experiments on com
bined x radiation and nephrectomy in mice, concluded that renal 
neoplasia arose as an interaction of the specific proliferative 
stimulus (unilateral nephrectomy) with radiation-altered kidney 
cells. 

There are several sources of data on man: patients given 
colloidai thorium dioxide in connection with vario~~ diagnostic 
procedures, but especially retrograde pyelography; patients 

7 
with various diigases treated with x ra1~ (da Silva Horta et al., 
Smith and Doll, McIntyre and Pointon, and R. Doll and P. G. r1ith, 
personal communication); and the Japanese atomic-bomb survivors

22 
In his 1967 review of Thorotrast (thorium dioxide) tumors, Wenz 
recoi;ded that 26 among 124 Thorotrast tumors (after retrograde 
pY,elography with Thorotrast) reported at that time were of the 
kidney, but that followup studies on cohorts of patients who re
ceived injections of Thorotrast did not often yield tumors of the 
kidney. He noted that the most frequent use of thorium dioxide 
was in arteriography and intravenous hepatography--procedures that 
left very little of the contrast medium in the kidney. In 
da Silva Horta's series of 1,230 traced persons who received injec
tions of Thorotrast for diagnostic purposes-, for example, cerebral 
angiography was the diagnostic proce1ure in 67%, but for only 
three was it retrograde pyelography. Although he reported 104 
malignant tumors among the 1,230 patients, none was of the kidney 
and only two were of the bladder. In retrograde pyelography, 
however, less than 10 ml of Thorotrast was used and, depending on 
the pathologic condition, enough contrast medium might be 1iposited 
in the kidney to cause either benign or malignant disease. The 
Thorotrast experience is significant chiefly in showing that 
~lpha particles can produce malignant tumors of the kidney. Un
fortunately, information is lacking with which to assess the degree 
of increased risk associated with specific radiographic procedures 
that use thorium dioxide; clearly, such estimates would depend 
~n the presence of pathologic

2
~idney conditions that cause retention 

of the contra,st medium.. Wenz gave an average interval of 27 .5 
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yr from exposure to thorium dioxide to onset or diagnosis of 
tumor--longer than that for other sites (17.5 yr). He also cited 
an estimate attributed to Alken of the number and energy of alpha 
particles in autoradiographies; for Thorotrast conglomerates, an 
effective dosage of 13.2 rem/wk was calculated. 

In their most recent followup of ankylosing--spondylitis 
patients treated with x rays, Doll and Smith (personal communi
cation) observed seven deaths versus 3.12 expected ftom cancer of 
the kidney in the interval from 6 yr after treatment through 1969 
(p < 0.05 in a one-tailed test). There were eight deaths from 
cancer of the bladder versus 5. 98 expected over this same period-
an insignificant increase. 

Followup studies of women treated with radium, x rays, or 
both for cancer of the uterine cervix or corpus have not suggested 
that this procedure carries a signific4nt risk of excess mortality 
from cancer of the urinary bladder,l,lJ but the numbers of ob
servations are small, and serve only to place rather wide limits 
on any possible effect. Similarly, in their 1976 report on the 
followup of woT9n treated with x rays for metropathia haemorrhagica, 
Smith and Doll cited only three observed deaths from cancer of 
the bladder versus 2.15 expected in the 13.6-yr interval. 

The autopsy data of the ABCC for the period 1961-1965 contained 
a preliminary indication of excess mortality from bladder cancer 
among atomic-bomb survivors, 5 but this was not §onfirmed by

9
the 

larger dea1tcertificate studies for 1950-1966, 1950-1970., and 
1950-1972. By 1974, however, the death-certificate data were 
seen to contain evidence that mortality from cancer of urinary 
organs was directly associated with radiation dose; but it was 
only for Hiroshima that the relationship was judged to be statis
tically significant. 4 Table A-23 contains the basic observati'ons, 
by city. Although the number of deaths in Nagasaki was quite 
small, a test for linear trend on the data of the two cities returned 
a p of 0.02, in comparison with 0.06 for Hiroshima alone. This is 
not strong evidence by any means~ but the death certificate has a 
very low de 20ction rate for cancers of urinary organs in the Japanese 
experience. The gverall estimate of absolute risk is. O. 13 
excess death per 10 PY per rad for both cities combined, with 
90% confidence limits of 0.02 and 0.25. For Hir·oshima alone, the 
estimate is 0.15, with confidence limits of -0.00 and 0.32. None 
of the age-specific estimates is especially striking; there were 
no deaths in those who were under age 10 in 1945. Analysis of the 
material by calendar time provides no firm basis for estimating a 
minimal latent period; the test for linear trend first yields a 
significant result in 1967-1970. 
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TABLE A-23 

Observed and Expected Deaths from Cancer of Urinary Organs a 
among Atomic-Bomb Survivors, by T65 Dose and City, 1950-1974 

No. Deaths 
65 Dose, Hiroshima 

b Nagasaki 
rads kerma Observed Expected Observed Expected 

0 34 35.8 1 3.1 
1-9 16 16.4 3 4.0 

10-49 11 13.3 4 2.4 
50-99 3 3.6 2 0.9 

100-199 4 2.2 1 0.9 
200-299 4 0.8 0 0.4 
300-399 1 0.4 0 0.2 
)399 0 0.6 1 0.2 
Total 73 73 12 12 

p (homogeneity) 0.02 0.39 
p (linear trend) 0.06 0.14 

Excegs deaths per 
10 PY per rad 0.15 0.09 

90% confidence 
limits o, 0.32 -0.04, 0.23 

·aData from Beebe et al. 4 

b 
Adjusted for age and sex; the Nagasaki sample is appreciably 
younger than the Hiroshima sample and has a very different 
dose distribution. 
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Tumor-registry data for 1959-1970 in the two cities are 
summarized in Table A-24. Tumor-registry data are known to be 
incomplete, especially for Hiroshima, and studies have not been 
done to rule out the possibility of bias in ascertainment. They 
are, nevertheless, suggestive of an association between radiation 
dose and the risk of cancer of urinary organs. 2 

Stimulated by the preliminary findings in the autopsy data, 
H. Sanefuji ~ al. (unpublished data) have recently completed a 
comprehensive study of urinary-bladder tumors ascertained through 
both clinical and pathology diagnoses made in all medical-care 
facilities in the two cities over the period 1961-1972 and of 
kidney tumors in autopsy cases in the same period among members of 
the LSS sample (extended). They confirmed 112 cases of (mostly 
malignant) urinary-bladder tumor, for 77% of which histologic 
diagnoses were available. Only for the two cities combined was 
the relationship between radiation dose and the risk of bladder 
cancer a statistically significant one, and the whole effect was 
seen in those who were aged 40 or older in 1945 (Table A-25). 
Among the 18 subjects with malignant tumors of the kidney established 
by autopsy in the LSS sample in the 1961-1972 period, only three 
had been exposed to 100 rads kerma or more; because of ascertainment 
bias in the autopsy sample and small sample size, the authors felt 
that they could reach no conclusion as to the relationship between 
dose and frequency of tumor. The dose distribution of 93 benign 
tumors of the kidney suggested no relationship to radiation. 

Overall, then, both the kidney and the urinary bladder seem 
susceptible to radiogenic cancer in both man and experimental 
animals. The degree of susceptibility is probably low, however, 
in comparison with that of other organs. For man, the only quanti
tative estimate is that obtainable from the ankylosing-spondylitis 
patients and the atomic-bomb su6vivors: 0.13 excess death from 
cancer of urinary organs per 10 PY per rad. But its confidence 
interval is wide and, being based on death certificates, it seems 
quite likely to be an underestimate. However, entirely apart from 
other uncertainties, whether such linear estimates are truly appli
cable to the low-dose region remains moot. Furthermore, mortality 
from cancer of the urinary organs is ootably low in Japan--less 
than half that in the United States. 18 The experience of the 
atomic-bomb survivors suggests that persons under, perhaps, age 40 
may show little evidence of an effect for 25 yr or so, perhaps 
because the natural incidence of these tumors is high only in the 
later decades of life. 
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TABLE A-24 

Observed and Expected Malignant Tumors of Urinary Organs Reported 
by City Tumor Registries among Atomic-Bomb Survivors, by T65 Dose 

and City, 1959-197@ 

No. Tumors 
Hiroshima T65 Dose, Nagasaki 

rads kerma Observed Expectedb Observed Expectedb 

0 40 35.3 2 3.5 
1-9 9 16.2 3 4.7 

10-49 12 13.1 2 2.8 
50-99 2 3.5 4 1.0 

100-199 3 2.2 1 1.Q 
200-299 5 o. 8 1 0.5 
300-399 1 0.4 0 o. 2 
)399 0 0.6 1 0.3 
Total 72 72 14 14 

p values, linear trend: 
O+ rads 0.05 0.04 

10+ rads only 0.07 0.21 

Excegs cases per 
10 PY per rad o. 34 0.32 

90% confidence 
limits o, 0.68 o. 01, 0.63 

aReprinted from Beebe ~ al. 2 

bAdjusted for age and sex; the Nagasaki sample is appreciably 
younger than the Hiroshima sample and has a very different 
dose distribution. 
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TABLE A-25 

Observed and Expected Incidence Cases of Urinary Bladder Tumor 
in the Extended Life Span Study Sample Age 40 or Older in 1945, 

by Dose, 1961-1972a 

T65 Dose, rads kerma 
Not in City, 
<l 1-99 )99 Total 

Observed 52 26 9 87 
Expected 50.7 32.1 4.28 87 

b 
0.04 p 

RR 1. 0 0.8 2.0 

~Unpublished data from H. Sanefuji et al., Radiation Effects Research 
Foundation Technical Report TR 18-79;tised here with permission from 
Radiation Effects Research Foundation. 

b 2 In X test on 2 df. 
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OVARY 

No specific category of radiation-induced o~arian neoplasms 
in humans was discussed in the 1972 BEIR report, although it did 
refer to a group of miscellaneous neoplasms of other typ6s

1
~nd 

sites that reportedly occur in excess after irradiation. ' 
However, the human reproductive cells appear to have a relatively 
low sensitivity to the induction of 7adiation cancer, compared with 
other tissues. The 1977 ICRP report stated that no carcinogenic 
effects in these organs after irradiation had yet been documented 
conclusively in humans. However, there have been confirmed reports 
of carcinoma of the ovary in women who had

1
yeceived radiotherapy 

for benign conditions of the pelvic yrgans and in atomic-bomb 
survivors of Hiroshima and Nagasaki. 

EXPERIMENTAL STUDIES 

There is now reliable experimensatoeYidence of the radiation 
induction of ovarian tumors in mice. ' ' A number of important 
observations have been related to the dose-response relationship 
and the effects of total dose, of dose rate, and of LET. The 
dose-response relationship for the induction of ovarian tumors 
shows no apparent increa~e 8Vr; the high spontaneous incidence of 
ovarian adenomas in mice ,l ' (e.g., 11% in LAF 1 mouse controls, 
5-15% in RFM mice). The dose-response curve for acute exposure 
has a very steep curvilinear or sigmoidal rise for low radiation 
doses (aboy0 !~ 1gds) and shows a high susceptibility to radiation 
neoplasia. ' ' In general, the induction of tumors 4rf3u!7s 
from single acute doses, reaches a maximum at 100 rads, ' ' 
and may maintain a high-level plat~au to 200 rads and then

2
df7rease. 

The plateau is maintained at 500-600 rads with higher LET, ' 
but tends to decline slowly with x irradiation. At low dose rates 
(e.g., less than 2 rads/d) of continuous gamma irradiation, there 
is a small increase in incidence, but trR response appears to be 
only slightly curvilinear or sigmoidal. At higher dose rates, 
112-390 rads/d, the curvilinear or sigmoidal dose response demon
strated was marked, with a plateau after 390 rads. It is of interest 
that, provided that the exposure time was held constant in therE 
experiments, the incidence varied with the square of the dose. 

The experimental radiation studies on oy~rian carcinogenesis 
dealt primarily with tumor induction in mice and demonstrated 
the following: All cells, both supporting and hormone-secreting 
elements, that constitute the organ, but not the reproductive cells 
(oocytes and. follicular cells), are at risk of neoplastic induction; 
no single element appear~ to be more susceptible. The ovary is 
relatively sensitive to the induction of radiation cancer, and as 
little as a 50-rad acute exposure can result in a significant 
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increase in the tumor-induction rate. 2 At the lower doses, acute 
exposure to higher-LET radiation--e.g., higher-energy neutrons and 
protons--has no greater effectiveness. Higher doses, however, up 
to 400 rads, maintain a higher incidence plateau, whereas there is 
a falloff witR i

7
rays. The maximum is reached in the range of 

100-200 rads. ' There is a dose-rate effect at low doses of 
continuous gamma irradiation; an increase in dose rate results in 
an increased yield of tumors. There is a curvilinear dose-response 
relationship without a threshold in the range

1
gf 1.75-112 rads/d 

for total doses up to approximately 400 rads. In general, the 
dose-response curve appears to be sigmoida1 or curvilinear without 
a threshold, depen1¾ng on dose rate, LET, and total dose, as well 
as strain and age. There is a hormone-dependent relationship 
in ovarian neoplastic transformation

5
after irradiation, possibly 

mediated by pituitary gonadotropins. 

HUMAN STUDIES 

Radiotherapy for Benign Disease 

In a retrospective study of 731 gynecologic patients treated 
with intracavitary radium or external x rays, primarily for yferine 
fibroids or other benign pelvic disorders, Palmer and Spratt 
found an excess of 5.4 cases (eight observed versus 2.6 expected) 
of ovarian cancer. The mean latent period was 10.1 yr. No precise 
radiation-dose estimate could be determined. Air and tissue radiation 
doses of approximately 2,700 Rand 700 R were estimated, but radium 
dosage was estimated in milligram-hour equivalents. The induction 
rate could be determined on the basis of x-ray treatment solely, 
but an estimate of radiation risk per rad could not be ascertainf1• 
In their review of five other clinical series, Palmer and Spratt 
described a total of 3,968 gynecologic patients in whom eight 
ovarian neoplasms arose after pelvic irradiation. Precise radiation 
doses could not be ascertained, and followup periods were generally 
less than 10 yr. 

3
ICRP Publication 146 assessed the data of Court Brown and 

Doll and found, in ankylosing-spondylitis patients who developed 
cancer in heavily irrad.iated sites, that cancer of the ovary appeared 
in the subgroup in which the difference between the observed and 
expected cancer incidences was not statistically significant (four 
observed, two expected, and a rate of 0.8 case per 1,000 persons). 
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Atomic-Bomb Survivors 

In their most recent report on studies of the tumor-registr1 data on the Japanese atomic-bomb survivors, Beebe and colleagues 
indicated an increasing rate of induction of ovarian tumors in 
the exposed Hiroshima population, but not in the Nagasaki survivors. 
For the 30o+ rads kerma exposure group in Hiroshima, the incidence 
rate per rad kerma was 0.6 + 0.26 excess cancer per million exposed 
women per rad during the 12=yr followup period, 1959-1970. Consider
ing a ratio of organ dose to kerma dose of 0.36 for an RBE of 1, 
the risk was 1.67 + 0.72 excess cancers per million exposed women 
per rad. For a ratio of organ dose to ke~a dose of 0.47 for an 
RBE of 5, the risk was 1.28 + 0.55 excess cancers per million 
exposed women per rad for the 12-yr followup period. The induc-
tion rate for the Nagasaki cohort was 0.04 + 0.22 excess cancer 
per million women per rad kerma. However, -it is probable that the 
mean latent period for ovarian tumors is longer, and a rise in the 
radiation-induction rate in the atomic-bomb survivors could occur. 

CONCLUSIONS 

The human ovary appears to have a relatively low rate of 
tumor induction by radiation; both benign and malignant tumors may 
be induced. The only dose-response data are based on tumor-registry 
reporting, and incidence figures are unreliable. Risk estimates 
cannot be determined with any precision; quantitative information 
on dose and dose rate is lacking. In general, the radiation risk 
of ovarian-tumor induction is low, but is identifiable. However, 
aside from complex radiation variables affecting this estimate-
such as dose, dose rate, duration of exposure, and LET--other 
biologic factors, such as age and hormonal dependence, are poorly 
understood. 
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UTERUS AND CERVIX UTERI 

Cancers of the uterus (and th2 cervix uteri) were not 
considered in the 1972 BEIR report to appear in excess owing 
to radiation exposure. However, there is ample evidence from 
patients who received relatively large doses of irradiation 
during the course of radiotherapy--either intracavitary radium 
in the cervix or the uterine canal or external exposure to 
x rays or gamma rays--that a relationship exists between 
radiation and cancers of the uterus and cervix. Insofar as 
all pelvic cancers are concerned,--t:he experience from radio
therapy of cervical cancer suggests that radiation induction 
may be lower at higher doses. No animal experiments are avail
able to support the human experience. 
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ATOMIC-BOMB SURVIVORS 

The most recent data on the Japanese atomic-bomb survivors 
up to 1974 indicate that theye were 282 deaths from cancer of 
the cervix uteri and uterus. Evaluation of relative- and 
absolute-risk estimates according to age at the time of bombing 
and T65 total dose in rads from Oto 40o+ demonstrates that none 
of the comparisons contains any indication of a relationship with 
radiation dose or with age at the time of exposure. A further 
analysis of cancer of the cervix uteri only (58 deaths) based on 
death-certificate data also failed to demonstrate a relationship 
with radiation. The tumor-registry data, however, based on 297 
cases of cervical cancer in both cities suggest a very slight 
association in Hiroshima survivors (222 cases), but none in 
Nagasaki (75 cases). In the lo+ and So+ rads groups in Hiroshima, 
there is suggestive evidence of a linear trend (p = 0.06 and 
p = 0.09, respectively). 

RADIOTHERAPY PATIENTS TREATED FOR BENIGN DISEASE 

3 Palmer and Spratt observed an excess of uterine fundus 
and cervical cancers in 651 patients treated with intracavitary 
radium or external x rays for benign uterine fibroids and 80 
patients with other benign pelvic diseases. For uterine cancers, 
there were 29 observed cases versus 4.9 expected, and the mean 
latent period was 9.7 yr; for cervical cancers, there were 11 
observed versus 6.5 expected, and the mean latent period was 
8.5 yr. Dose estimates were imprecise, and dose-response 
relationship was difficult to ascertain. In their review of 
five surveys of a total of 3,968 patients, they noted 27 uterine 
and 10 cervical cancers; latent periods were frequently less than 
10 yr, and there was no dose determination. 

Smith and Doll4 reported on 2,068 patients who had been 
treated with pelvic irradiation for metropathia haemorrhagica 
and found excess deaths occurring from uterine cancers; there 
were 16 observed deaths versus 10.3 expected (p = 0.08) 5 yr 
or more after irradiation. Provided that the incidence of 
uterine cancer was not increased in patients with this disease, 
an absolute-risk estimate would be approximately 7 excess deaths 
from uterine cancer per million exposed patients per rad for a 
followup period of 5-19 yr after 400 rads. 

CONCLUSION 

The most recent information now available suggests that a 
relationship exists between radiation and cancers of the uterus 
and cervix uteri. The data on the Japanese survivors in Hiroshima 
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and on patients treated with radiation for benign uterine 
bleeding are from the only reliable surveys available. The 
numbers are too few and the range of dose estimates is too 
limited to provide a dose-response relationship and an estimate 
of risk. In view of these new data, however, these neoplasms 
warrant continued study. 

REFERENCES 

1. Beebe, G. W., H. Kato, and C. E. Land. Ll.fe Span Study 
Report 8. Mortality Experience of Atomic-Bomb Survivors 
1950-74. Radiation Effects Research Foundation Technical 
Report TR 1-77. Hiroshima: Radiation Effects Research 
Foundation, 19 78. 

2. National Research Council, Advisory Committee on the 
Biological Effects of Ionizing Radiations. The Effects 
on Populations of Exposure to Low Levels of Ionizing 
Radiation. Washington, D.C.: National Academy of Sciences, 
1972. 

3. Palmer, J. P., and D. W. Spratt. Pelvic carcinoma following 
irradiation for benign gynecological diseases. Amer. J. 
Obstet. Gynecol. 72 :497-505, 1956. 

4. Smith, P. G., and R. Doll. Late effects of x irradiation 
in patients treated for metropathia haemorrhagica. Brit. 
J. Radial. 49:224-232, 1976. 

BONE 

Primary cancers of b~n5_9a~e ~e19 fij~~Ie~ 4!~0man by internally 
deposited alpha-emitters ' 4 '~ 34 ' ' and by high 
doses of therapeutic ·x rays. 2 ' ,l ' Osteosarcomas are the most 
common form of bone cancer (Table A-26). Bone sarcomas are usually 
fatal because of metastases: the 5-yr surviv31 after diagnosis and 
therapy is only about 20% for osteosarcomas. 

The distribution of times from brief irradiation to clinical 
diagnosis is similar for bone sarcomas

1
~nduced by radium-224 and 

leukemia in the atomic-bomb survivors. In German patients who 
received injections of short-lived radium-224, bone sarcomas 
started to appear at 4 yr, peaked in fr2~uency at 6-8 yr, and 
seemed virtually exhausted after 22 yr. Similarly, in a careful 
followup of patients receiving therapeutic x rays, thy

0
appearance 

times ranged from 4 to 27 yr, with a median of 11 yr. In contrast, 

- 498 -



,s:,. 
\0 
\0 

TABLE A-26 

Primary Malignant Tumors of the Skeleton--Naturally Occurring and Radiation-Induced 

Naturally Occurring Radiation-Induced 

226 

Primary Malignant X-Ray 228Ra and 
224Ra Ra in 

Tumors of the 
u.s.3,32 

England X-Ray 
34 TherflF in Bone 9i~2 

in Bone 2tn 

Skeletona and Wales32 Literature u. s. . u. s. , Germany 

No. % No. % No. % No. % No. % No. % 

Osteosarcoma 652 43.0 296 60.9 155 59.2 12 44.4 42 70.0 42 84.o 

Chondrosarcoma 343 22.6 73 15. 0 19 7. 3 3 11. 1 1 1. 7 3 6. 0 

Ewing's tumor 209 13.8 31 6.4 

Chordoma 122 8.0 25 5. 1 

Reticulum-cell 
sarcoma 101 6.7 10 2. 1 2 7. 4 1 2. 0 

Fibrosarcoma 82 5.4 49 10.1 66 25.2 8 29.6 17 28.3 1 2. 0 

Angiosarcoma 7 o. 5 2 o. 4 

Others 22 8.4 2 7.4 3 6.0 

Totals 1,516 100 486 100 262 100.1 27 99.9 60 100 50 100 

aExcluding leukemia, myeloma, Hodgkin's disease, neuroblastoma, adamantioma, giant-cell tumors, 

unspecified bone tumors, and soft-tissue tumors invading bone. 



bone sarcomas have appeared as long as 52 yr after the start 
of contin~gu~

7
irradiation from long-lived radium-226 in the 

skeleton. ' These late-appearing tumors may have been 
induced by radiation emitted long after the initial deposi
tion of the radium. 

The susceptibility to sarcoma induction in different regions 
of human bone varies widely, being highest near the knee joint and 
lowest in the vertebra~, for both natural1! occurring and radiation
induced bone sarcomas. , 32 Taylor et al. have observed that 
sarcoma induction by bone-seeking radionuclides in humans, dogs, 
and mice tends to be highest in skeletal locations that have 
the highest natural occurrence of bone sarcoma. Therefore, the 
most useful risk evaluations for bone-sarcoma induction from total 
skeletal irradiation come from bone-seeking radionuclides that are 
deposited throughout the entire skeleton, rather than from localized 
x-ray therapy, which typically involves very high doses to a small and. 
often poorly defined fraction of the total skeleton. For example, of 
the 14,000 British ankylosing-spondylitis patients receiving average 
doses of about 1,000 rads from x rays to the "spine," only one 
developed a bone sarcoma ,in the vertebra!, with the four remaining 
sarcomas occurring in the pelvic region. 

The best information on skeletal risk comes from patients who 
received radium-224 injections and persons exposed to the intake of 
radium-226 and radium-228. 

After World War II, several thousand German patients received 
repeated intravenous injections of 3.6-d radium-224 a$ therapy 
for tuberculosis and ankylosing spondylitis. 11 , 19 , 21 , 28 - 30 These 
patients included boys and girls, as well as men and women of 
various ages. Two followup studies are now in progress. The 
original study, started in 1952, now involves 900 patients, 
most of whom received average skeletal doses exceeding 90 
rads. As of June 197~

1 
bone sarcomas had been identified in 

54 of these patients. A new study, involving about 1,000 
additional patients below 90 rads, was started in 1971. So 
far, two skeleta~ sarcoma, have been identified in the new 
series (Schales, 8 Mays, 1 and R. Wick, personal communication). 
The lowest average skeletal doses at which bone sa~yomas have 
been identified are 90 rads in the original series and 67 
rads in the new series (Wick, personal communication). 

For bone-sarcoma induction. the effectiveness of a given dose 
from radium-224 alpha particlie !¥c;~ases as the tiwe of irradiation 
is protracted, both in humans~, ' and in mice. 23 The exact mathe
matical expression for the· increase in radium-224 effectiveness with 
protraction is probably quite complicated and may be influenced by 
many factors, including the size of the dose. However, in the German 

- 500 -



patients, the observed effectiveness (bone sarcomas per million 
persons per rad of average skeletal dose) for an injection 
span of m months was well represented by the following simple 

-2z 
equation: 

radium-224 effectiveness = 40 + 160(1-e-o.o9m). 

This equation predicts that the number of induced bone sarcomas in 
a million people of mixed ages, each receiving an average skeletal 
dose of 1 rad from radium-224 and its daughters (or 10,000 people, 
each receiving 100 rads, etc.), rises from 40 cases for a single 
injection of radium-224 to 200 cases for weekly injections extending 
over several years--this increase results from protraction of 
the alpha-particle dose. 

In the original series, which contains all the traced children, 
the risk p30 rad for a given injection ~ijan is similar for children 
and adults and for males and females. More than half the 
patients in the original series are still alive, and the living pa
tients have now been followed for an average of 27 yr since their 
first injection. The longest time from injection to sarcoma is now 
22 yr, and this was the only bone sarcoma appearing between 1969 and 
1978. Even if a few additional bone sarcomas develop, it seems un
likely that they would increase the present number of 54 substantially. 
Thus, the lifetime incidence of bone sarcoma in the radium-224 patients 
of the original series is unlikely to become appreciably higher than 
that already observed. 

However, the followup times in the new series range from about 
6 to 27 yr (average, about 12 yr), so that a few additional bone 
sarcomas may appear in the important dose region below 90 rads. 

The risk coefficient for radium-224 can also be expressed in 
terms of 2?dosteal dose. If one uses the dosimetry of Spiess 
and Mays, but the rivis3d surface-to-volume ratio of Lloyd 
and Hodges 11 o~ 50

3
cm /cm (rather than their preliminary 

value of 42 cm /cm), the ratio of endosteal dose to average 
skeletal dose is 7.5:1. If the risk coefficient for radium-224 
of 40-200 bone sarcomas per million persons per rad of average 
skeletal dose is divided by 7.5, the risk coefficient becomes 
five bone sarcomas per million persons per rad of endosteal dose 
for a single intake and rises to 27 bone sarcomas per million 
persons per rad of endosteal dose for protracted irradiation 
continuing over several years. 

The same risk coefficient in terms of endosteal dose is obtaf~ed 
with the dosimetry of Spiess and Mays or that of Marshall et al., 
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because both groups assume the same value for radium-224 decaying on 
bone surfaces, and the surface deposit of radium-224 is responsible 
for nearly all the endosteal dose. The alpha particles resulting from 
radium-224 within bone volume are comparatively ineffective in irradi
ating the cells near the bone surface. 

About 2,000 dial-painters and other persons internally contaminated 
with long-lived radium isotopes have been extensively studied. 
All these persons were exposed to 1,600-yr radium-226, and many 
also acquired 5.8-yr radium-228 (mesothorium). Both these long-lived 
radium isotopes decay mainly within bone volume. The largest exposures 
occurred before 1926. Bone sarcomas have occurred in 58 persons whose 
retained bod

26
burdens have been evaluated and in 26 others whose doses 

are unknown. The occurrence of new sarcomas has decreased rapidly 
in recent years, probably because the radium-228 has virtually decayed 
out and remodeling and excretion are continually removing radium-226, 
especially from trabecular bones, where most of the radiation-
induced bone sarcomas seem to originate. Only two radium subjec2g 
are known to have developed bone sarcomas since the end of 1969, 
so it seems unlikely that the overall incidence of bone sarcoma will 
increase appreciably. in these persons. Only one bone-sarcoma case

2
~at 

888 rads at diagnosis) is known to have occurred below 1,000 rads. 

1 24 . Row and found that the bone-sarcoma cumulative incidence at 
an average skeletal dose of D rads from radium-226 and radium-228 
was best described by the following dose-squared exponential: 

Cumulative incidence 
(sarcomas/persons) 

An equation of the above form gives an excellent fit to the existing 
data on bone-sarcoma induction in humans by long-lived radium. How
ever, the possibility of a linear response between O and 1,000 rads 
cannot be ruled out. 

Ma~ et al. 22 used the detailed tabulations of Rowland and 
Stehney2 andsuggested that the risk from low doses of radium-226 
and radium-228 in people lies between 6 and 53 bone sarcomas per million 
persons per rad of average skeletal dose. The upper value was based 
on a linear fit to the 48 bone sarcomas below 10,000 rads, and the 
lower value on a linear fit to the one bone sarcoma below 1,000 rads. 
The upper value would predict a 5% chance of observing zero or one bone 
sarcoma in the radium subjects below 1,00·0 rads. 

The corresponding endosteal risk is about 6·-53 bone sarcomas 
per million persons per rad of endosteal dose, because, allowing for 
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the small but efficient dose from radium-226 and radium-228 deposited on 
bone surfaces, 12 ,.1 3 the endosteal dose is approximately equal to 
the average dose to the marrow-free skeleton (7 kg in reference man). 

The risk in terns of endosteal dose for long-protracted alpha
particle irradiation from radium-224 (mainly a bone-surface-seeker) 
of 27 bone sarcomas per million persons per rad lies within the range 
of values obtained from radium-226 plus radium-228 (bone-volume-seekers). 
If a linear dose-response relation is assumed, it is suggested that 
the risk coefficient from radium-224 be used as a best estimate, with 
the coefficients from radium-226 and radium-228 serving as reasonable 
upper and lower limits. 

Rowland~ al. 27 have recently found that the following dose
squared exponential gives the best fit to their incidence-rate data: 

Incidence rate 
(sarcomas/PY) 

-4 
D 

No increase in malignant bone tumors attributable to nuclear 
radiation

3
!as observed among atomic-bomb survivors at Hiroshima and 

Nagasaki, although the time of observation was 5-20 yr after 
irradiat1yn. Nearly all the bone sarcomyB induced in the radium-224 
patients and in x-ray-therapy patients have ~ppeared during 
a corresponding interval. The 1968 ABCC report 3 states that, "of 
the 25 malignant [bone] tumors found in survivors, only 5 were in 
persons who were within 1400 meters [of ground zero]. On the basis 
of the distributions by distance of the autopsy series and the surgi
cal pathology series, the expected number with which the 5 observed 
can be compared is 4.67 cases. Thus, there is no indication here of 
an increase in the number of malignant bone tumors as a consequence 
of atomic bomb radiation." 

RECOMMENDED RISK COEFFICIENTS 

The following provisional risk coefficients are recommended for 
endosteal doses up to a few hundred rads (Table A-27). The linear 
coefficient for the cumulative risk (27 bone sarcomas per million 
persons per rad of alpha dose) is based on protracted irradiation 
via repeated injections of radium-224. Dividing this value by an 
assumed expression time of 27 yr (from 4 to 31 yr after the start 
of radium-224 irradiation) gives the linear-risk rate coefficient 
(one bone sarcoma per year per million persons per rad of alpha dose). 

T2j dose-squared coefficients are from Rowland24 and Rowland 
et al. The exponential factor in their complete equations has 
been omitted, because it is approximately 1 at doses below a few 
hundred rads. 
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TABLE A-27 

Risk Coefficients for Radiation-Induced Bone Sarcomas 

Alpha particles (high-LET): 

Cumulative risk coefficients: 

Linear= 
27 X 10-6 sarcoma 

person-rad 

Dose-squared= 3.7 X 10-8 sar~oma 
person-rad 

Risk-rate coefficients: 

Linear 

Dose-squared 

Beta, gamma, and x rays (low-LET): 

Cumulative risk coefficients: 

= 1 X 10-6 sarcoma/yr 
person-rad 

= 9.8 X 10-lO sa~coma/yr 
person-rad 

Linear= 1.4 X 10-6 sarcoma 
person-rad 

Dose-squared = 9.2 X 10-ll sa~coma 
person-rad 

Risk-rate coefficients: 

. 0.05 x 10-6 sarcoma/yr Linear = ------------person-rad 

D d 
2.4 x 10-12 sar~oma/yr 

ose-square = d person-ra 
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With reference to low doses of low-LET radiation (x rays, gamma 
rays, and beta particles), the ICRP quality fac8or of 20 has been 
used to approximate the RBE of alpha particles. Hence, the linear 
coefficients for alpha particles have been divided by 20, and those 
for the dose-squared coefficients have been divided by 400, the square 
of 20. 

DISCUSSION 

Linear and dose-squared risk coefficients have both been given 
to emphasize the uncertainty as to the true shape of the dose-response 
curve for bone-sarcoma induction in man. Other relationships are also 
possible. The existing data on the U.S. radium subjects are best 
fitted by a dose-squared exponential, but this is not the universal 
response to other sets of data. Mays has examined bone-sarcoma 
induction by alpha-emitters in 11 studies with daI~ fitensive enough 
to indicate the shape of the dose-response curve. ' At the lower 
doses, the response appeared to be approximately linear in seven studies 
(radium-224 in humans, plutonium-239 in beagles, thorium-228 in beagles, 
plutonium-239 in rats, radium-226 in mice, thorium-227 in mice, and 
plutonium-239 in mice), concave downward in one (radium-224 in mice), 
and concave upward in three (radium-226 plus -228 in humans, radium-228 
in beagles, and radium-226 in beagles). However, preliminary results 
from an expanded study of radium-226 in beagles indicate that the final 
responge might be either linear, concave upward, or even concave down
ward.1 It is difficult, on the basis of both experimental and theo
retical considerations, to rule out a linear component to the dose
effect relationship for bone-sarcoma induction by alpha-emitters. This 
component should become dominant at very low doses. 

The relative significance of a dose-squared term se1gs much more 
likely with sparsely ionizing radiation. Mays and Lloyd demonstrated 
a response strongly concave upward for bone-sarcoma induction by beta 
particles from strontium-90 in mice, calcium-45 in mice, and strontium-90 
in rats. 

The lack of a detectable increase in bone sarcomas in the atomic
bomb survivors is supported by the very low number of cases predicted 
by multiplying the collective dose to marrow from gamma rays and neutrons, 
respectively, by the risk coefficients derived here for gamma rays and 
alpha particles. The risk coefficient for alpha particles should be 
roughly similar to that for fast neutrons, inasmuch as both result in 
high-LET radiation, and for fast neutrons the marrow dose should be 
fairly close to the endosteal dose. 
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PARANASAL SINUSES AND MASTOID AIR CELLS 

Among u.s. dial-painters and others internally contaminated with 
radium-226, carcinomas of the paranasal sinuses and mastoid air cells have 
been recorded

7
in 29 persons of known body burden and in four persons of 

unknown dose. The latent periods are long; the time from first 
exposure to tumor diagnosis ranged from 19 to 52 yr. These carcinomas 
are still appearing in the U.S. radium subjects at a significant rate. 
Between the end of 1969 and the end of 1977, seven of the 29 carcinomas 
in persons of known dose appeared. Only four of those 29 persons have 
survived more than 5 yr after diagnosis. 

Evans3 concluded that the accumulation of radon-222 gas (half-life, 
3.8 d) in the paranasal and mastoid cavities was the important inducing 
agent; the appearance of these carcinomas correlated well with radium-226 
(which produces radon-222), but got with radium-228 ~which does not pro
duce radon-222). Rowland et al. and Littman et al. have confirmed 
Evans' s conclusion, and_further support comes from the absence of 
these garcinomas in the German radium-224 patients followed for up to 
33 yr. 
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Rowland et al. 8 have used a minimal latent period of 10 yr for 
sinus and mastoidcarcinomas in the patients exposed to radium-226 and 
disregarded the last 10 yr of dose. Their analyses showed that a 
linear dose response provides an acceptable fit for this type of cancer. 
Their lowest average skeletal dose in a case of head sinus carcinoma 
was 605 rads at diagnosis. Using only the dosage from radium-226 and its 
daughters, Rowland et al. evaluated the risk rate per microcurie 
of radium-226 intakeinto the blood and per rad of average skeletal 
dose. The cumulative risk was calculated to the projected end of 
average life span. These risk estimates are shown in Table A-28. 

4 In a review of the literature, Fabrikant ~ al. described 
10 cases of neoplasia of the·maxillary sinuses after antral injection 
of Thorotrast (thorium dioxide) for radiodiagnostic purposes, 
in which Thorotrast was left in the sinus cavity. The description of 
the cases indicates that prolonged contact with an alpha-emitting 
substance can induce carcinomas of the head sinuses. Interestingly, 
no cancers of the head sinuses have been observed in 192 traced 
Portuguese patients from whose paranas11

2
sinuses the Thorotrast was 

removed within 6 dafter instillation. ' 
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TABLE A-28 

Risk of Induction of Paranasal Sinus and Mastoid Carcinomas 
by Radium-226Zi 

Evaluation 

Risk rate per unit intake 
of radium-226 into blood 

Risk rate per unit dose 
a to marrow-free skeleton 

Cumulative risk 
to end of life spand 

8 
a bata from Rowland et al. 

Rislf 

16 garcinomas/yr 
(10 persons) ( µCi of 

radium-226 

l.6
6
carcinomas/yr 

(10 persons) (rad) 

64 c~rcinomas 
(10 persons) (rad) 

b'these risk estimates pertain only to radium-226. They must not be 
used for other internally deposited emitters or for external radiation 
that produces a ratio of sinus dose to average skeletal dose different 
from that resulting from bone-deposited radium-226 and the accumulation 
of its decay products. 

~The skeletal dose in rads from radium-226 and its decay products is 
averaged over the marrow-free skeleton (7 kg in a 70-kg man). 

don the basis of the risk rate per unit dose to skeleton and an assumed 
average life expectancy of 50 yr after radium-226 intake, this corre
sponds to a minimal appearance time of 10 yr followed by 40 yr at risk. 
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BRAIN 

Neural tissue has been traditionally regarded as radioresistant, 
and there is little infonnation about radiation tumorigeneils of the 
central nervous system (CNS) in man. The 1972 BEIR report did not 
consider neural tumors, but several epidemiologic studies of radiation 
and brain tumors have since appeared. 

EXPERIMENTAL DATA 

Radiation-induced brai~ tumors have been reported mainly in 
primates. Kent and Pickering reported a glioblastoma in a monkey 
after ~bout 2,500 rads of thermal-neutron irradiation. Haymaker 
et al. reported three glioblastomas among 21 monkeys that had 
~rvived 2 yr or more a15er doses of 400-1,000 rads of 55-MeV 
protons. Another study reported three malignant ependymal brain 
tumors in 14 animals followed for 1-5 yr after exposures of 600-1,000 
rads of 55-MeV protons. In the latter two studies, whole-body irradia
tion was given, but the brain was the most common site of malignancies. 

HUMAN STUDIES 

Antenatal Irradiation 

Although this general topic has been considered elsewhere in this 
report, the data on CNS tumors are briefly reviewed here. 

2 Stewart Case~Control Study. Bithell and Stewart have 
compared the reported in utero radiation history of 1,332 deaths 
from malignant CNS tumors occurring at ages 0-14 yr with that of 
8,513 children without tumors. Only singleton births were included. 
They found that 13.4% of the children with CNS tumors versus 9.9% of 
controls had a history of in utero irradiation, for a relative risk 
(RR) of 1.42 (80% confidence limits, 1.3 and 1.6*). If only the 
l,3J2 cases and their matched controls are considered in a matched
pair analysis, the RR was 1.30. 

From their calculation of cumulative mortality caused by 
ma!5gnant CNS tumors in Great Britain for ages 0-14 (viz., 17.5 X 
10 ), one can d~5ive an average annual death rate over that age 
range (1.17 X 10 ). Their estimates of RR can be applied to this 
rate to deriy1(excjg~)risk. Using an estimate of 0.8 rad as the 
average dose .P• the absolute excess risk is 6.1 deaths per 

*The 80% confidence limits (CL) reported here are equivalent to what 
the 1972 BEIR report called the "90% lower CL" and "90% upper CL." 
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6 . 
10 PY per rad (80% CL, 3.9 and 8.6). With ghe RR of 1.30 from their 
matched analysis, the estimate is 4.4 per 10 PY per rad. 

MacMahon Study. MacMahon8 identified over 734,000 children 
born in selected hospitals during the period 1947-1954 and searched 
death-certificate lists for the years 1947-1959 to identify cancer 
deaths. Birth records for all cancer deaths and for a 1% sample of 
the total study population were searched to ascertain the frequency 
of in utero x-ray exposure. A total of 120 CNS cancer deaths were 
found; 19 subjects (15.8%) had received prenatal x rays. In the 1% 
sample of controls, 770 (10.6%) of 7,424 had similar x-ray exposures. 
This yielded a crude RR of 1.57 (80% CL, 1.1 and 2.2). However, 
once the data were adjusted for birth order, year of birth, religion., 
maternal age, sex, and pay status (private or clinic), the adjusted 
RR was 1.33 (approximate 80% CL, 0.94 and 1.9). The estimates of 
absolute excesg risk for the crude and adjusted estimates are 11 .• 2 
and 6.3 per 10 PY per rad, respectively. 

Diamond Study. The cohort stidy of antenatal radiation by 
Diamond, Schmerler, and Lilienfeld proved to be too small to 
detect an excess of brain tumors. Among about 20,000 irradiated 
children, three deaths from nervous-system malignancies were found 
at age 0-9, and eight occurred among 35,000 controls. 

Atomic-Bomb Study. Jablon and Kato6 reported that, among 
740 children who were in utero at the time of the bombing and whose 
mothers received a dose of 1 rad or more, there were no brain-tumor 
deaths in the first 10 yr of life. They estimated that these children 
represented at least 17,500 person-rads to the fe~uses. On the 
basis of an average excess risk of about 6 per 10 PY per rad in 
the MacMahon and Bithell-Stewart studies, one would expect an excess 
of about 0.11 brain-cancer death (and the expectation of spontaneous 
brain-tumor mortality is only about 0.02). The difference between 0 
observed and 0.12 expected is not significant; therefore, although 
the data lend no support to the hypothesis of radiation induction of 
brain tumors, neither are they incompatible with it. 

Postnatal CNS Irradiation 

Because the malignancy of some brain tumors (e.g., astrocytomas) is 
often not well established, and benign brain tumors can often be 
serious for the patient, "brain tumors" refers to both malignant and 
benign intracranial tumors. There are sfvtfiat2case reports of brain 
tumors after head and neck radiotherapy, ' ' but these are not 
considered here, because they provide no quantitative information. 
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New York Tinea Capitis Study. Shore et a1. 14 have reported 
on brain tumors among about 2,200 childrengiven x-ray therapy for 
ringworm of the scalp and 1,400 ringworm patients without x-ray 
therapy. The dose to the brain averaged about 140 rads. The children 
were treated at an average age of 8 yr and have been followed for 
15-34 yr (mean, 25 yr). Eight brain tumors have been found in the 
irradiated group versus none among controls (R. E. Shore and R. E. 
Albert,personal communication). The tumors were of a variety of 
types: one malignant glioma, two astrocytomas, one hemangioblastoma, 
two meningiomas, and two acoustic neuromas. The minimal latency was 
about 5 yr, and four of the eight tumors occurred more than 25 yl 
after radiation. On the basis of Connecticut brain-tumor rates, 3 
about 1.1 would have been expected in the irradiated group and 0.7 
among controls. The observed-to-expected ratio (8:1.1) was 7.2 (80% 
CL6 4.1 and 12.4). The estimate of absolute excess risk was 1.3 per 
10 PY per rad (80% CL, 0.7 and 2.4), on the basis of 5 yr or more of 
followup after irradiation. 

9 Israeli Tinea Capitis Study. Modan et al. reported on 
brain tumors among.about 10,900 children given x-ray therapy for 
ringworm of the scalp and 16,400 sibling and population controls, on 
the basis of death certificates and the national tumor registry. 
The mean brain dose was about 140 rads per treatment, and, inasmuch 
as about 10% had two treatments, the mean per person was about 150 
rads. Modan et al. found 16 brain tumors in the irradiated group 
and three among controls, for an RR of

9
8.0. With approximate person

years calculated from the publigation, the estimate of absolute 
excess risk is about 0.7 per 10 PY per rad (80% CL, 0.2 and 
2.2). This is probably an underestimate of the true incidence, in 
that only death certificates were available for ascertainment before 
1960. Eight of the 16 brain tumors in the irradiated group were 
reported to be malignant. 

Michael Reese X-Ray Therapy Study. Of 5,166 persons given 
x-ray therapy to the head and neck (80% treated to the tonsils and 
nasopharynx), 3,108 have been fo13owed for an average of about 22 yr 
since irradiation. Colman et al. reported 14 intracranial tumors 
in this group, of which sixwere malignant. ~ the basis of age
specific brain-tumor incidence in Connecticut, about 1.6 would 
have been expected, for an observed-to-expected ratio (14:1.6) of 
8.8. A "dose-response" relationship was reported; but, because the 
doses used were those to the midplane of the neck, rather than the 
brai9, this finding cannot be readily evaluated. Likewise, the 
reported doses cannot be used to calculate risk estimates. 
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Host Factors 

Nothing is known about sensitivity to radiation with respect 
to age at irradiation, sex, or other characteristics. 
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SKIN 

Five-year follow-up of primates 
Radiat. Res. 47:143-148, 1971. 

Skin cancer as a late radiation sequela was first reported 
in 1902, 7 yr after the discovery of x rays, and many hundreds of 
cases have since been reported. However, the literature on radiation
induced human skin cancer is sufficiently unsystematic that many 
questions remain essentially unanswered--e.g., as to the shape of the 
dose-response curve, the effects of dose fractionation, and ethnic 
and age differences in susceptibility. 

EXPERIMENTAL EVIDENCE 

Experimental studies of radiation-induced skin cancer have shown 
that, after a la2int period, skin tumors are produced for the rest 
of the lifetime. In rats, very high radiation doses decrease the 
latent period, but there is 1little indication of such a decrease 
at doses of 200-2,000 rads. Tumor incidence appeari r§ depend 
roughly on the square of dose in both mice and rats; ' therefore, 
the incidence at doses below 100 rads is too low to be readily 
studied (F. Burns, personal communication). Various studies have 
found an RBE.for tumor· formation of about 3 for high-LET, compared 
with 1~~7ET, radiation, ·when the doses were 200 to several thousand 
rads. ' The RBE at doses under 100 rads is unknown. 
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Dose fractionation reduces the tumorigenicity of elycf5on, 
beta, and x radiation at total doses of over 1,000 rads, ' but 
lower doses have not been adequately studied. 

Investigations of the critical radiation penetration depth 
for tumorigenesis in squamous-cell (as well as hair-follicle) 
tumors have suggeitr3 that the dermis is prominently involved in 
epidermal tumors. ' 

Studies of low-LET radiation effects on the skin that compared 
a sieve pattern with a uniform pattern of irradiation (equivalent 
for skin dose and adjusted for skin area irradiated) showed that 
the sieve patter~ 1fforded a marked protective effect against 
tumor formation; ' this suggests the presence of macrotissue 
effects. No such protective effect was observed, however

11
when 

a similar experiment was performed with proton radiation. 

Attempts to use the rat as a model system to study the joint 
effects of ultraviolet and ionizing radiation have not been en
tirely successful. The primary type of tumors caused by 
ultraviolet radiation (keratoacanthomas) is but rarely encountered 
after ionizing radiation, so the degree of nonadditivity of the 
two effects cannot readily be evaluated (Burns, personal communication). 

HUMAN EVIDENCE 

Most of the reports in the literature of radiation-induced 
skiij cancer have described a series of cases from some undefined 
population that w25e collected from

3
yne or more ~edical facilities 

(e.g., s35 Meara, Pack a~g Davis, Petersen~~ Ridley and 
Spittle, Sarkany ~ al., and Totten ~ al. ). That there 
are few adequate followup studies of defined exposed populations 
(and controls) is partly attributable to two factors: nonmelanotic 
skin cancers have a low case-fatality rate, and they are grossly 
underreported to tumor registries, so studies relying on mortality 
or tumor-registry data will fail to reflect most occurrences. 

Case-Control Studies 

Case-control studies provide supporting evidence about radiation
induced skin cancer, but the available studies h!~e not permitted 
detailed quantitative statements. Martin et al. compared 156 
patients with skin cancer of the head or neckwith 434 other patients 
drawn from their private practice, as to history of radiotherapy 
of the head and neck, and found a relative risk of 4.4 (19% versus 
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5%; p < 0.0001).* The doses were unknown, so no further estimates 
of risk could be derived. From an enlarged series of 368 skin-cancer 
cases after radiotherapy, they found that about 25% had been treated 
for hirsutism and 35% for acne. Information on the degree of 
radiation-associated skin changes was available on 314 of these 
irradiated skin-cancer patients, of whom 19% showed slight or no 
skin changes. 

Takahashi43 has reported case-control data indicating that 
medical radiation is associated with skin cancer among Japanese; 
4.5% (14 of 308) of skin-cancer patients and 0.6% (23 of 4,067) 
of controls had a history of previous irradiation. The excess 
of cancer was significant at the lowest dose range, 500-2,000 R, 
a~ there was a highly significant dose-response relationship 
{X for trend= 79.3; 1 df; p < 0.0001). However, the number of 
irradiated subjects was too small and the dose estimates too 
uncertain to test the shape of a dose-response curve. 

Epidemiologic Studies 
Four epidemiologic ·followup studies showed excessive skin 

cancer after radiation exposures. These are reported next, and 
then several studies that did not show radiation-induced skin 
cancer. 

R. E. Shore (personal communication) and Shore et a1. 40 have 
followed 2,215 children given x-ray therapy of the scalpfor tinea 
capitis at ages 3-14 and a comparison group of 1,395 children 
with tinea capitis who did not receive radiation treatment. Both 
groups have been followed for an average of 25-26 yr. The x-ray 
treatments consisted of exposures of five fields of the scalp at 
one sitting, yielding doses to various portions of the scalp ~7 
450-850 rads (the dose varied because of overlapping fields). 

In the irradiated group, there were 24 patients with skin 
cancers (23 basal-cell and one basal-cell plus squamous-cell) on 
the scalp or in areas bordering the scalp after a dose of 350 rads 
or more. There were also five patients with basal-cell cancers on 
other parts of th

17
face or neck, where the radiation doses were 

about 20-60 rads. In the control group, there were two patients 
with skin cancers in locations corresponding to the heavily irradi
ated area and two on other areas of the face and neck. 

*This study was reported incorrectly in the 1972 BEIR report. 30 

The latter stated that there was "a relative risk of 3. 74 in 
649 irradiated U.S. patients." It was actually a case-control 
study, and only 59 of the 649 had received radiation therapy. 
The odds-ratio estimate of relative risk, which is appropriate 
for a case-control study, is 4.4, and not 3.7. 
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In the irradiated group, no skin cancers occurred among the 
25% who were black. An analysis (controlling for interval since 
irradiation) showed that this difference was significant (p = 0.02) 
and indicated ethnic variation in susceptibility to radiation
induced skin cancer. The analyses were thereafter restricted to 
Caucasians. 

Age- and sex-specific s~~n-cancer rates among whites from the 
Third National Cancer Survey were used to compute expected values. 
In the control group, the ratio of observed to expected skin cancers 
was 4:4.7; in the irradiated group, it was 29:7.8. Preliminary data 
from the study suggest that fairness of the skin is probably a more 
important mediating factor in skin-cancer development than is the 
amount of sunlight exposure (Shore, personal communication). 

The temporal pattern of skin cancers was of interest. Table 
A-29 shows the distribution of observed and expected skin cancers by 
age. An analysis of an age trend in the absolute excess risk (for 
ages 20-49) was significant ( p < 0. 0001). The trend in the absolute 
excess risk by interval since irradiation (15-34 yr), as shown in 
Table A-30, was also highly significant ( P < O. 0001); this indicates 
that absolute risk rises with time. Whether it will eventually 
plateau, continue to rise, or taper off in a ~~ve-like fashion is 
unknown, although Ridley and Spittle's report of a mean interval 
of 45 yr between x-ray therapy for tinea capitis and skin-cancer 
diagnosis in a series of 26 cases suggests that excess risk will 
continue for a considerable time. 

Although in this study there was a range of doses (20-850 rads) 
corresponding to different locations on the head, the shape of the 
dose-response curve has not been assessed. Because of the small 
numbers, the nonsignificant excess (5 observed and about 3.4 expected) 
at 20-40 rads is interpretively compatible with either linearity, 
curvilinearity, or no effect.* 

In a group with x-ray therapy for an enlarged
18

hymus, 
Hempelmann et al. found an excess of skin cancers. In the 
irradiated group, nine of 2,872 persons had a skin cancer in the 
irradiated area (six basal-cell cancers and three malignant 
melanomas) versus three of 5,055 in the corresponding skin area among 

· 26 *In another study of tinea capitis irradiation, Morlan et al. did 
not find an excess of skin cancer. However, Modan hasindicated 
(personal communication) that he was essentially not able to 
study skin cancer, because his sources of information were a 
tumor registry and a death registry, both of which yield gross 
underreporting of skin-cancer incidence. 
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TABLE A-29 

Observed and Expected Skin Cancers by Age among 
Caucasians Irradiated for Ringworm of the Scalp a 

No. Skin Cancers 

(E}b 
Person- Absolute 

6 Age, yr Observed (0) Expected years (PY) 0/E Risk per 10 

1-19 0 0.01 18, 160 0 0 

20-24 0 0.54 8,075 0 0 

25-29 4 1. 39 7,332 2.9 356 

30-34 8 1.76 5,714 4. 5 1,092 

35-39 12 2.32 3,407 5.2 2,841 

40-44 5 1.63 1,106 3. 1 3,047 

> 44 0 0.20 100 0 0 

a Data from R. E. Shore (personal communication). 

h Expected values based on sex-specific and age-specific rates from the 

Third National Cancer Survey. 38 
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TABLE A-30 

O.bserved and Expected Skin Cancers among Caucasians 
by Interval since Irradiation for Ringworm of the Scalp a 

No. Skin Cancers 
Person- Absolute 

Interval 2 yr Observed (O) Expected (E)b years (PY) 0/E Risk per 

1-9 0 0.04 15,074 0 0 

10-14 0 0.40 8,239 0 0 

15-19 1 1.13 7,846 0.9 0 

20-24 7 1.85 6,555 3.8 786 

25-29 14 2.57 4,470 4.7 2,110 

30-34 9 1.86 1,710 4.8 4,175 

aData from R. E. Shore (personal communication). 

bExpected values based on se~-~Hecific and age-specific rates from the 
Third National Cancer Surgey. 
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controls (E. Woodard and L. Hempelmann, personal communication). 
There was no difference between the groups in the incidence of 
skin cancers outside the irradiated skin area. Considering years 
10-49 after irradiation, the rat6s in the irradiated area were 
nine in 50,226 PY, or 179 per 10 PY~ in the irradiated group 
and three in 89,625 PY, or 33 per 10 PY, in the equivalent skin 
region in the control group (RR= 5.4; p = 0.01). Assuming that 
the skin doses were approximately 20% greater than the air doses, 
the skin doses w9uld range from 40 to about 1,500 rads, with a mean 
of 330 rads. The radiation was given mainly in fractions of approxi
mately 40-400 rads. 

Because this is the only available study that can provide any 
information on the dose-response relationship at lower doses or 
on dose-fractionation effects, the data were (crudely) analyzed 
for these effects (Shore and Hempelmann, personal communication). 
The results should be reviewed as only suggestive, however, because 
of the small number of skin cancers. There was no evidence of a 
lower risk at lower doses, when doses under 400 rads were compared 
with doses over 400 rads. The absolute-risk estimate was numerically 
(but not si%nificantly} higher in the lower-dose group (0.66 versus 
0.32 per 10 PY per rad). Dose fractionation was examined according 
to number of fractions and to average dose per fraction. A tabulation 
by number of fractions yielded estimates of 0.6, 0.3, and 0.5 per 
106 PY per rad for subjects with 1, 2, and 3+ fractions, respectively. 
A crude breakiown of the dose-per-fraction data yielded estimates 
of O.\per 10 PY per rad for 1-199 rads per fraction and 0.5 
per 10 PY per rad for 200-400 rads J>er fraction. A finer analysis 
of these data with the Cox regression model ( controlling total 
skin dose) tentatively suggested that both increased fractionation 
and smaller dose per fraction decreased the cancer yield (p = 
0.05 for each effect). 

G. M. Matan~~ki and R. Seltser (personal communication) and 
Matanoski et al. recently reported an excess of skin-cancer 
mortality among radiologists, compared with three other groups of 
medical specialists. Table A-31 shows that the excess was especially 
pronounced in the earliest cohort (those who became members of the 
radiological society during the 1920s), who presumably had the 
highest radiation exposures. The average skin doses received by 
the various cohorts of radiologists are essentially unknown. 
Estimates for the earlier c~~orts range from a low of a~out 200 
rads (calculated

30~om yj~s ) to a high of 2,000 rads. The 
1972 BEIR report P• used 800 rads as a tentative estimate. 
With that estimate, the absolute ris~ of skin-cancer deaths in the 
1920-1929 cohort would be 0.5 per 10 PY per rad. 
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TABLE A-31 

Skin-Cancer Deaths among Cohorts of Radiologists (Radiological 
Society of North America) and Other Medical Specialists 
(American College of Physicians and American Academy of 

Ophthalmology and Otolaryngology)a 

'~'Relative Risk 
Cohort (Year (90% Lower and 
of Entry into Other Upper Confidence 
Society Radiologists Specialists Limits) 

1920-1929 Deaths 15 3 10.0 
(all ages) PY 33,367 66,679 (3.9,28.9) 

6 b Rate per 10 PY 450 45 

1930-1939 Deaths 3 5 3.6 
(all ages) PY 16,575 100,309 ( 1. 1, 11 .6) 

Rate per 106 pyh 181 50 

1940-1959 Deaths 4 5 3.1 
( age-limitedf PY 54,808 215,634 (1.1, 9.1) 

Rate per 106 pyh 73 23 

Cloata through 1974. From G. M. Matanoski and R. Seltser, personal communication. 

0use of 2~rude rather than age- and time-adjusted rates (Matanoski 
~ al. ) makes the comparision slightly conservative. 

0 rncludes data up to age 74 for the 1940-1949 cohort and up to age 
64 for the 1950-1959 cohort. Combining these cohorts introduces 
a small additional conservatism into the comparison. 
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M. Sevcova, J. Sevc, and J. Thomas (punpublished data) found a 

significantly increased incidence of skin cancers, primarily basal
cell carcinomas of the face, in a large series of uranium miners, 
who had estimated cumulative alpha-radiation doses to the basal-cell 
la6er of the skin of around 100 rads. The observed incidence (per 
10 PY) over that expected from age-specific population rates 
was 374/82, or a relative risk of 4.6. Using an estimate of 100 
rads (which may we146be a low estimate, but is the one used in the 
1977 UNSCEtR report ), this yields an absolute-risk value of 
2.9 per 10 PY~per rad. The rate among nonmining uranium workers 
(with small exposures) was not increased; this suggests that the 
increased rate among miners was not a methodologic artifact of 
better case detection in the workers than in the general population. 

Of the incidence studies of skin cancer in defined irradiated 
populations, the Japanese atomic-bomb study is the largest. As 
part of its Adult Health Study evaluation program, an extensive 
dermatologic evaluation was performed on 9,646 subjects from 
Hiroshima or Nagasaki, including 1,830 with doses of 90 r25s kerma 
or more and an additional 2,081 with doses of 10-89 rads. 
These subjects were compared with 2,696 others in the city at the 
time of the bombing who had doses of 1 rad or less. The sample 
was carefully drawn, and the examinations were conducted 19-21 yr 
after irradiation, which apparently allowed ample time for latent 
malignant changes to begin to appear. 

Little evidence was found of skin changes other than burn 
scars. The irradiated group(> 90 rads) had more patterned 
pigmentation and hyperpigmentation than the controls(< 1 rad), 
but the dose-response relationship was inconsistent with a 
radiation interpretation; among those aged 0-19 at the time of 
bombing, facial elastosis was more prevalent in the irradiated 
group, but the dose-response relationship was not significant, 
nor was an association with radiation found across the whole 
age range. No evidence was found of radiation-induced skin 
cancer; the only observed person with skin cancer received less 
than 1 rad. 

On the surface, this study appears at variance with other
43 

studies of radiogenic skin cancer and with the Takahashi study 
in particular. However, it has been shown that the Japanese 
have skin-cancer rates only one-fortieth to one-thirtieth thos~ 
of caucasians for similar environments, which suggests that they 
are highly resistant to the carcinogenic effects of ultraviolet 
radiation. It can be speculated that their skin is similarly 

43 resistant to carcinogenesis by ionizing radiation. That Takahashi 
found a radiation effect is not wholly incompatible. His lowest 
dose grouping was 500-2,000 R, higher than that for nearly all the 
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atomic-bomb survivors, and only three skin cancers were found in 
this range. The other doses ranged up to 10,000 R, and higher. 
Nor is the study statistically incompatible with other studies 
that have shown a skin-cancer effect at dos5s under 1,000 rads. 
Using an estimate of 0.7 skin cancer per 10 PY per rad as an 
average of the estimates found in other studies (see Table A-32), 
one would have expected only about 3.5 skin cancers in the 
irradiated group; finding none is incompatible with chance.* 

AnQther skin-examination program was conducted by Sulz.perger 
et al., 42 who evaluated 1,000 patients treated 5-23 yr previously 
withsuperficial x rays, 90% of whom had been treated for benign 
dermatoses and the remainder for skin cancer. For comparison, 
1,000 former patients treated for similar conditions without 
irradiation were evaluated. The bulk (72%) of the irradiated 
group received between 150 and 1,000 rads to one or more localized 
areas of the skin, and the remainder received larger doses. For 
the benign conditions, the doses were typically given in fractions 
of 35-85 rads. The patients were reasonably distributed over the 
full age range at irradiation, with the exception of a deficit 
under age 20. Six skin cancers were found in the irradiated group, 
of which only one occurred in an irradiated area; and nine were 
found in the control group. 

Three problems arise in interpreting the study: (1) It 
is not known whether the age distribution of the control group 
was comparable with that of the exposed group. (2) Only about 
10% of the population that the researchers set out to evaluate 
were actually examined; thus, the potential for sample-selection 
bias was great, and its nature and degree are largely unknown. 
(3) The average interval from irradiation to evaluation was only 
9 yr; only 26 irradiated subjects were evaluated more than 15 yr 
after irradiation. The methodologic weakness of a short interval 
since radiotherapy makes it impossible to interpret the negative 
results as having a bearing on, for example, the effects of 
fractionated exposures. 

No skin-cancer deaths have been found among the approximately 
15,300 patients followed aff2r radiotherapy for ankylosing spondy
litis (Court Brown and Doll and R. Doll and P. G. Smith, personal 
communication), for which the cumulative skin dose in the primary beam 

*In this and later calculations of expected values based on the 
absolute-risk estimate from the positive studies, no account is 
taken of the amount of skin area irradiated. This is difficult 
to assess for many studies, and perhaps meaningless, in that 
anatomic location of the irradiated skin may be more important 
than the total skin area irradiated. 
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TABLE A-32 

Risk Estimates for Skin Cancer 

Study population 

Type of radiation 

Duration of radiation 
exposure 

Duration of followup, yr 

Mean followup, yr 

Period after irradiation 
on which risk estimates 
are based, yr 

No. subjects 

No. PY 

External dose range, rads 

Mean dose to tissue, rads 

Ag~ at irradiation yr 

Mean age at irradiation, yr 

Sex 

Nature of control 

Shore et al. a 

Irradiated for 
tinea capi tis 
1940-1959 
(Caucasian) 

X 

Minutes 

15-34 

26 

10-34 

1,685 

28,820 

350-850 

700 

3-14 

8 

Both 

1,046 nonirradiated 
tinea patients 

b 
Hempelmann et al. 

Thymus irradiation 
1926-1957 

X 

Minutes to weeks 

17-49 

28 

10-49 

2,878 

50,226 

40-1,500 

330 

0-1.5 

0 

Both 

5,055 
siblings 

a Data from Shore ~ al. 40 and R. E. Shore, personal communication. 

boata from Hempelmann et al. 18 and E. Woodard and L. Hempelmann, 
personal communication.-
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TABLE A-32 

Shore et al. a Hempelmann et al. b --

Cancer/PY 

Irradiated group 24/28, 820 9/50,226 

Control group 2/17,124 3/89,625 

Relative risk 7.1 5.4 

Increase, %/rad 0.88 1. 32 

Absolute risk per 
6 

10 PY per rad 1.02 o. 44 
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was in the region of 1,000-1,500 rads. On the basis of the average 
risk from the studies finding an effect (Table A-32), one would expect 
over 40 excess skin cancers to have occurred (58,014 PY

6
9 yr or 

more after irradiation X 1,200 rads X 0.7 cancer per 10 PY per 
rad= 49 excess skin cancers expected). If one assumes a 5% 
mortality from skin cancer, then about two or three deaths would 
be expected, whereas none were observed. It should be noted t2~t

36 
others have reported basal-cell carcinomas after such therapy. ' 

Boice and Monson 7 followed a series of 543 tuberculous 
women by questionnaire for an average interval of 26 yr after 
irradiation. These women had a mean cumulative skin dose of

7
aHout 

1,300 rads from an average of 102 fluoroscopic examinations. ' 
Three skin cancers were reported in the irradiated group and one 
among controls; but it was not known whether any of the skin cancers 
were in the area affected by the primary beam (J. Boice, persgnal 
communication). From the average risk estimate of 0.7 per 10 PY 
per rad (for 10 yr or more after irradiation) given above, one 
would expect about 7.7 excess skin cancers in the irradiated group. 

28 29 
In another multiple-fluoroscopy study, Myrden and associates ' 

followed 300 irradiated women with questionnaires for up to 32 yr. 
The average cumulative skin dose was about 1,900 rads. An excess 
of about five skin cancers would have been expected; in fact, none 
was observed (J. A. Myrden, personal communication). 

Delarue et al. 15 followed 269 tuberculous women for over 
20 yr after multiple fluoroscopies. An average of 142 fluoroscopic 
examinations were given posteriorly with a skin dose of about 850 
rads. Only one skin cancer was observed in the irradiated area 
of the back (none among controls), but this was not surprising, in 
that an excess of only about 1.9-2.4 wou!d be expected on the basis 
of the average risk estimate (0.7 per 10 PY per rad) and the esti
mated PY of followup.* 

Shore et al. 41 found no excess skin cancer among women given 
radiotherapyfor postpartum mastitis~ in which the average skin 
dose in the primary beam was about 280 rads and the average 
followup was 25 yr. They found six skin cancers among 571 irradiated 
women and 13 among 993 control women. Considering the period 10-34 
yr after irradiation, 7.4 skin cancers would be expected in the 
irradiated group, on the basis of the control-group rate; from 

*Another multiple-fluoroscopy study (Shore and Hempelmann, personal 
communication) has over 4.,000 irradiated subjects, but is not 
reported here, because fewer than 10% have been followed by question
naires so far. 
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the excess-risk calculations, one would expect an additional 1.8. 
Thus, the total expected was about 9.2, versus the six observed. 

Host Factors and Pathogenesis 

The principal classifications of radiation-induced skin cancers 
are squamous-cell and basal-cell carcinomas. Anatomic location is 
one factor determining the relative incidence of the two types: 
squamous-cell ("prickle-cell") carcinomas have been found most 
often on the hands, an~ basal-cell carcinomas clearly predominate 
on the head and neck. 4 An additional factor of dose has been 
proposed: that squamous-cell cancers occur primarily after large 
radiation exposures associated with severe radiodermatitis and 
ulceration~

7
whereas basal-cell carcinomas predominate at lower 

exposures. Fibrosarcomas, of dermal origin, have also occurred 
after radiation exposure, but the incidence is an ~7der of magnitude 
less than that of squamous- or basal-cell cancers. (In addition, 
some of the repor~3d fibrosarcomas would be regarded as spindle-cell 
carcinomas today. , 32 ) Melanomas and sweat-gland t~mors have also 
been reported as occasional radiation sequelae. 6 , 40, 4 ~ 

The relative sensitivities of various anatomic portions of 
the skin to radiation-induced cancer are not established, althoi~h 
it is thought that the face and scalp are especially sensitive. 
The role of superimposed ultraviolet irradiation by exposure to sun 
(insolation) of skin that has received ionizing irradiation is not 
known. The carcinogenic effects of ultraviolet and ionizing 
irradiation may be purely additive, but the apparent sensitivity of 
the face to radiation-induced skin cancer suggests that ultraviolet 
radiation in some way potentiates ionizing radiation. 

Although chronic radiodermatitis was long thought to be a 
prerequisite for the induction of skin cancer, it is now amply 
documented that basal-cell cancers especially can occw::: iu skin 
with little or no evidence of radiation skin damage. 5,JS,J6, 40 
It has been suggested that the carcinogenic effe~; on the skin is 
much greater in the presence of radiodermatitis, with estimates 
of cumulative incidence ranging from 10 to 35% (versus< 1% in the 
absence of radiodermatitis). Calculations on a per-rad-basis per 
unit of irradiated skin surface area have not been performed to 
test this difference. Assuming that there is a difference, it i~ 
unclear whether it results from biologic factors having to do 
with damage in radiodermatitis or is primarily a reflection of a 
quadratic dose-response relationship. 

Basal-cell cancers that follow radiation exposure are often 
multiple, either simultaneo~~ly or over a period of some years. 
For instance, Martin et al. reported an average of five lesions 
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per patient when the skin cancer followed irradiation, but 2.5 
per patient when there had been no prior irradiation. (However, 
the comparability of these two groups in length of followup after 
the first lesion was not reported, so the comparison may be biased.) 
In the tinea radiation study, 70 lesions have been observed in the 
29 persons with skin cancer of the head or neck (Shore, personal 
communication). Taking into account the time since diagnosis of 
the initial basal-cell lesion(s), this works out to about 0.3 new 
lesion per case per year. Among the four control cases, there are 
no multiple lesions, after a comparable postdiagnosis followup 
time. 

No information is available on whether age at irradiation 
modifies the risk of radiogenic skin cancer. The latent interval 
for sk;~ cancer after irradiation is extremely variable. Martin 
et al. reported a range of latencies from 1 to 64 yr among 357 
cases. In only about 6% of the cases was the interval less than 
10 yr, whereas in about 20% it was greater than 30 yr. (20% is 
probably an underestimate, in view of the skewed distribution of 
followup times since irradiation in the study population). 

It is well known that b1gc~~ ~ijve a far lower incidence of 
skin cancer than Caucasians. ' ' That they are also less 
susceptible to radiation-induced skin cancer has recently been 
shown by Shore (personal communication). There are also marked 
differences in skin-cancer incidenc34between Caucasians and Japanese. 
A special incidence study in Hawaii reported that the relative 
risk of skin cancer was 39 for Caucasians, compared with Japanese 
(90% lower confidence limit on RR was 24). The incidence r1~es 
among Japanese in Japan and in Hawaii are quite comparable. 
It is possible that the Japanese have low susceptibility to radiation
induced skin cancer as well. 

Radiation Factors 

No human studies have been performed that provide a direct 
examination of the dose-response curve, RBE values, or dose-rate 
effects. The comparison of selected studies permits at best tenuous 
suggestions as to these effects. 

The study by Takahashi, 43 although showing a trend with dose, 
is unsuitable for defining the shape of the dose-response curve, 
because it is a case-control study not based on a defined population 
and only three skin cancers occurred between 500 and 2,000 rads-
and none was reported between 1 and 500 rads. 
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The negative skin-cancer 7er~12a of the Japanese atomic-bomb 
study and fluoroscopy studi~8' ' ' the restricted dose range 
of the tinea capitis study, ayg the limited number of skin cancers 
in the thymus-irradiation study made it impossible to assess the 
dose-response relationship in any followup study. The high range 
of skin-cancer incidence (10-35%) among patients with radiodermatitis 
and the much lower rates among populations with lower doses (negative 
to 1%) suggests a dose-squared component of the dose-response relation
ship. However, at least at doses under 1,000 rads, the data of 
Woodard and Hempelmann (personal communication) do not suggest a 
diminution of effect with lower doses, inasmuch as the risk at 
doses less than 400 rads is numerically greater than that at doses 
over 400 rads. 

Because no skin cancers were found in the exposed group in 
the Japanese atomic-bomb study, RBE factors could not be estimated. 
No group with low-LET radiation was sufficiently comparable (i.e., 
protracted whole-body radiation, with cancer-incidence data) with 
the uranium miners with high-LET radiation to permit even a rough 
comparison. 

It cannot be concluded frgm the negative findings in the two 
multiple-fluoroscopy series 7, 1 that dose fractionation reduces 
skin carcinogenesis. The postpartum-mastitis study, 41 with little 
fractionation of the radiation doses to the skin of the chest, was 
also negative. The radiologist study (Matanoski et al. 24 and 
Matanoski and Seltser, personal communication) indicated that 
highly fractionated exposures at both high and lower total doses 
(i.e., early and more recent cohorts) had a carcinogenic effect on 
the skin. However, the thymus-irradiation study suggested that 
dose fractionation may reduce the magnitude of the carcinogenic 
effect (Shore and Hempelmann, personal communication). 

Risk Estimates 

None of the three studies of whole-body irradiation i~
0
suitable 

for making risk estimates. The Japanese atomic-bomb study was 
essentially negative. The radiologist study24 provided only 
mortality data, and the doses can be estimated but crudely. 
Insufficient details are available on the uranium-miner study 
(Sevcova et al., unpublished data) to use it as a primary source 
of risk estimates. In addition, the doses of alpha radiation to 
much of the body are essentially unknown, because of shielding by 
clothing. 

Two studies 18 , 40 of x-ray therapy have yielded positive re
sults and can be used for estimating partial-body radiation risks, 
but several qualifications should be noted: several similar 
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studies were negative, 7, 14 , 15 ,41 so these two may represent an 
µpper bound of risk; sensitivity to i3diation induction of skin 
cancer probably varies by body site, so extrapolations to whole
body irradiation on the basis of proportion of skin surface irradiated 
may be improper; and these two studies had relatively high doses 
and high dose rates and little or no dose fractionation, so the 
appropriate generalizations to protracted or low-dose radiation 
are unknown. A summary of the two studies is shown in Table A-32. 
The skin-cancer rate in the heavily irradiated area for 10-34 yr 
of f8Uowup among Caucasians in the tinea capitis study

6
(Shore ~ 

al. and Shore, personal communication) was 833 per 10 
6

PY; in 
the corresponding area among controls, it was 117 per 10 PY. 
With the assu~ytion of 700 rads as the approximate average dose 
to

6
the scalp, this yields an absolute-risk estimate of 1.0 per 

10 PY per rad (with 90% confidence limits of 0.2 and 4.4). On 
the basis of all 29 skin-cancer cases in the irradiated group and 
the population-based expecteg value of 7.8 skin cancers, the absolute
risk estimate was 1.0 per 10 PY per rad (90% confidence limits, 
O. 7 lff nd 1. 5). In the thymus-irradiation study (Hempelmann et 
al. and Woodard and Hempelmann, personal communication), the 
irradiated group hgd a rate of skin cancer in the heavily irradiated 
area of 179 per 10 PY for 10-49 yr

6
of followup compared with 

the control group rate of 33 per 10 PY. With an approximate 
average skin dose of 330 rads, this yields an absolute risk of 
0.4 per 10 PY per rad (90% confidence limits, 0.1 and 1.5). 
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CANCER INDUCED BY IRRADIATION BEFORE CONCEPTION OR DURING 
INTRAUTERINE LIFE 

MAIN FINDINGS OF 1972 BEIR REPORT 

In a iarfe retrospective study, the Oxford survey, Stewart and 
associates O, 2 found an excess of leukemia and other cancers 
among children exposed in utero to diagnostic x rayl2 The increase in 
relative risk was initially reported as about 100%, 40 but was 
later estimated to be about

2
50% in a larger sample. These results 

were supported by MacMahon, who identified cancer cases retrospectively, 
but traced controls prospectively, and found about a 50% increase in 
relative risk of cancer after in utero x-ray exposure. According to 
MacMahon, the oncogenic effec·tof such exposure was exhausted by the 
age of 8 yr; according to Stewart et al., the increased risk persisted 
to the age of 10 yr, the maximal length of followup at that time. 
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Some additional studies have not confirmed the increased
2
fisk, but 

their samples are too small to contradict these results. 

Other factors, however, raise doubts about the oncogenicity of 
intrauterine exposure suggested by these studies. There was very 
little t8ecificity of effect with

9
regard to tumor type in the Oxford 

survey. In the tristate study, preconception exposure of the 
mother to diagnostic x rays was associated with as great an increase 
in leukemia risk as was intrauterine exposure~ This latter finding 
was contradicted by a study of leukemia in children of persons exp~~ed 
to radiation from atomic bombs before the children were conceived; 
it found no tfcess risk of leukemia in these children. Finally, the 
Oxford group found a linear relationship between the number of 
x-ray films and the increase in cancer risk and on this basis esti
mated the risk at 300-800 extra cancer deaths by age 10 per million 
children expose1

4
shortly before birth to 1 rad of ionizing radiation. 

Jablon and Kato estimated that, according to this degree of risk, 
at least 5.2 excess cancer deaths should have been found among 1,250 
Japanese children exposed in utero to less than 500 rads from atomic 
bombs, whereas in fact no excess cancer deaths were observed. 

8 A report from the tristate study group emphasized the relation-
ship between the joint occurrence of multiple factors (preconception 
x-ray exposure, intrauterine exposure, childhood viral infections, 
and previous maternal miscarriages and stillbirths) and increased

4
risk 

of leukemia. These results were extended by Bross and Natarajan, 
who concluded that allergy-prone children, and to a lesser extent 
children with some infections, were more susceptible to the leukemogenic 
effect of in utero exposure to diagnostic x rays than other children. 

The 1972 BEIR report23 discounted the effects of preconception 
irradiation in the production of cancer and did not assess the varied 
sensitivity in the intrauterine population. It based its estimates of 
the cancer risk after in utero radiation on

6
a 50% increase in deaths 

per rem, or an increase of 50 deaths per 10 PY per rem, during the 
first 10 yr of life, but not later. 

EXPERIMENTAL STUDIES 

From the studies of children exposed prenatally to diagnostic 
x rays, it would appear that radiation has a much greater tumorigenic 
effect if exposure occ~5s in utero than if it occurs during childhood 
or adult life (BEIR I, Table 3-2). This apparent special sensitivity 
of the fetus has generally not been borne out by animal studies. RF 
mice did not develop myeloid leukemia, thymic lymphoma, or ovarian 
tumors when exposed to x rays in utero, but the incidence o43 t~~se 
neoplasms increased significantly after postnatal exposure. ' 
There was no overall increase in mammary neoplasms among CFI mice 
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exposed to 100 R of x rays on different days of gestation, compared 
with nonirradiated controls, but there was a tendency for tumor 
incidence 2ij increase when radiation occurred toward the end of 
gestation. The incidence of mammary and uterine tumors, as 
well as overall tumor incidence, among Wistar rats exposed to 270 
R of x rays was smaller for fet,~ exposure than for exposure of 
suckling, young, or adult rats. Benign mammary tumors were 
significantly less common among female Sprague-Dawley rats exposed 
to tritiated water throughout the intrauterine period than among 
their simultaneously exposed mothers,

6and malignant mammary tumors 
occurred only in the !~posed mothers. Rat mammary tumors are 
hormonally dependent, so these latter results might be attributable 
to hormonal changes during pregnancy. However, adult female Wistar 
rats that were irradiated while pregnant had a lower incidence o~

8 mammary tum.ors than nonpregnant rats irradiated at the same age. 

For one type of neoplasm, prenatal radiation appeared to have 
a greater tumorigenic effect than postnatal radiation. CBA mice 
expo.sed prenatally to iodine-131 for a dose to the thyroid of 
about 8,000 rads developed a significant number of thyroid neoplasms, 
whereas 96-d-old mice exposed to iodine-131 for g

5
dose to the 

thyroid of about 9,000 rads did not develop any. In another 
study, prenatal administration of iodine-131 to CD rats produced 
significantly more thyroid neoplasms than neonatal administration, 
but interpretation of these results is complicated by the occurrence 
of a substantial number~; thyroid neoplasms among the nonirradiated 
controls in both groups. 

CAUSAL RELATIONSHIP 

An association between prenatal exposure to diagnostic X rays 
and an increased risk of developing malignancy during childhood 
has been definitely established, but there remains the question of 
whether and to what extent this represents a causal relationship. 
It is possible that prenatal exposure entails a process of selection, 
resulting in an exposed population that differs from the unexposed 
population with regard to factors that bear on the incidence of 
malignancy, and it is possible that the selection process accounts 
for part or all of the increased incidence of malignancy in the 
exposed population. A number of recent studies have produced find
ings pertinent to this question. 

Mole2
6
2 has reanalyzed the data from the Oxford survey regarding 

twins.j 5, 3 According to his analysis, the estimated relative risk 
of leukemia for prenatally irradiated twins is 2.2, compared with 
1.5 for prenatally irradiated singletons. For solid tumors, the 
estimated relative risks are 1.6 for twins and 1.5 for singletons. 
It may be argued that twins should be an especially apt subgroup 
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for testing the tumorigenic effect of prenatal irradiation, inasmuch 
as a great many are irradiated specifically for indications directly 
related to twinning, and the effect of selection for adverse medical 
conditions might therefore be expected to be substantially diluted. 
Indeed, 55% of British twin births in the population studied were 
x-rayed, compared with 10% of singletons. It is difficult to 
explain why twin pregnancies in which the diagnosis of twinning 
was established with x rays should have a much higher cancer 
risk than twin pregnancies in which the diagnosis was not established 
in this manner, unless one postulates a causal relationship between 
the radiation and the cancer. 

Burch5 pointed out that the absolute frequency of leukemia in the 
whole twin population in this study was only 1.98 per 10,000, in con
trast with 2.35 per 10,000 for singletons, and that there was a 
similar though smaller deficit of solid tumors among twins. He 
criticized Mole for not taki'ng this into account. Stewart 39 has 
offered a possible explanation for this deficit, which is noted 
below. In any-case, we feel that this finding does not weaken 
Mole's argument, because the argument depends not on the underlying 
incidence of cancer among twins, but only on the increase in this 
incidence (i.e., relative risk) after irradiation. The only criti
cism that we can raise concerning Mole's findings is that they are 
based on a reinterpretation of published data with which the author 
did not claim direct familiarity, and therefore must be regarded 
with some caution. Nevertheless, we consider the twin data to 
provide some of the strongest support for a causal relationship 
between in utero exposure to diagnostic x rays and the later increase 
in cancerrisk, and we feel that further studies of irradiated 
twins are strongly warranted. 

Several other recent studies have revealed potential sources of 
bias in the selection of irradiated subjects that may bear on the 
question of causality. In a large prospective study of the mortality 
of white and b7ack children exposed to diagnostic x rays in utero, 
Diamond et al. found the death rate from all causes (beyond the neo
natal period) among exposed white children to be nearly twice that 
among matched controls. In contrast, the death rate among black 
children was not increased. Extensive analysis revealed large 
discrepancies between the exposed and control groups, in both 
white and black subjects, with respect to pregnancy complications, 
abnomal labors, operative deliveries, and history of previous infant 
loss. Discrepancies in socioeconomic status were also found, but 
only among the white subjects. The investigators adjusted their 
data for this last factor, and that reduced the relative risk of 
mortality after irradiation from 2.0 to between 1.4 and 1.8. They 
chose not to make adjustments for the other factors, on the grounds 
that discrepancies were present among both black and white subjects 
and therefore should not account for the increased mortality found 
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only a,ijng white subjects~
7 

On the basis of earlier data from this 
study, Oppenheim et al. showed that white subjects exposed 
to complications of pregnancy or operative procedures had a greatly 
increased mortality. Adjustment for these factors should therefore 
have significantly reduced the excess mortality of the irradiated 
·white subjects. 

The bulk of examina~ii~s that result in fetal exposure are 
pelvimetry examinations, ' and one must ask whether and to 
what extent children exposed to pelvimetry exa~inations differ 
from une~8osed children. Borell and Fernstrom and Russell and 
Richards found that these examinations were strongly correlated 
with conditions that lead to difficult labor. One would therefore 
anticipate that exposed childre~

6
would have an increased neonatal 

death rate. H9wever, Oppenheim has shown that in the study of 
Diamond et al. the neonatal death rate of the children exposed 
prenatally to pelvimetry examinations was somewhat lower than that 
of their matched controls, although the children exposed to other 
types of examinations had a much higher neonatal death rate than 
their matched controls (Table A-33). The reasons for these findings 
are not apparent. 

27 Oppenheim et al. reported results of a prospective study in 
which medical indication played no role in the selection of the 
exposed subjects. About 900 children exposed in utero to pelvimetry 
examination at a time when this examination wasbeing performed 
routinely were compared with about 1,300 children born before and 
after this time. The death rate from all causes (beyond the neonatal 
period) was found to be significantly lower in the exposed group 
than in the control groups. This finding was attributed to a 
significant deficit of prematures in the exposed group; the reason 
for that was that many of the pelvimetries were performed in the 
ninth month, thus decreasing the opportunity for prematures to have 
the examination. Such a deficit of prematures in the exposed group 
is probably present in other studies, inasmuch as ,as~ 2obstetric 
examinations are performed very late in pregnancy. ' 

One must note that, among the various studies o;
7
prenatal 

exposure to radiation, the study of Oppenheim et al. and the 
studies of atomic-bomb survivors and their offspring are the only 
ones in which exposure occurred in a manner clearly unrelated to 
medical indication. 

In a series of recent reports, 1, 17 the Oxford group have 
investigated the extent to which various factors might have introduced 
bias into their data. Social class, maternal age, sibship position, 
and fetal irradiation ap£6ared to have exerted separate e~fects on 
the incidence of cancer; however, the relative risk of cancer 
after fetal irradiation was lllfaffected or only minimally affected 
by each of the other factors. 
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TABLE A-33 

Neonatal Death Rate per 1,000 a 

Group 

White males 

White females 

Black males 

Black females 

Pelvimetry 
Exposed Control 

10.8 

9. 3 

17.2 

10.2 

13.6 

9. 4 

26.8 

23.7 

Nonpelvimetry 
Exposed Control 

50.7 

45.6 

40.0 

43.8 

15.6 

10. 7 

22.0 

18. 6 

aData from B. E. Oppenheim, personal como/unication; based on 
Tables 20, 21, and 22 in Diamond ~ al. 
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Kneale and Stewart 17 applied Mantel-Haenszel analysis to the 
Oxford data, to examine the relationship between various irradiation 
factors and cancer incidence (Table A-34).* Two of the factors 
were the reason for the examination and the x-ray finding. Although 
the results are difficult to analyze, there does appear to be a 
clear trend: x-ray reasons and findings that imply an increased 
likelihood of an abnormal pregnancy or delivery had negative t 
values, suggesting that such conditions are associated with a 
relatively decreased cancer risk, whereas those which do not have 
this implication had positive t values, suggesting that normality 
at birt~

9
is associated with a relatively increased cancer risk.** 

Stewart has postulated a mechanism to acco~7 for this: that 
the precancerous child is in a weakened state and that the 
added burden of an abnormal pregnancy or delivery is likely 1~ 
lead to death from some competing hazard, such as pneumonia, 
before the can39 r becomes clinically apparent. Stewart inv~~ed 
this mechanism to explain the deficit of cancers in

1
5wins and 

in male infants with a history of threatened abortion and as a 
partial explanation for the absence of an increased cancef4rate 
among atomic-bomb survivors who were irradiated in utero. It 
must be noted that this•mechanism implies that a large fraction of 
children in the precancerous state die from other causes bef~5e

38 cancer is diagnosed. The evidence presented to support this ' 
is indirect and-not very compelling. 

The studies of Diamond et al. 7 and Oppenheim et al. 27 indicate that 
prenatally exposed and unexposedpopulations are not strictly comparable, 

*The analysis was restricted to case and control children with proven 
prenatal x-ray exposure. Each factor in Table A-34 was tested 
separately by controlling the remaining factors through stratifica
tion of the sample and discarding noninformative substrata. For 
each level of the test factor, the number of cancer cases observed 
across all substrata was compared with the number that would be 
expected if all levels of the test factor had the same risk of 
cancer. The t value apparently represents the difference between 
observed and expected cases divided by the standard error of the 
difference, although t~g T7thod of computation was not indicated 
by Kneale and Stewart. ' Then the t value has a standard normal 
distribution, and a large positive value indicates that the cancer risk 
for that level is probably increased relative to the average cancer risk 
of irradiated subjects, whereas a large negative value indicates that the 
re~ative cancer risk is probably decreased. 

**The except ion is the category "hydramnios, etc. , " which had a significantly 
increased t value. In a number of cancer cases in this category, the ab
normality was produced by a congenital neoplasm. The reasons for the in
creased t values of the "no record" categories are unclear. 
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TABLE A-34 

Mantel-Haenszel Analysis of Oxford Survey Dataa 

No. Cancer Cases 
Test Factors Observed Expected t Value 

Films: 
1 350 354.2 -0.54 
2 210 216.1 -o. 81 
3 95 93 .1 -t-0.22 
4 51 48.0 +2.33 
5 or more 45 44.8 -t-0.06 

Progressive component +1.44 

Exposure age : 
1st trimester 22 17.2 +2.40 
2d trimester 32 40.8 -2.31 
3d trimester 267 262. 8 +1.24 
No record 3 3.8 -o. 72 

Progressive component -0.34 

X-ray reasons: 
? Twins 181 19 8. 5 -2.40 
? Breech, etc. 195 198.1 -0.46 
? Disproportion 90 91.1 -0.20 
Routine 71 65.1 +1. 36 
Maternal illness or 17 18.8 -0.69 

injury 
Hydramnios, etc. 49 39.8 +2.30 
? Fetal age 44 39.1 +1.24 
? Placenta previa 30 31.8 -0.54 
No record 48 42.8 +1.31 

X-ray findings: 
Normal pregnancy 424 421.3 -t-0. 35 
Breech, etc. 112 117 .3 -0. 92 
Disproportion 23 50.0 -6.48 
Fetal or placental 14 14.5 +0.20 

abnormality 
Maternal illness or 10 9. 7 -0.22 

injury 
No record 116 86.2 +5.91 

aReprinted from ·Kneale and Stewart. 17 

0 
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but differ with regard to factors (e.g., maternal illnesses, operative 
delivery, prematurity1 th~t

11
r~ r~7~39d to neonatal health. Reports 

from the Oxford group O,l ' ' 5, suggested a relationship 
between health during the neonatal period and early childhood and 
the later development of clinically detectable childhood cancer. 
Taken together, these reports suggest that the selection process 
underlying prenatal irradiation may, to some extent, affect the 
incidence of childhood cancer. The existence and nature of such 
an effect of selection and its significance remain to be determined. 

TRIMESTER OF EXPOSURE 

In an early report, 42 Stewart et al. noted a case-to-control 
ratio of 9 for

1
fkfst-trimester exposurein the Oxford survey. 

Later reports, ' based on larger i'mples, bore out this high 
figure. In the most recent report, a more extensive determination 
of the trimester exposure was now 4.8 (for unadjusted data). In 
that report, Mantel-Haenszel analysis was applied to test the age 
at exposure, with adjustment for the number of films and x-ray 
reasons and findings (Table A-34). Although there was a significant 
excess of first-trimester cases (compared with the number expected 
if there had been no exposure-age effect), there was an equally 
significant deficit of second-trimester cases, and the progessive 
component did not indicate a trend over the three trimesters; so 
the interpretation of these results is unclear. It thus appears 
advisable to base relative-risk estimates for different trimesy7rs 
of exposure on the unadjusted data given by Kneale and Stewart 
and to group the second- and third-trimester exposures, because 
these had similar case-to-control ratios (1.30 and 1.41). The 
relative risk of cancer after irradiation in utero, compared with 
nonirradiated subjects, is estimated to beS.O for the first-trimester 
exposure and 1.47 for second- or third-trimester exposure (Table A-35). 

DOSE-RESPONSE RELATIONSHIP 

41 Stewart and Knegle estimated 572 extra cancer deaths before 
the age of 10 per 10 person-rads of in utero exposure, on the 
basis of linear regression of excess cancer risk on the number of 
films per examination and the estimated fetal dose per exposure. 
This cgrresponds to an annual absolute risk of 57 cancer deaths 
per 10 person-rems of in utero expqiure. Furthe

11
analyses of 

these data by Newcombe and McGregor and Holford supported 
the hypothesis of a linear relationship bet!ien fetal dose and the 
relative incidence of cancer. Shore et al. questioned the magni
tude of the effect, showing that the effect per rad varied markedly 
over different intervals and that the effect per film depended on 
the reason for the examination. 

0 
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TABLE A-35 

Basis of Risk Estimates for Cancera after Fetal X-Irradiationb 

Period of 
Increased 

Duration of Risk after Dose 2 rads Age at Relative 
Study Radiation Irradiation, Range, Mean, Irradiation Risk 
Po2ulation Exposure yr External to Tissues-0 Range Mean (0/EP 

Fetuses minutes 0-12 0.5- 1.62 3 months fetal, 5.0 
England, 2.0 1st 
1943-1967, tri-
lst-tri- mester 
mester 
exposure 

Fetuses minutes 0-12 0.5- 0.73 6 months fetal, 1.47 
England, 2.0 2nd or 
1943-1967, 3rd 
2nd- or 3rd- tri-
trimester mester 
exposure 

alnsufficient data are available to separate leukemia and other cancers by trimester of exposure. 

boata from Kneale and Stewart. 16 , 17 This was a retrospective study involving the entire British child 
po·pulation. A control was matched to each childhood cancer death below age 15. The relative risk of 

RBE 

1 

1 

cancer is r 1/r2, where r 1 and r 2 are the relative proportions (among cases versus among controls) of exposed 
and unexposed subjects, respectively. There were 43 case and 9 control first-trimester exposures, and 1,090 
case and 779 control second- or third-trimester exposures, among 10,528 case-control pairs, for r 1 values of 
4.8 and 1.40. According to the earlier report, 10 there were 8,934 case and 9,403 control unexposed subjects 
among 10,519 case-control pairs, giving r 2 the value 0.95. · 

Increase 
in 
Relative 
Risk 
per 
rem, % 

250 

64 

aBased on estimated dose of 0.34 rad per film41 and estimated 4.78 films for first-trimester exposure and 2.16 
films for second- or third-trimester exposure. 1 



Kneale and Stewart17 investigated the relationship between 
the number of films and the cancer incidence, using Mantel-Haenszel 
analysis to adjust for exposure age, x-ray reasons, and x-ray 
findings (Table A-34). This analysis revealed a weak and inconsistent 
relationship between the number of films and the risk of cancer 
(as measured by the discrepancy between the observed number of 
cancer cases and the number expected if there had been no dif-
ference in risk for differing numbers of films). The progressive 
component suggested a trend toward increasing risk with increasing 
number of films, but the value was not significant at the 5% level. 
The unadjusted data, however, showed a strong trend toward increasing 
risk with increasing number of films, with case-to-control ratios 
increasing monotonically from 1.31 for one film to 2.30 for five 
or more films. The weakening of the trend after adjustment for 
other factors is_ to be expected, in that there was a strong cofrela...: 
tion between the number of films and the trimester of exposure 
and the adjgstment removed this influence. The annual absolute 
risk per 10 person-rems of in utero exposure is therefore somewhat 
less than 57 (the value basedon Stewart and Kneale's original · 
assessment) and is pr~~ably less than the estimate of 50 used in 
the 1972 BEIR report. 

DURATION OF RISK 

In an early report of the Oxford survey, 34 the increased risk 
of cancer after in utero irradiation appeared to extend throughout 
the period of followup, which was up to the age of 10 yr. On this 
basis, the 1972 BEIR report assumed a 10-yr duration of risk, 
beginning at birth. In a recent report from the Oxford group, 1 

the duration of risk has been reevaluated for a much larger sample, 
with the followup extended through the age of 15 and with the data 
adjusted for the year of birth. From this analysis, the increased 
risk for hematopoietic tumors appears to extend throughout the 
first 12 yr of life (ages 0-11), but not beyond (see Table IV in 
Bithell and Stewart1). For solid tumors, the risk appears to extend 
throughout the period of followup (ages 0-14), but is reduced during 
the later years (ages 9-14). It must be noted that for ages 10-14 
the yearly incidence of hematopoietic tumors was about half and 
the yearly incidence of solid tumors was about one-fourth the 
incidences of these tumors for ages 0-9. 

MULTIPLE RISK FACTORS AND SUSCEPTIBLE CHILDREN 

Gibson et al. 8 showed that the leukemia risk for the children 
in the tristate survey was significantly greater among children 
exposed to combinations of four factors (preconception x-ray 
exposure, intrauterine exposure, childhood viral infections, and 
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previous maternal miscarriages and stillbirths) than among children 
exposed to only one factor. They postulated that the history of 
viral infections or maternal reproductive wastage might be an 
indicator of a group of children who were especially susceptibl! 
to the leukemogenic effect of irradiation. Bross and Natarajan 
identified the children in the tristate survey with a history of 
allergy, and to a lesser extent the children with a history of 
infection, as susceptible children who had a much greater risk of 
developing leukemia than nonsusceptible children if exposed to 
radiation in utero. They indicated a relative risk of 8.4 for 
allergic children exposed in utero,

33
ompared with unexposed nonsus

ceptible children. Smith and Pike, using information on group 
size supplied to them by Bross and Natajaran, showed that the 
difference between the relative risk of leukemia after exposure 
among the susceptible children and the relative risk among the 
nonsusceptible child~en in no instance even approached statistical 
significance. Mole2 further pointed out that this study was 
based on the entire group of children in the tristate survey whose 
mothers were exposed to x rays during the pregnancy, rather

9
than 

the 30% of that group whose mothers had abdominal exposure. It 
is probable that for m~st of the remaining 70% the fetal dose was 
vanishingly small. 

Bross and Natarajan3 recently estimated that for about 1% of 
persons exposed to radiation there is a 50-fold increase in the 
risk of leukemia. These values were chosen in order to make esti
mated frequencies under a hypothesized model fit observed frequencies 
of leukemia and "indicator" diseases for children in the tristate 
survey. Land 18 and Oppenheim2~ critized this paper on the 
grounds that the precision of these values is low, inasmuch as a 
wide range of va1~5s will fit the data equally well under this 
model. Oppenheim also noted that some of the parameters on 
which the model is based have a low precision and that the validity 
of the model is questionable, in that it requires the assumption 
that, in the absence of radiation exposure, the probability of an 
indicator disease and the probability of leukemia are statistically 
independent, and this is not supported by the evidence presented. 
We observe further that, despite the authors' assertion that radiation 
during pregnancy included radiation only to the trunk or to the 
fetus, the number of observed subjects and the value 0.289 for the 
proportion of x-rayed mothers correspond with the total number of 
mothers exposed during pregnancy in the tristate survey, rather 
than the much smaller number of mothers who had abdominal exposures. 9 

On the basis of these criti§isms, the Committee does not support 
the view of Bross and Natarajan. 
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SUMMARY 

Although-an association between intrauterine irradiation and 
childhood cancer has been established, the results might be to 
some extent attributable to factors involved in the selection 
process. Some of the strongest support for a causal relationship 
is provided by twin data from the Oxford survey, in which the 
increased risk of cancer persisted despite the high exposure rate. 
Weak support for a selection effect is provided by studies showing 
a relationship between prenatal irradiation and neonatal health, on 
the one hand, and studies suggesting a relationship between neonatal 
health and later development of clinically detectable cancer, on 
the other hand. Further investigation is required here. 

The number of extra cancer deaths per person-rad of intrauterine 
exposure is probably somewhat smaller than originally estimated by 
Stewart and Kneale, inasmuch as Mantel-Haenszel analysis reveals a 
weakening of the relationship between the number of films and the 
incidence of cancer, presumably resulting from the adjustment for 
trimester of exposure. 

On the basis of recent (unadjusted) data from the Oxford survey, 
the best estimates of the relative risk of cancer after in utero 
irradia_tion are 5.0 for first-trimester exposure and l.47for 
second~ or third-trimester exposure. The period of increased risk 
appears to begin at birth and last for 12 yr for hematopoietic 
tumors and about 10 yr for solid tumors, with parallel risk coefficients 
of 25 excess fatal leukemias per million children per year per rad and 
28 excess fatal cancers of other types. 
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APPENDIX B 

REVIEW AND ANALYSIS OF SELECTED STUDIES ON RECORD 

MAN CU SO , STEWART , AND KNEALE 

--- -- Mancuso, Stewart, and Kneale 4o, 4 7 have reported finding dose-related 
excess cancer mortality among occupationally exposed workers, monitored 
with radiation badges, at the Hanford works in Richland, WA. Their 
risk estimates are much higher than estimates derived from studies of the 
Japanese atomic-bomb survivors and the populations exposed to ionizing 
radiation for medical reasons. A proportional-mortality analysis of 
death certificates for 1,336 "nonexposed" and 2,184 "exposed" male workers 
who died between 1944 and 1972 and who had been employed at Hanford some 
time after 1943 found statistically significant associations between 
cumulative radiation-badge dose and cancer mortality, particularly 
mortality from cancers of the lung, pancreas, and bone marrow. Estimated 
doubling doses corresponded to increases in cancer risk, per rad, of 8% 
for cancer in general, 14% for pancreatic cancer, 16% for lung cancer, 
40% rad for lymphatic and hematopoietic cancers as a group, and 125% 
for "bone-marrow" ca~5ers (myeloid leukemia and multiple myeloma, con-
sidered as a group). Another analysis of 4,033 deaths among badge-
monitored male and female workers, some as late as 1977, gave doubling
dose estimates corresponding to cancer risk incr~~ses of 3% per rad for 
male workers and 12% per rad for female workers. Estimates for par-
ticular sites were 6% per rad for pancreas and stomach considered as 
a group, 7% per rad for lung, and 28% per rad for bone-marrow cancers. 

The estimates from these two studies are markedly higher than 
those obtained from studies of the Japanese atomic-bomb survivors and 
medically exposed populations. The 1972 BEIR report based its estimates 
of risk to the u.s. population exposed at the age of 10 or older on 
relative-risk increases of 2% and O. 2% pe

64
rad for mortality from leukemia 

and from all other cancers, respectively. The position taken by Mancuso 
et al. is that their risk estimates are based directly on data from a 
population occupationally exposed to highly fractionated, low-dose 
radiation and should therefore take precedence over extrapolated eij5imates 
obtained by studying populations given acute, high-dose exposures. 

Other analyses of m~6tality data from the Hanford worker population 
have been made. Sanders found the longevity of exposed workers to be 
higher than that of their identified siblings, whose longevity was higher 
than that of nonexposed workers. Among exposed workers, cumulative 
badge doses at the time of death for cancer victims during the period 
1944-1972 tended to be no higher than those corresponding to other 
causes of death or those of survivors in the same year as the death of 
a cancer victim or in one or two years before that death. Sanders's 
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analysis suggests that, if there is a cancer effect, it is seen only 
after adjustment for the so-called "healthy-worker" effect. 

Milham, in a general study of occupational mortality in Washington 
State, found increased proportional mort!lity from cancer in deaths 
occurring locally among Hanford workers; 2 multiple myeloma and cancers 
of the pancreas and colon were singled out for mention, but significant 
differences were not found in the small set of observations. 

Marks, Gilbert, and Breitenstein50 and Gilbert and Marks 29 analyzed 
mortality data on 20,842 white males hired at Hanford before 1966. 
Before the cutoff date of April 1, 1974, there were 2,089 deaths among 
13,075 workers employed for 2 yr or more and 1,905 deaths among 7,767 
workers employed for shorter periods. Their most sensitive analysis 
compared mortality rates from various causes, with respect to cumulative 
badge dose adjusted for age, occupation, and calendar time, among 
7,729 white males who were employed at Hanford for at least 2 yr and 
whose employment extended beyond January 1, 1960. This group included 
837 deaths a~d all but 77 of the 2,778 men with recorded total doses 
over 5 rems. The distributions, with respect to radiation dose, of 
death rates from cancer (171 deaths) and lung cancer (58 deaths) were 
virtually flat and failed to suggest any dose relationship. Rates for 
cancer of the pancreas (14 deaths) and multiple myelorna (four deaths) 
increased with increasing dose; these were the only statistically 
significant assogiations found. Linear-regression estimates of excess 
mortali 29 per 10 PY per rem computed from Gilbert and Marks's Tables 
7 and 8 are 10 + 8 deaths for cancer of the pancreas and 7 + 3 for 
multiple myeloma,-but 2 + 43 and 2 + 42 for all cancers and cancer of 
the lung, respectively. 

In contrast i th the cohort approach of Marks et al., 29 , SO 
Hutchison et al. 3! attempted to duplicati

7
the proportional-mortality 

analysis of Mancuso, Stewart, and Kneale while adjusting for the 
more obvious sources of potential bias, namely, the demographic differences 
between exposed and nonexposed workers and the associations between cumu
lative radiation dose and calendar time and between cancer risk, calendar 
time, and age at death. Their analysis of essentially the same deaths 
among exposed workers found statistically significant associations between 
cumulative dose and proportional mortality due to multiple myeloma (eight 
deaths) and cancer of the pancreas (32 deaths), but not for all cancer 
(449 deaths) or for other cancer sites. In particular, associations 
were not found for lung cancer (214 deaths), myeloid leukemia (six 
deaths), lymphatic leukemia (two deaths), or lymphoma (28 deaths). In 
the case of pancreatic cancer, the association hinged on five of the 32 

*Mancuso et al. used "rad" and Marks et al. used "rem" as units for 
identicaldose information, but withoutdiscussion of radiation 
quality. 

- 554 -



exposed cases with cumulative doses of over 10 rads, compared with 
the 1.4 expected by internal consistency, assuming no dose effect. For 
multiple myeloma, three of eight cases had doses of over 10 rads, com
pared with the 0.4 expected. A statistically significant association 
of dose with proportional mortality for all cancers as a group was 
found only by investigating dose at a series of intervals before death. 
At death and at S, 10, and 15 yr bef9re death, the p values for an 
association with increasing values of dose were 0.13, 0.22, 0.04, and 
0.07, respectively. Estimated doubling doses computed according to 
the method used by Mancuso, Stewart, and Kneale, but adjusted for age 
and year of death, corresponded to a 0.9% increase in cancer per rad 
of cumulative dose at death, but 67% per rad for multiple myeloma and 
20% per rad for pancreatic cancer. 

The adjusted analyses of Gilbert and Marks 29 and Hutchison et a1. 35 
failed to find statistically significant associations between doseand 
mortality from all cancers as a group and from lung cancer, but the 
original findings of Mancuso, Stewart, and Kneale with respect to 
multiple myelomas and pancreatic cancer were confirmed. That is, the 
dose relationships for these two cancers could not be attributed to 
the confounding of dose with age at death, with date of death, or with 
broad occupational classification. As in the original analysis, 47 the 
risk estimates for multiple myeloma and pancreatic cancer were extremely 
high--so high that they can be discounted on logical grounds; such high 
estimates imply an improbably large causal role for background radiation 
in the etiology of these diseases among the general population. 

It is highly relevant to note that, if the risk estimates for multiple 
myeloma and pancreatic cancer were not extremely high, they would not 
satisfy conventional requirements for statistical significance. This 
necessary numerical relationship is a consequence of the limited sample 
size and low individual radiation doses of the Hanford workers. Compared 
with the great majority of studies of irradiated populations, the Hanford 
study is distinctly lacking in statistical power. That is, assuming the 
conventional estimates to be representative of the true risks of radiation
induced cancer, the Hanford study could be expected to yield risk estimates 
that are negative with probability around 40%, positive but statistically 
nonsignificant estimates with probability around 50%, and statistically 
significant but highly exaggerated estimates with probability around 
10%. Thus, the low statistical power of the Hanford study, according to 
conventional studies of risk estimates, detracts considerably from the 
challenge posed by the study's results and from the validity of these 
estimates. 

Other observations support the interpretation of the Hanford study 
results as small-sample phenomena. The emergence of multiple myeloma 
and pancreatic cancer (but not myeloid or lymphocytic leukemia) as the 
cancers most closely related to radiation, the observed (nonsignificant) 
negative associations of dose with the 1i,phomas, lymphocytic leukemia, 
and stomach cancer in the first analysis and with myeloid leukemia in 
the second, 40 and the fact that the risk estimates obtained in the second, 
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expanded analysis were lower than those obtained in the first are all 
consistent with great statistical instability. 

Published criticisms of the Hanford study findings have suggested 
alternative explanations for the observed dose associations, including 
confounding of radiation ~~pQsure with exposures to other carcinogens 
and inadequate dosimetry. 2Y,JS,SO Only further study can determine 
the validity of these suggestions. Further followup of the Hanford 
workers and of other groups occupationally exposed to similar quantities 
of highly fractionated radiation may eventually tell us whether the 
risks and the spectrum of affected cancer sites differ markedly from 
what would be expected from studies of more heavily exposed populations. 
At present, however, there seems to be little reason to abandon the body 
of epidemiologic evidence on radiation-induced cancer that, although 
based on greater exposures, yields consistent and statistically stable 
estimates. 

BROSS 

Irwin D. J. Bross has challenged the adequacy of low-dose risk 
estimates extrapolated from observed excess risks in populations exposed 
to radiation doses abo47 100 rads, claiming that new anal8s~s of data 
from the Hanford study and the tristate leukemia survey' have shown 
that the risks of radiation-induced cancer from doses of aro~ng 1 rad 
are an order of magnitude greater than previously predicted. ' 

The Mancuso-Sterir47Kneale analyses of ~ortality data from employees 
of the Hanford Works ' do not appear to support Bross's claim. In 
particular, the Mancuso-Stewart-Kneale analyses did not find a dose-related 
excess of leukemia, whereas t~e analyses by Bross et al. deal only with 
leukemia case-controi data. 8, --

Bross's claim rests on analyses according to an unconventional 
model, inspired by a series of analytic studies of t3e 1a~7-g~ntrol data 
gathered by the 1960-1962 tristate leukemia survey. 1 ' 1 ' ' In the 
model, the leukemia dose response is determined by the unknown composition 
of the irradiated pogulation with respect to subgroups of varied suscepti
bility to radiation, , 9 and not, as in other models, ~y 8heoretical 
mechanisms of radiation damage to cellular material. 1 , 3 No relation
ship is assumed among risks at different doses, in marked contrast with 
the regression approach to risk estimation. 

The basic response variable according to the Bross model is the 
proportion of the irradiated population "affected by radiation." 
Those "affected" have an increased relative risk of leukemia that must 
be estimated from the data and that, possibly for simplicity, is assumed 
to be independent of dose. Particular applications of the model have 

- 556 -



assumed increased relative risks for some infectious diijeases and 
allergies among "affected" children irradiated in utero and for 
heart disease awong affected adults with histories of diagnostic 
x-ray exposure. The additional information on the "proportions 
affected" yielded by data on diseases other than leukemia, as ob
tained from interviews of leukemia patients and population controls, 
is considered by B8oijs and co-workers to be a particular advantage 
of their method. 6, , 

The tristate leukemia survey was a case-control study, in which 
inferences about the relation of x-ray exposure to leukemia risk 
rested on a comparison of the distribution of past exposures among 
the leukemia patients identified during the 3-yr period 1960-1962 
with that among a population random sample of similar ages. Such 
data sets are usually analyzed by contingency-table methods, in 
which a test of nonhomogeneity among exposure classes is combined 
with estimates of risk ret!tive to one of the classes, usually that 
with the lowest exposure. Enhanced power against a specific kind 
of nonhomogeneity, such as a linearly increasing trend in risk with 
increasing dose, can be obtained by regression methods. 15 , 1 , 49 

However, the "proportion affected" of the Bross model is an ab
solute, rather than relative, measure of exposure effect and requires 
additional parameters representing the population distribution with 
respect to exposure, which must be estimated from the random-sample 
data. The underlying population risks of leukemia and the other 
response variables (e.g., heart disease and childhood infectious 
diseases) must be obtained from age-specific population rates, if 
available, or estimated on the basis of interview data. 

The number of free parameters that must be estimated from the 
data is considerably greater for the Bross method than for more con
ventional approaches. Even with the additional information provided 
by data on diseases other than leukemia, the number of parameters is 
so large that useful estimates of the "proportions 1f8ected by radiation" 
are difficult to obtain. For example, Bross et al. ' have reanalyzed 
the tristate leukemia survey case-controY datafor men aged 65 or 
older, using five exposure classes based on weighted numbers of reported 
diagnostic x-ray exposures, with estimated average radiation doses, 
and using presence or absence of a history of heart disease as another 
response variable. In addition to five parameters representing the_ 
"proportions affected" in each dose class, other parameters estimated 
from the data included the population numbers in each of the five 
classes, the relative _risks of leukemia and heart disease in those 
"affected," the population rates for nonlymphatic leukemia and heart 
disease, and an "age-adjustment factor" to allow for the fact that the 
random sample of population controls was not stratified by age. 
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The analysis by Bross et al. obtained estimates, with confidence 
limits, for each of the five "proportions affected," but by a two-stage 
procedure in which the other parameters were first estimated from the 
data and the "proportions affected" were then fitted by minimal chi
square, with the values of the other parameters assumed to be known 
constants. Because these other parameters are, of course, not constants, 
the net effect of this procedure is a serious underestimation of the 
error variance. Including even a few of the other parameters in the 
fitting process with the "proportions affected," so that their statis
tical variation would be reflected in the confidence limits obtained, 
increased the length of the confidence intervals to such an extent that 
the estimates

4 
of effect (the "proportions affected") no longer appeared 

to be useful. By contrast, the original analysis of these data by 
conventional methods showed a statistically significant association 
of leukemia with number of reported x-ray examinations. 28 

In another analysis of childhood leukemia and fetal x-ray exposure, 
Bross and Natarajan estimated that 1% of irradiated fetuses were "affected" 
by diagnostic exposures while in utero and that, among those affected, the 
relative risk of leukemia was 50 and the relative risk of a group of other 
diseases was S. 9 A reanalysis by Land showed that the uncertainty of these 
estimates was very great and that, in fact, an improved fit to the data was 
obtained when the "proportion affected" among the exposed children was 
estimated to be so fmall as to include only children who later contracted 
childhood leukemia. 2 

It is doubtful that the designation "proportion affected by radiation" 
is appropriate in the Bros~ wodel. In their analysis of adult leukemia 
data, Bross and co-workers ' claimed to have demonstrated an unexpectedly 
large radiation effect at doses in the 1-rad range, on the grounds that 
the estimated "proportion affected" did not approach zero as the esti
mated dose decreased to near zero (the smallest average dose was 0.4 
rad; the analysis did not include a group with negative histories of 
diagnostic x-ray exposure). A more reasonable interpretation of their 
results, if accepted as presented, is that only the increase in the 
"proportion affected" with increasing dose should be attributed to 
diagnostic x-ray exposure. According to this interpretation, the 
effect per rad of x rays in the 1-rad range was shown to be less 
than that in the range of 10-100 rads. 

In contrast with 8h12c~~clusions of the original tristate leukemia 
survey investigators, 2 ' ' the analyses by Bross et al. ignore 
serious ~otential biases, such as the possibility, r~ognized by 
Stewart, 2 that early leukemia and preleukemic states might lead to 
increased exposure to diagnostic x rays in the years immediately before 
the clinical appearance of leukemia or the possibility that the clinical 
workup of patients with diagnosid leukemia might lead to greater ascertain
ment of existing heart disease. 
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It is of some interest that the new statistical method of Bross 
et al. apparently has never been published in a journal devoted to 
statistical methods. The "susceptible subgroup" model, although it 
may contain some grain of truth, nevertheless imposes so little structure 
on the inferences possible from analyses of dose-response data that it 
is unlikely that usable estimates can be obtained with it from available 
data. The applications by Bross~ al. have been clearly incorrect, and 
they provide no evidence that the risk of cancer from low-dose radiation 
is greater than indicated by conventional estimates. 

NAJARIAN AND COLTON 

The report by Najarian and Colton62 was based on interviews with 
next of kin for 525 (of 1,722) certified deaths at ages under 80 among 
former workers at the Portsmouth Naval Shipyard in New Hampshire. Next 
of kin were asked whether the deceased had worked with radiation or had 
worn radiation badges; for 146, the answer was "yes" or "probably yes," 
and for the remaining 379, the answer was "no" or "don't know." For 
leukemia deaths, positive answers were received for six of eight; for 
other lymphatic and hematopoietic neoplasms, four of 10; and for other 
cancers, 46 of 126. Relative risks adjusted for numbers expected according 
to population rates were 7.6 for leukemia (p < 0.01), 2.4 for other lymphatic 
and hematopoietic neoplasms, and I.I for other cancers. 

After the publication of their report, the authors were provided by 
the National Institute of Occupational Safety and Health with employment 
and radiation-exposure records from the Portsmouth Naval Shipyard for the 
1,722 names in the original collection of death certificates. A preliminary 
analysis of this new information was presented by Colton to the 1979 Annual 
Meeting of the Society for Epidemiologic Research (New Haven, Connecticut, 
June 13, 1979). This was a proportional-mortality analysis limited to 354 
deaths among badge-monitored nuclear workers who died in 1961 or later, 
between the ages of 35 and 80. Causes of death considered were leukemia, 
all hematologic cancers, and total cancers. 

The analysis revealed that the decedents whose next of kin were 
contacted in the original study did not constitute a representative 
sample of those actually exposed. In particular, it was more likely 
that the next of kin would be contacted, and thatl the decedent would 
be correctly identified as a nuclear worker, for exposed workers who 
died of cancer, compared with those who died of other causes. The extent 
of this bias is revealed by a comparison between the numbers of deaths 
observed and expected (according to population rates) among decedents 
identified as nuclear workers by next of kin and by Portsmouth Naval 
Shipyard records, by cause of death: 
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Identification as nuclear worker bl 
Cause of Next of kin 

(Najarian and Colton62 ) 
Portsmouth Naval Shipyard 

death records 

Observed Expected * Ratio Observed Expected * Ratio 

Leukemia 6 1.1 5.5 4 2.7 
All hematologic cancers 10 2.9 3.4 9 7.1 
All cancers 56 31.5 1.8 99 74.7 

The observed:expected ratios_according to identification from shipyard records 
are not too different from what might be expected in an employed population 
(the so-called "healthy-worker effect" 1~, 51 ). 

Proportional mortality from all malignancies was not related to 
cumulative badge dose. A dose response was claimed for hematologic _ 
cancers, however. From the distribution by dose of observed and expected 
hematologic-cancer deaths and that of all deaths among badge-monitored 
workers, it appears that this conclusion could only be based on the contrast 
between doses above and below 1 rem: 

Deaths from hematologic cancer among nuclear workers by cumulative badge dose 

Dose rems 
0 0.001-0.099 0.100-0.999 1.000-4.999 e5.ooo Total 

Observed 1 0 2 5 1 9 
Expected* 1.2 1.4 2.2 1.6 0.7 7.1 
Total deaths 58 73 110 79 34 354 

A more objective contrast, based on the average dose for each of the 
intervals (using approximate coefficients of O, 0.03, 0.30, 2.0, and 
7.0, respectively) yields a test statistic for trend having a p value 
of 0.14--a value too large even to be considered "suggestive" of a dose 
relationship by usual statistical criteria. 

These successive analyses of proportional mortality among Portsmouth 
Naval Shipyard workers contribute little to our understanding of health 
risks from low-level radiation. However, they do provide a remarkable 
illustration of the dangers of response bias in epidemiologic 
studies. 

*Computed from population rates based on the distribution by age at 
death of the decedents identified as nuclear workers. 

- 560 -

1.5 
1. 3 
1. 3 



STERNGLASS 

Ernest J. Sternglass appeared before the Committee to present 
a number of GOmments about the effects of low-level radiation on man. 
Part of Dr. Sternglass's presentation alleged that fallout from Chinese 
bomb-testing in 1976 led to an increased amount of radioactivity in 
milk in some areas of the United States. He concluded that there was 
an increase in infant mortality in the eastern-seaboard states from 
Delaware to New England shortly after these events--an increase that 
he ascribed to the radioactivity. Although Dr. Sternglass stated 
that his analysis was incomplete, the Committee received no further 
data on this subject. We have concluded that the alleged association 
did not fit the time course for radioisotope movement into the cow
milk food chain; nor was there clear evidence of a universally appii
cable change in infant mortality rates. Thus, the Committee did not 
believe that the allegation was substantiated. 

Most of Dr. Sternglass's material was directed at evidence, 
chiefly from Dr. A. Petkau of Canada, indicating effects of various 
kinds of radiation at low doses and low dose rates on membranes similar 
to cell membranes. The Committee contacted Dr. Petkau, who kindly pro
vided reprints of his work, as well as personal comments concerning it. 
The following material has been developed as a result of consideration 
of evidence provided by Dr. Sternglass, Dr. Petkau, and others. 

The experimentally demonstrated effects of ionizing radiation 
on cell membranes provide an alternative or conjunctive damage mecha
nism in addition to effects on DNA, which are generally accepted as 
the primary mode of damage in biologic systems. Radiation damage to 
cellular and intracellular membranes is manifested by alterations in 
permeability, which lead to altered distribution of various intra
cellular molecules and ~ons and disruption of membrane-associated 
biochemical processes. 8 Although it is well recognized that membrane 
integrity is essential for normal cell function, there is inadequate 
basic understanding of membrane structure and function on which to 
base a detailed theory of radiation-induced damage mechanisms. 

Attention has recently been drawn to the potential significance 
of membrane-mediated damage in biologic systems as a result of ex
perimental studies primarily with bilayer lipid membrane models. 
These studies have revealed that polyunsaturated membrane lipids are 
subject to oxidative long-chain reactions initiated by radicals and 
ions that are produced by ionizing radiation; these reactions ulti
mately lead to alteration~ in membrane structure. In such systems, 
it has been found that, as the dose rate is reduced, the dose required 
to elicit a given degree of alt~ration is reduced; this suggests a 
mechanism for damage to biologic systems at low dose rates approaching 
natural background. 68 Low-dose-ra'te irradiation is believed to be more 
effective than higher-dose-rate exposure in causing structural damage 
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in lipid moieties, because slowly progressing long-chain reactions 
are initiated by ionizing radiation and, once initiated, are sustained 
in the absence of the radiation. Therefore, for a given dose, the 
radiation-induced chemical effect should increase with decreasing dose 
rate, owing to the increased probability of recombination of charged 
species at higher dose rates. Studies of the effects of x radiation 
on unsaturated lipid micelles have indicated that oxidative damage is 
characterized by high yields (G = 10-40) and depends heavily on dose 
rate in such a way that a pronounced increase ;n oxidative damage is 
encountered at dose rates below 100 rads/min. 7 Oxidative damage in 
sodium linoleate preparati9gs is reported to be initiated by radiation
induced hydroxyl radicals, in contrast w~th oxidation of phospholipig

8 
bilayers in which the superoxide anion (02 ) is the primary initiator; 
the difference is attributed to the effect of 7ge electrostatic field 
of the charged lipid-water membrane interface. 

Radical-~gavenging agents have been shown to inhibit oxidative 
lipid damage. Enzymatic dismutation of o2 with superoxide dismutase· 
has been shown to afford a radioprg6eg8i 70_7~fect on membranes in 
both in vitro and in vivo systems. ' ' Cysteine has also been 
reported to protect mycoplasma Achg?eplasma laidlawii B cells from 
radiation-induced membrane damage. A quantitative relationship was 
established between the ~,te of cell inactivation and the sulfhydryl 
content of the membrane. Such studies provide indirect evidence of 
the role of lipid oxidation in membrane damage by ionizing radiation. 

Petkau and Chelack 68 measured hydroperoxide formation in model 
membranes after exposure to x radiation, cesium-137 gaima rays, and _

6 
natural background radiation at dose rates of 2.6 X 10 and 0.75 X 10 
rad/min in the presence and absence of bovine superoxide dismutase and 
other radical-scavengers. Radiation-induced hydroperoxide formation, 
as measured by changes in membrane absorbance at 232 nm, resulted from 
all sources of radiation. At background radiation intensities, the 
membrane alterations exhibited a dose-rate dependence that was similar 
to that found with higher-intensity x rays of cesium-137 exposures. 
The radioprotective effect of superoxide dismutase was shown by a 
delay in the onset of hydroperoxide formation and by the limiting 
of its extent to a point that was independent of dose rate, but in
creased with time; this was suggested as being due 80 autoxidation 
of unsaturated' fatty acids by ground-state oxygen. 6 In contrast with 
the elimination of the dose-rate effect by superoxide dismutase in 
model membrane systems exposed to external radiation from cesium-137 
gamma photons, the enzyme did not remove the dose-rate dependence in 
the case of internal radiation from tritium beta particles (A. Petkau, 
personal communication). The difference in the effect of superoxide 
dismutase on model membranes between exposure to internal fields and 
exposure to external fields is unexplained; if this effect occurs in 
living systems, the effects of low-dose-rate exposures from internal 
emitters may involve cell-membrane alterations as a more significant 
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damage mechanism than formerly recognized. There is an obvious need 
for data on the dose-rate dependence of biomembrane alterations induced 
by internal emitters. 

The radioprotective effect of superoxide dismutase on bilayer 
lipid membrane models suggests that the radiosensitivity of cell 
membranes may, among other things, depend on the concentration of 
the enzyme in the cell. The D

0 
value of white blood cells (granu

locytes, lymphocytes, and platelets) in x-irradiated mice has been 
found to increase with the concentration of endogenous cellular 
superoxide dismutase. Exogenous intravenous bovine superoxide dis
mutase had no effect on the D

0 
of granulocytes or platelets, the 

cells with the greatest endogenous egijyine concentrations, whereas 
the D

0 
of lymphocytes was increased. Superoxide dismutase has been 

found to afford a protective effect on cells if administered after 
irradiation at a time when DNA repair is either complete or nearing 
completion; this suggests radiation-induced membrane damage as an 
alternative cellular mechanism, in addition to direct effects on DNA. 

The role of radiation damage of membranes in the induction of 
pathologic states in living systems has not been established, although 
possible connections to carcinogenesis, autoimmune diseases, and aging 
have been proposed on the basis of the involvement of membrane lipid 
peroxidation in these disease entities. Malonaldehyde, which is produced 
during oxidative decomposition of polyun9~turated fatty acids, has 
been shown t~

7
induce skin cancer in mice and to result in microbial 

mutagenesis. The relationship of these findings to carcinogenesis 
in humans has not been determined, nor has malonaldehyde been detected 
as a result of irradiation of cell membranes. An analogue of malonaldehyde 
has, however, bg~n shown to result from the in vitro exposure of DNA 
to x radiation. · The possible involvement of membranes in viral 
carcinogenesis is suggested by the fact that cell transformation by 
viruses is accompanied by membrane changes, 55 including increased 
ionic permeabilities. 74 Radiation-ind~1ed lipid hydroperoxidation 
results in increased ion permeability, which in turn can lead to 
inhibition of host-cell protein synt~esis, thus shifting control of 
translation to the infecting virus. 1 Although the involvement of 
radiation membrane damage in the induction of diseases in mammalian 
systems is still largely speculative, the possible significance of 
such effects warrants further investigation. 

The available data are not adequate to assess the role of radiation 
damage of membranes in the induction of pathologic states in living 
systems. There is, however, an extensive literature on the in vitro 
and in vivo effects of ionizing radiation on artificial membranes and 
biomembranes. 83 Of particular significance from the point of view of 
radiation protection are low-dose or low-dose-rate effects on bio
membranes. The results of studies of the effects of ionizing radiation 
on cell membranes are notably highly variable. Studies of the effects 
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of x radiation on the permeability of erythrocyte membranes to potassium 
and sodium ions have revealed alterations in active and passiv~ transport 
mechanisms. However, such effects in general have been found to require 
doses of about 1 krad or greater. 3, 59 Low-dose~rate effects on erythrQ
cytes have not been reported. In contrast with the relatively high 
radiation doses associated with alterations in the ion permeability of 
erythrocytes, membrane-permeability changes and metabolic disruptions 
in lymphocytes exhibit significantly greater radiosensitivity. 

In vivo x irradiation of experimental animals has been found to 
alter mitochondrial structure and function in various tissues and 
organs, and this leads to suppression of oxidative phosphorylation. 
Mitochondria irradiated in vitro were significantly more resistant to 
damag~--i suggestion of the modifying effects of the cellular environ
ment. ,B Cells of radioresistant tissues have, in general, been 
found to contain relatively larger numbjQ of mitochondria per cell 
than cells from more sensitive tissues. The number of mitochondria 
and their structural and functional integrity are important with 
regard to ~Eitial radiation effects, as well as cellular repair 
processes. Mitochondria of lymphatic node lymphocytes of rats 
exposed to x radiation exhibited swelling, fusion of organelles, 
destruction of cristae, and clarification of the matrix 30 min 
after irradiation at a dose of 500 R, or within 4-5 min after higher 
doses. 48 

The synthesis of nuclear adenosine triphosphate (ATP) was in
hibited after in vivo exposure to x-ray doses of 50-700 R, whereas 
no inhibition was noted for rat thymus nuclear suspensions exposed 
in vitro. There was no detectable effect on ATP synthesis in in v~vo 
exposures at 25 R. The fact that both nuclear ATP and DNA metabolism 
in the thymus were found to be affected by low-dose x irradiation 
suggests the connection of these effects with mitotic inhibition. 39 
The sensitivity of mitochondria to x-radiation damage was also demon
strated by effects on the intracellular distribution of catalase, a 
mitochondrion-associated enzyme. Catalase release from mitochondria 
to cell sap in both epithelial and spindle-cell tumors was detected 
after in vivo exposures to 25 R of x radiation. 31 The effect was 
attributed to radiation-induced mitochondrial membrane damage, which 
led to enzyme leakage. No alteration in liver mitochondria enzyme 
permeability was detected either in~ or in vitro after x-ray 
exposures at doses of up to 9,000R; this suggests marked variation 
in the sensitivity of mitochondrial membranes of different tissues to 
radiation damage. 

Alterations in the morphology and motility of human lymphocytes 
from peripheral blood have been de78c81d after in vitro exposure to 
x rays at doses of 2, 5, and 10 R. ' Statistically significant 
reductions in the lymphocyte counts bn lice have been induced by 
total-body exposures of 5 and 10 R. 2 , 3 Significant decreases in 
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the absolute lymphocyte counts in humans have also been reported 
after a 41-week exposure at 0.2 R/week for an average total dose 
of 16 R. 

Exposure of rat thymocytes to x radiatiBn
6
ft 50 R leads to 

interphase cell death within several hours. ' At doses in 
excess of 100 R, the earliest evidence of radiation damage of 
thymoc17es is the loss of bound sodium and potassium from cell 
nuclei and the suppression of nuclear oxidative phosphoryla- 34 
tion. 8 Later changes include labil~~ation of protein-DNA bonding 
and separation of histones from DNA. During the first 45-60 min 
after exposure, intracellular ATP content decreases markedly, with 
no apparent change in the highly condensed nuclear chromatin structure. 
Later, alterations in nuclear structure are seen that are related to 
the release of histones and the disassoc;~tion of deoxyribonucleoprotein, 
accompanied by the release of potassium. Exposure of rat thymocyte 
suspensions to x radiation revealed that potassium efflux in the dose 
range of 0.2-4 krads is due to interference with active transport 
mechanisms, whereas at hig?~r doses (12-20 krads) passive membrane 
permeability is increased. These results suggest that the radio-
sensitivity of lymphocytes may be related to intracellular- or plasma
membrane damage, the nature of which depends on the absorbed dose. 

The results of studies of the effects of ionizing radiation on 
plasma and intracellular membranes suggest that mitochondrial membranes 
of some tissues are sensitive to relatively low radiation doses. The 
absence of data on the dose-rate dependence of such effects precludes 
an assessment of the involvement of long-chain lipid peroxidation re
actions, which have been shown to result in an increase in radiation 
damage from low-dose-rate exposures in model membrane systems. 

The available data relative to the effects of·low-dose or low-dose
rate exposures on carcinogenesis in humans and experimental animals 
do not, in general, support the hypothesis of an increased probability 
of induction at low dose rates. Increasing the duration over which a 
given dose of low-LET radiation is administered, either by decreasing 
the dose rate or by fractionating the dose, has been generally found 
to decrease oncogenic effects of ionizing radiation. There are, however, 
exceptions to this rule, when the incidence of some effects is found 
to be inversely proportional to dose and/or dose rate or to increased 
dose fractionation. Although the interaction of the temporal dose 
distribution with cell repair and cell-killing has been suggested as 
the basis for responses of this type, the basic mechanism and kinetics 
of such effects are uncertain; it is therefore not possible to exclude 
the involvement of radiation-induced membrane damage. 

Protracted occupational exposure of radiation workers to maximal 
yearly doses of 5 rems has been reported to result in a dose-depend~?t 
increase in bone marrow cancer and cancer of the pancreas and lung. 
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An increased incidence of malignant th53oid tumors has been associated 
with x-ray doses of less than 10 rads. In studies of th

85
atomic-

bomb surv;gors of Hiroshima and Nagasaki, excess morbidity and 
mortality from breast cancer were detected in dose groups as low 
as 10-39 and 10-49 rads. The mortality rate per rad for cancers of 
the trachea, bronchus, and lung decreased from 105 per million persons 
per rad for Hiroshima survivors exposed to 10-49

56
ads to 10 per million 

persons per rad after exposure to over 200 rads. The risk of 
osteosarcoma resulting from the intravenous therapeutic administration 
of preparations containing radium-224 appears to be higher for a given 
total radiation dose if the dose is admini§0ered over a period of a 
year, rather than over a period of months. 

In an investigation of the effects of gamma-ray dose rate on the 
induction of neoplasia in mice, it was found that low dose rates were 
less effective than high dose rates, except for pulmonary adenomas and 
nonthymic lymphomas. Exposure to 313 rads at 0.0037 rad/min resulted 
in an increase in the age-specific incidence of lung tumors, compared 
with a 300-rad s!posure at 6.7 rads/min, which decreased the incidence 
of such tumors. The results of this study are consistent with those 
of other studies of lymphoid and pulmonary tumo~!~~gesis in mice by 
protracted gamma irradiation at low dose rates. , 5 

Lesher et al. 43 investigated tumor induction in mice as a function 
of age, sex,anddaily dose at dose rates of less than 56 rads/day. 
The cumulative incidence of thymic lymphoma increased with daily doses 
up to 32 rads/day and remained constant at higher dose rates. In con
trast with these findings, the incidence of pulmonary tumors exceeded 
control values in mice irradiated at 5 rads/day, but declined with in
creasing dose in all other dose groups. The increased effectiveness 
of low-dose-rate exposures, relative to higher exposure rates, in the 
production of leukemia ~g beagles continuously exposed to gamma rays 
has also been reported. 

Altrough a number of factors have been suggested to account 
for the apparent increase in incidence of specific types of 
radiation-induced pathologic states in humans and experimental 
animals with decreasing dose rates, the basic mechanisms of such 
effects are incompletely understood. The inverse relationship 
between dose rate and the induction of damage in model membrane 
systems and the possible relationship of such alterations in bio
membranes to carcinogenesis suggest that this phenomenon may be involved 
in low-dose or low-dose-rate effects in living systems. Thu~, there 
is a need for additional studies in this field. ' 
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FRIGERIO, ARCHER, AND OTHERS 

A number of recent papers have dealt with the question of whether 
variations in background radiation can be correlated with differences 
in cancer rates among populations exposed to them, as a test of whether 
effects of radiation at low dose rates can be detected. The chief 
factor modifying background exposure is altitude (see Chapter III), 
but geomagnetic variation (which would also affect cosmic radiation) 
has been analyzed. 

Frigerio and Stowe25 found an inverse correlation between back
ground radiation (including added man-made radiation) and cancer 
mortality rates for all 50 states. The inverse relationship was ob
served not only for all cancer but for some cancers of individual 
sites, including cancers of the gastrointestinal tract, lung, and 
female breast--b~t not of the stomach or thyroid and not leukemia. 
Jacobson~ al. 3 analyzed leukemia mortality in more detail and 
found no significant correlation by state with average background 
exposu2~ detennined by aerial surveys of selected areas. Eckhoff 
et al. studied leukemia mortality rates for 5,000 geographic 
areas in the United States in relation to altitude and reported a 
substantial increase in mortality up to 2 ,.000 ft ( 610 m) and a de
crease at higher altitudes. 

These studies indicate that effects of differences in back-
ground radiation on cancer induction must be so small that other 
factors related to cancer are overwhelming. Let us assume, on the 
linear hypothesis, that increased risk of total cancer induction 
by radiation is about 0.5% per rem. The difference between high-
and low-background areas is about 70 mrems/yr for regions with 
sufficient population to provide an adequate test. For a stationary 
population of all ages exposed for life, the mean cumulative dose 
difference would be about 4 rems (i.e., an average accumulation at 
age 60); thus, the difference expected in total cancer rates for all 
ages would be about 2% between the high- and low-background regions. 
This is, however, an overestimate because of migration into and out of 
the area. A difference of 2% or less clearly cannot be detected in 
the face of numerous other environmental factors that are known to 
affect cancer rates, with relative-risk values of several hundred 
percent in exposed subgroups of the population (for example, cigarette
smokers and workers occupationally exposed to carcinogens). Radiation
induced leukemia has a somewhat higher risk, e.g., about a 1.5% increase 
in risk per rad on the basis of current data; thus, from the same type 
of analysis we might expect a difference of 6% between high- and low
background exposures. For this particular cancer type, it is likely 
that the validity of its certification as a cause of death has at 
least that much variation from area to area, and of course variations 
from other leukemogenic factors also have effects. 
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Archer1 has published an analysis in which geomagnetic variation, 
as well as altitude, has been taken into account as a factor modifying 
background from cosmic radiation in the United States. This study indi
cates a positive correlation between the cosmic radiation flux and the 
neonatal death rates and mortality for some cancers, notably cancer of 
the kidney and breast cancer in women. In effect, both measures (cosmic 
radiation flux and death rates) show a progressive decrease from North 
to South, which accounts for the positive correlation between the two 
variables. The author estimates that as much as about 40-50% of all 
cancer may be accounted for by background radiation, in contrast with 
the estimate of no more than a few percent based on the present 
Committee's analysis. 

In addition to the problems of confounding factors that might 
account for spurious correlations, as well as problems of geographic 
variations in accuracy of certification of causes of death, it is 
noteworthy that the cancer type with the strongest correlation in 
Archer's analysis, kidney cancer, is not found to be markedly in
creased in the irradiated populations that have been studied. More
over, cancer of the female sex organs, exclusive of the cervix, and 
cancer of the prostate had positive correlations, but in both cases 
these cancers have not been observed to be significantly increased 
in irradiated human groups. In short, the pattern of cancer types 
observed to be related to cosmic radiation in Archer's study is 
difficult to reconcile with the data at hand on groups exposed 
to higher radiation doses and currently under study. 

We conclude that these types of studies, depending as they do 
on death-record data aggregated crudely by geographic region, do not 
constitute a sufficient basis for deciding whether one or another type 
of environmental factor, such as background radioactivity, is related 
to cancer rates. Thus, as a test of the effect on cancer risks of 
low-dose-rate lifetime exposure to radiation, this approach does not 
appear to be fruitful in the United States within the framework of 
variations in background-radiation exposure of populations large enough 
to provide data that would be statistically useful. 
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SUMMARY 

Among the somatic effects of radiation other than cancer, de
velopmental effects on the unborn child are of greatest concern. 
Exposure of an embryo or fetus to relatively high doses of radiation 
can cause death, malformation, growth retardation, and functional 
impairment. Recent informafbgn from Hiroshima, most of it published 
since the 1972 BEIR report, indicates that measurable damage can 
be produced by doses of 10-19 rads (kerma). The effects of radiation 
are related to the developmental stage at which exposure occurs, and 
correspondence has been demonstrated in this respect between man and 
other mammals. The laboratory data can therefore be used with some 
confidence to fill in gaps in human experience. 

Where developmental effe~ts of radiation can be measured at the 
cellular level, as in the case of oocyte-killing during fetal or early 
postnatal stages, thresholds may not be demonstrable. However, 
most of the perceived abnormalities produced by radiation probably 
result from damage to more than a single cell. It is therefore un
likely that such effects bear a linear relationship to dose. Threshold 
doses for some effects have, in fact, already been demonstrated, but 
these thresholds vary for different abnormalities. For a given total 
dose, decreases in dose rate generally lead to decreases in develop
mental effects. Because sensitive stages for many specific abnormal
ities are relatively short, dose protraction may result in lowering to 
below the threshold the portion of the total dose that is received 
during a particular critical period. 

Acute exposure of the testis to radiation at relatively high doses-
much greater than 400 rads--could result in permanent sterility. Im
pairment of fertility can result from acute exposure of the ovary to 
about 400 rads, but this depends, in part, on age. Little is known 
about the effects of protracted low-dose exposure of the gonads. 

For induction of cataract of the lens, there is radiobiologic 
and clinical evidence of a nonlinear relationship between effect and 
dose, at least for low-LET radiation. This effect is related to the 
number of cells killed in the lens. There is little or no risk of 
inducing such an effect at doses and dose rates approaching those from 
natural background radiation. 
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There appear to be no nonspecific effects of radiation at low 
doses that lead to a shortening of life span, although the existence 
of specific effects in addition to cancer cannot now be excluded. 

EARLY DEVELOPMENT 

In comparison with the adult state, the period of early development is 
characterized by rapid cell proliferation, cell migration, traftsitions from 
totipotency to fixed differentiation, and (in part) association with the 
maternal organism. Some of these attributes are also found in some 
localities in the adult (e.g., in stem-cell tissues), and there is no sharp 
demarcation between the developing and fully formed mammal. In examining 
the effects of ionizing radiation on development, however, this section 
restricts itself to intrauterine stages (from the time of conception to 
the time of birth) and to the early postnatal period. Both immediate and 
long-term effects are reviewed. 

The developing organism in utero is potentially vulnerable to external 
radiation that penetrates the maternal tissues; to radionuclides that reach 
the conceptus after maternal il1$estion, inhalation, or injection; and to in
direct effects stemming-from damage to the mother even when the conceptus is 
not itself exposed. Alterations that may be produced are morphologic ab
normalities, general and local growth retardation, and functional impair
ments. Although work with experimental mammals has produced evidence of all 
these effects, it is probably incapable of revealing some of the more subtle 
functional changes that could be of importance in humans. However, because 
of the natural variability of human populations and the many other environ
mental influences that can act during development, it is very difficult to 
derive information on the effects of low-dose radiation directly from human 
studies. Risk estimates must therefore be derived largely from experimental 
data on gross effects. 

EVIDENCE FROM EXPERIMENTAL MAMMALS 
CONCERNING SENSITIVITY PATTERNS 

The developing organism is a dynamic system in which overall, as well 
as localized, conditions are ever changing with respect to cell size and 
type, division rate, cycle times, degree of differentiation, and association 
with other cell types. Nevertheless, a relatively consistent relationship 
has been found in different mammalian species between the developmental 
stage exposed to radiation and the general type of effect observed. That 
is, there are vastly greater similarities between the results of irradiation 
of different species at equivalent stages than between the results of ir
radiation of the same species at different stages. 
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Several major periods can be delineated on the basis of radiation re
sponse (Table VI-1). The first is the preimplantation period (cleavage, 
morula, and blastocyst), when radiation can lead to death of the conceptus 
shortly after exposure, but concepti that survive appear unimpaired with 
respect to m~rph~log41 size, short- and long-term survival, and reproductive 
fitness. 21 , 1 5,l 8,I The quantitative relationship between dose and mortality 
was shown to be probably re~3ted to cell-cycle stage in cleavage; 140 and 
recent in vitro experiments have discovered subtle stage-sensitivity 
differences within the total preimplantation period with respect to probabil
ity and time of induced death. But in no case did embryos survive to a 
stage that corresponds to more than 2 weeks in a human pregnancy; and, in a 
human situation, their loss would thus probably not be noted, except as an 
apparent failure to conceive when conception was desired. In the mouse, 
another effect of preimplantation irradiation has been observed: exposure 
soon after sperm entry causes sex-chromosome loss, which can result in XO 
females (Turner's syndrome, in humans). The fre1~0ncy of this effect is 
about 4% after an acute dose of 100 R of x rays. Loss of any chromosome 
other than X or Y probably contributes to early death. 

Shortly after implantation, the mammalian embryo begins major organ
ogenesis, when body divisions and basic organ structures are laid down. This 
period merges without major demarcation into the period of the fetus, during 
which organogenesis becomes ever more localized and detailed, and the major 
feature is growth. The event of birth is not a sharp dividing point in this 
process. 

As the embryo implants in the uterus and enters the period of 
major organogenesis, it becomes abruptly sensitive to the radiation induction 
of major malformations. Mortality induced by exposure during that period is 
no longer only of the very early prenatal type, but occurs mainly at birth 
or during infancy. General growth retardation can result and may be tem
porary or permanent. Irradiation during the fetal period can also produce 
localized growth retardation, as we!! ~s jf{~ct ~ on3~ef1r.<:r~~ yiyu~a tions 
and on the central nervous system. 1 1 ' 2 ' ' 1 2, 1 ' 1 6, ' It is 
clear that, although some of the radiation effects will be apparent by the 
time of birth, others (fertility depression~ l~fi-srin Bhor5~ning, neuronal 
depletion, etc.) find expression later. 1 , 2 , 2 ' l, l,l 4, 1 Among potential 
delayed effects of embryonic or fetal irradiation that could be~; ~~gcial 
significance to man are neurophysiologic and behavioral changes. ' 
However, behavior tests in experimental mammals may have little direct 
application to the human situation and furthermore are subject to a number 
of environmental influences whose effects 1re difficult to distinguish from 
those of the radiation history (see Brent 1 and Furchgott 61 ). 

Results of experiments to study mechanisms of radiation effect on the 
embryo and fetus have indicated that the maternal organism probably does 
not play a major interm0~;.~r1 role in the production of most radiation
induced abnormalities. 2 · ' 41 The complex chains of processes leading 
to the finally observed abnormal characteristic may be related by direct 
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TABLE VI-1 

Effects of 100 R of Acute X-Irradiation on Early Development of Mouse and Rata 

Effects 

Days after conception 

Mouse 

Rat 

Corresponding human stage 
(approx.) 

Class of effect 

Early embryonic death 

Neonatal or early postnatal death 

Sex-chromosome loss 

Gross morphologic malformations 

Localized morphologic defects or 
local size reduction 

CNS defects; behavioral changes 

Oocyte-killing 

Induction of male sterility 

Generalized growth retardation 

a Symbols as follows: 

Preimplantation 

0-4.5 

0-5.5 

0-9 

-++ 

0 

+ 

0 

0 

0, 

0 

0 

0 

Stage 
Major 
Organogenesis 

7.5-12.5 

8.5-13.5 

14-50 

+ 

-++ 

-++ 

-++ 

-++ 

-++ 

-++ 

-++ 

Stage 
Fetal (and Earl~ 
Postnatal) Stag 

13-20 

14-3·2 

51-2 80 

0 

0 

+ 

+ 

-++ 

+ 

+ 

-++ 100 Rat almost any stage during this period produces effects. At least one stage yields incidence )25%. 
+ Effect observed from treatment of only limited number of stages during this period, and/or incidence (25%. 

-0 No effects observed. 
- No evidence available. 

b Early postnatal stages of mouse and rat correspond to human fetal stages. 



cellular nescent to the initial developmental effect of radiation, or they 
may be secondarily caused. In turn, an initial developmental effect results 
from the initial cellular effect only if the regulatory power of a process 
is inadequate to take care of a given amount of damage. 141 The initial 
cellular effect may be cell death (from aneuploidy or other causes), delay 
in cell division or cell migration, or interference with cell interactions. 
Although not all the basic mechanisms that can lead to such cellular effects 
have yet been identified, it is clear from the regular pattern of re-
sponse observed that somatic mutation (a random process) is relatively 
unimportant. 

The all-or-none effect of radiation during preimplantati~& stages was 
explained early by the postulated totipotency of blastom70es. l Recent 
manipulative interferences with early mammalian embryos, such as cell 
aggregation and blastocyst injection, have amply demonstrated the great de
velopmental plasticity of blastomeres and even of early inner-cell-mass cells 
and have thus confirmed the original suggestion. 

Most animal experiments designed to discover critical periods in devel
opment have used relatively high, single, acute doses (100 R or greater). 
However, once a critical period is established, effects can be demonstrated 
with considerably smaller exposures. Thus, a specific ske137al change 
readily showed the effects of 25 R, the lowest dose tried, and mitotic 
delay in the te8~ncephalon could be demonstrated to have a threshold dose of 
less than 10 R. - In the case of protracted exposures, low daily doses 
also have produced readily measurable effects, such as reduction in female 
reproductive capacity after continuous irradiation at a dose rate of 0.0086 
R/min (12.4 R/day), 138 various organ-weight reductions after 3 rads/day from 
tritiated drinking water, 26 , 29 , 91 and oocyte depletion with an 1050 of only 
5 rads during the sensitive period. 45 Different gross abnormalities haye 
been found to follow di£ferent. dose curves, some with high thresholds; 13Y, 141 

but whe4i cellular effects can be directly scored, clear thresholds are sometimes 
absent. 

Protraction of §8e ~o~~ T2~er!~ll diminishes the overall incidence of 
gross abnormalities, · , 8 , , , 1 , 71 presumably because less than the 
threshold dose is received within the duration of many sensitive periods. 138 

Fractionated acute doses are about 1.5 times more e~8ective than continuous 
irradiation administered during the same intervals. 

A question that has been only barely touched on in experimental terato
logy concerns possible synergistic effects of radiation exposure and other 
environmental influences. A recent study on mouse embryos has shown that 
caffeine, at nonteratogenic concentrations, significantly increases the 
effect of 200 R in producing morphologic abnormalities. 180 Synergisms like 
this are of obvious importance in deriving risk predictions, but very few 
experimental results are available on which to base any quantitative 
estimates. 
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EXTERNALLY ADMINISTERED INTRAUTERINE 
IRRADIATION IN HUMANS 

Animal experiments have clearly demonstrated the extreme importance of 
developmental stage, dose, and dose rate in determining the response to in 
utero radiation exposure. Unfortunately, one or more of these factors are 
usually not accurately known in cases where human concepti have been irradiated. 
such cases come from two major sources: medical exposures, particularly 
during the early part of the century, when hazards were not yet fully appreciated, 
and particularly therapeutic irradiations; and studies of atomic-bomb survivors 
in Japan. 

1~2 list of human abnormalities reported after in utero irradiation is 
long. It includes microcephaly, mental retardation, growth retardation, 
hydrocephaly, microphthalmia, coloboma, chorioretinitis, blindness, 
strabismus, nystagmus, coordination defects, mongolism, spina bifida, skull 
malformations, cleft palate, ear abnormalities, deformed hands, clubfeet, 
hypophalangism, and genital deformities. Many of these abnormalities are 
similar to those observed after treatment of experimental animals; an3

7
in 

a few human cases where stage of irradiation was accurately recorded, the 
correspondence is remarkable. 

Most commonly reported among human abnormalities are microcephaly 
(often combined with mental reta4~a6~og4,1~fme other central nervous system 
defects, and growth retardation. ' ' ' The Japanese bo~~ foidf7~ a7~o 7 reported these abnormalities more frequently than any others. ' ' ' 1 ' 1 9 

Microcephaly is particularly associated with exposure during early stages 
of pregnancy. At Hiroshima, for example, it resultedalmost 6 times more 
frequently when irradiation occurred before the sixteey55 Y1ik19s pregnancy 
than when it occurred f~

2
the second half of pregnancy. ' ' A recent 

more detailed followup showed a 28% incidence of microcephaly after ex-
posure (all doses combined) at some time during weeks 4-13 of the gestation 
period, but only a 7% incidence after exposure during the remainder of 
gestation. For the most sensitive interval, weeks 6-11, the incidence was 
11% (2/19) for air doses of 1-9 rads, 17% (4/24) for 10-19 rads, 30% (3/10) 
for 20-29 rads, 40% (4/10) for 30-49 rads, 70% (7/10) for 50-99 rads, and 
100% (7/7) for doses over }90 rads. In the comparable zero-dose group, the 
frequency was 4% (31/764). Although the 11% incidence for weeks 6-11 in 
the lowest-dose group is not significantly higher than the 6% incidence for 
all other stages exposed at that dose, or than the 4% control frequency, 
it clearly fits in as part of a dose-effect progression for the sensitive 
stages. In the range of 10-19 rads kerma, the average tissue dose to the 
fetus is estimated as 5.3 rads gamma plus 0.35 rad neutrons; and !n

86
he 

range of 1-9 rads kerma, as 1.3 rads gamma plus 0.1 rad neutrons. ' 

Because some of the affected children observed in fBz earlier Japanese 
studies did not appear at the clinics for the followup, it is possible 
that the actual effects were greater. However, it should be noted that 
the Nagasaki results !B~wed no significant increase in microcephaly at 
kerma below 150 rads. Although the total number of intrauterine exposures 
at Nagasaki was substantially lower than that at Hiroshima (namely, fewer 
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than 20 during sensitive stages at kerma below 150 rads), it is clear that 
the effect was less in Nagasaki than in Hiroshima (only one case observed 
versus seven expected if sensitivity was equal to that in Hiroshima). The 
differences between the cities are probably attributable to the difference 
in radiation quality; in the range of interest, about 20% of the kerma at 
Hiroshima was due to neutrons, compared with less than 1% at Nagasaki. 

Deleterious effects of in utero radiation on body growth are clearly 
indicated by the Japanese data. About 80% of 1,613 children exposed iri 
utero could 1,

6
~ot7gwed through the age of 17 (mature growth) by annual 

examinations. ' Those who were exposed within 1,500 m of the 
hypocenter of the Hiroshima bomb (average kerina, 25 rads) 7 were, on the 
average, 2.25 cm shorter, 3 kg lighter, and 1.1 cm smaller in head circumference 
than those who were at least 3,000 m from the bomb. 

Mental retardation was another effect found in the Japanese bomb 
studies. Owing to the lack of appropriate and sensitive tests for proper 
overall mental functioning, mental retardation must be relatively 
severe to be recognized in a clinical situation. In the· Japanese children, 
the diagnosis was applied only if a person was unable to perform simple cal
culations, to make simple conversation, or to care for himself ( "profound" 
mental retardation), or if he was completely unmanageable or had been in
stitutionalized. The "profound" retardation was often associated with the 
more severe grades of

1
ficrocephaly and was not observed below 25 rads kerma 

of maternal exposure. Other behavioral effects of in utero exposure have 
also been reported--e.g., dis~ury32ces of coordination after irradiation 
during the ninth to twelfth week and retarded motor developmeyt

7
after 

radiation therapy of the mother during the first two trimesters. 

It may be questioned why microcephaly and mental retardation figure 
so prominently a~ong the array of abnormalities attributed to intrauterine 
irradiation. Does this represent a departure from the animal results? The 
answer is probably no. Head circumference has not been measured in the ro
dent experiments; and it would, in fact, be difficult to develop an equiva
lent measure. Similarly, as noted earlier, no good test to detect "mental 
retardation" has been developed for mice and rats. Central nervous system - 71 damage has been amply demog~trated in experimental mammals and is still 
easily measurable at 10 R. During human prenatal life, central nervous 
system (CNS) development occurs over a considerably longer period than does 
major organogenesis. In rodents, however, which have a relatively much 
shorter fetal period than, man, the two processes are much m6re nearly 
equal with respect to time occupied. Therefore, human exposure, which has 
been random with respect to developmental stage, is more likely to occur 
during some period critical for the CNS than is exposure in experimental 
mammals, in which work has been concentrated primarily on specific stages 
during the period of major organogenesis. The facts that many abnormalities 
in systems other than the CNS have been reported in man and that stage corres
pondence can be good further indicate that human results are not out of line 
with animal data. 
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Histologic correspondence was noted in a report of human fetuses 
studied within days after exfijsure to radium gamma rays from maternal 
therapy for cervical cancer. Among effects observed were destruction 
of proliferative and migratory brain cells and of some hematopoietic cells, 
necrosis of lymphoid and mesenchymal cells, and degeneration of oocytes. 
These observations provide a link with animal data on the CNS and, im
portantly, with recfnt observations on the extreme sensitivity of early 
developing oocytes. 5 The stage most exquisitely vulnerable to the latter 
effect in rodents is the early postnatal period, when ovarian development 
corresponds closely to that of a human fetus. 

Because of large genetic and environmental variables encountered in 
human populations, it is very difficult to measure any effects that might 
be produced by low doses of radiation, such as those used in diagnostic 
radiology. It is therefore not surprising to find conflicting reports on 
whether the "spontaneous" incidence of malformations or gro~h r5gard~ti~ij 
is increased as a consequence of ~ugh exposure ( some authors 7, 1 , 15 , 1 

report negative findings; others 6 ' 1 positive). At present, it is 
impossible on the basis.of human studies alone to determine with certainty 
a dose below which teratologic effects in man are not induced by exposure 
at sensitive stages in development. As discussed above, such thresholds 
do, however, probably exist, and they may be higher for ~roiracted or 
fractionated radiation than for acute single exposures. 1 , 2 , 138 

Radionuclides Administered during Pregnancy 

The effects of various radioisotopes administered to pregnant 
mammals have been less extensively studied than the effects of externally 
administered radiation. Furthermore, one cannot generalize on the effects 
of administered radionuclides because, depending on the chemical form 
and the type and energy of the emitted radiation, they may or may not 
cross the placenta, they may have specific target organs, the distribution 
of radiation may be nonrandom, the metabolism of radioactive elements or 
compounds may vary greatly from person to person because of individual 
biologic variations or because of the disease state of a given subject, 
and the change in dose rate with time may be difficult to evaluate. 35 

Radioisotopes administered to the mother may also affect the newborn 
if they are adminis15ry9

8
shortly before birth, because many are excreted 

in the breast milk. ' 

In any event, before one can estimate the potential hazard of admin
istering a radioactive nuclide or compound to a pregnant woman, one must 
determine with some accuracy the total dose to the fetus or a particular 
fetal tissue, the dose rate and how it varies with time, and the stages 
of gestation during which the radiation is received. 
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Until recently, 151 the radioactive isotopes of iodine were the radio
nuclides most commonly used in nuclear medicine. The two most important 
ones are iodine-131 and iodine-125. Although inorganic iodide readily 
crosses the placenta, iodine attached to proteins, hormones, and even 
radioactive rose bengal is less likely to cross. However, a significant 
amount of iodine usually is released from the labeled compounds and becomes 
available to the fetus. There is probably no radioactively labeled iodine 
compound that does not release some iodine to the circulation after ad
ministration. 

T~e human fetal thyroid does not take up iodine before the twelfth 
week; 3 , 51 thereafter, howev~r, its uptake increases, and it comes to a 
peak in the sixth month. 51 In the mouse, there is some evidence that the 
fetal th~roid has a greater avidity for iodine than does the maternal 
thyroid. 2 Because the human fetal thyroid accumulates considerably 
more iodine-131 per gram than do other fetal tissues, an inadvertent 
therapeutic dose to the mother of a mCi would deliver 6,500 rads to 
this organ and thereby ablate it. 5 If the dose of radioactive iodine 
is high enoughl it can even cause inhibition of growth of the under
lying trachea. 51 

Pathologic effects, including thyroid destruction, have been 
reported in the fetus after therapeu6fc (ablative) doses of iodine-131 
were administered to pregnant women. Tracer doses of radioactive 
iodine have not been reported to produce a deleterious effect on the 
fetus. There remains, nevertheless, a concern over the possibility of 
inducing thyroid cancer in susceptible people by prenatal exposure to 
even small amounts of radioactive iodine. If administration of radio
iodine is unavoidable, it is best done before the third month of human 
pregnancy, when the fetal thyroid has not yet developed. Even in this 
circumstance, the total body dose to the embryo should be estimated and 
considered. 

Technetium-99rn is a radioactive isomer that has become, in recent 
years, an important radionuclide for diagnostic imaging procedures. 
Its usefulness depends on its almost optimal gamma-ray energy (140 keV), 
its short half-life (6 h), its rapid excretion, and the fact that it 
emits no beta rays. Although radiation doses to the embryo or fetus 
would thus presumably be lower from technetium-99m than from some other 
diagnostically used radioisotopes, there have been no direct studies 
on the effects of technetium-99m on intrauterine development. 

Inorganic radioactive potassium, sodium, phosphorus, cesium, and 
strontium cross the placenta readily. Experiments with radioactive 
phosphorus and strontium have indicated that, if the d3se is large 
enough, embryonic pathology and death can be induced. 6 , 152 
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Because tritium (hydrogen-3) is a potential pollutant from nuclear-energy 
production, its effect on development has been the subject of a riumber 
of studies. Tritiated water (HTO) is a common chemical state of tritium, 
and it has easy and rapid access to livi~ cells, including those of 
the embryo or fetus. HTO administered in the drinking water to rats 
throughout pregnancy produced significa~t decreases in relative weights 
of brain, tes~gs, and proba.bly ovaries 2 and increases in norepinephrine 
concentration at doses of 10 µci/ml (estimated at 3 rads/day) 
and produced weight decreases in a number of organs at higher doses. 29 

Because the length of the critical period for various organs is not 
known, the total damaging dose cannot yet be estimated. Relative 
brain weight was found to be reduced at only 0.3 rad/day (1 µci/ml 
of drinking 3/agfr) when. exposure began at the time of the mother's 
conception. 2 ' Even lower exposures (0.003 rad/day and 0.03 
rad/day) have been implicated in the induction of behavioral damage, 
such as delayed d27elopment of the righting reflex and depressed spon-
taneous activity. However, because the data fail to show a clear 
dose dependence, there is some doubt about the validity of this suggestion. 

Tritiated drinking water has been used to study the effects of 
radiation on development of a sensitive cell type, the oocyte. Oocyte 
counts were made in serial sections of exposed and control animals. In 
squirrel monkeys continuously exposed from conception to birth, the 1050 
was 0.5 µcf/ml of body water, giving a fetal dose rate estimated at 0.11 
rad/day. Because the sensitive period for oocyte developi5nt is probably 
the last trimester, the 1050 was calculated to be 5 rads. In the 
mouse, the sensitive period occurs during the first 2 weeks after birth, 
and, by a similar calculation, the z~SO from tritiated drinking water at 
that time is slightly below 5 rads. 

Background and Fallout Radiation 

Information on natural background radiation is presented in 
Chapter III. The average abdominal exposure for the U.S. population 
is proba.bly around 80 mrems/yr. It is assumed that the embryo and 
fetus also are exposed to natural background radiation at about the 
same dose rate. Radiation from remaining fallout (at present) adds 
less than 4% of the background dose rate; and contributions from other 
man-made sources (excluding medical irradiation), such as nuclear and 
coal-fired power plants and consumer products, add less than 1%. 

It appears, therefore, that the average American receives a dose 
of about 60 mrads during intrauterine life, or about 0.2 mrad/day. It 
has been suggested that the frequency of neonatal deaths from congenital 
malformation is highly correlated with the ~ackground radiation resulting 
from geomagnetic conditions and altitude. 17 However, this claim 
is not supported by the experimental data on low-dose-rate irradiation 
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of developing mammals. Where a clear correlation with al~itude does 
exist in the human data, it has been

6
gttributed instead to effects of 

hypoxia on intrauterine development. In general, the natural and 
man-made background radiation during gestation is so low in total 
magnitude and dose rate that it is not thought to be a factor in the 
normal incidence of congenital malform~tions, intrauterine or extra
uterine growth retardation, or embryonic death. 

POSTNATAL IRRADIATION 

Numerous reports have indicated that radiati6~7el~0$8f~18f the nesn~te, 
infant, or child can result in growth retardation. ' ,l 1 , S,!Zts,l.'.> , 151 ,1 70 
Followup studies on children exposed in Hiroshima, Nagasaki, or the 
Marshall Islands to atomic-bomb or fallout radiation indicated 
that the younger children were more susceptible to these growth-
retarding effects than the older ones. The most conclusive evidence 
on postnatal radiation effects comes from a multivariate analysis of 
anthropometric data on children exposed

10
~ the Hiroshima bomb and 

examined periodically up to 8 yr later. As radiation exposure 
increased, there were small but statistically significant decreases 
in body measurements and growth rates in those who had received kerma 
of 100 rads or more. 

Among the Rongelap children exposed to radioactive fallout, two 
boys who were infants at the time of exposure developed atrophy of the 
thyroid before puberty. The resulting hypothyroidism led to retarded 
body growth and sluggishness of behavior. It was estimated that the 
whole-body dose from externally deposited fallout was 175 rads, and 
the thyroid dose re~i11;gg

157
om concentration of radioiodines between 

700 and 1,400 rads. ' ' 

Individual case reports of children who received radiation therapy 
have also indicated that localized.irradiation can result in local re
tardation, especially if growth centers (such as open epiphyses) or 
tissues with some growth potential are exposed. These effects are more 
obvious when irradiation is unilateral. 

It is difficult to determine whether exposures to diagnostic radiation 
can produce growth retardation in growing children, inasmuch as any infant 
or child who receives significant exposures to diagnostic radiation is likely 
to have an illness that in itself could be responsible for growth re
tardation. Animal data support the belief that whole-body or partial-
body irradiation in the diagnostic1~ojg l~~ge probably does not affect 
the growth of infants or children. ' ' · 
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Early postnatal exposures of rodents can have devastating effects 
on female fertility. The great bulk of oocyte destruction caused by 
continuous exposure from conception to 14 days of age is the result of 
irradiation received after birth. Continuous gamma radiation at the 
rate of 8.4 R/day from birty

29
o weaning totally sterilized female mice, 

but had no effect on males. The 10 50 for oocyte4~illing in the mouse 
during 1~2 first 2 postnatal weeks is about 5 rads. For acute irradiation, 
Oakberg found the 1050 of stage-I oocytes in 10-day-old mice to be 8.4 R. 
It is likely that in primates, including humans, the corresponding stage 
in ovarian dt~elopment occurs during the third trimester of intrauterine 
environment. For some other organ systems, as well, it is probable 
that the first 2 postnatal weeks of rodent development correspond to the 
latter part of human pregnancy. 

ESTIMATE OF RISK FROM INTRAUTERINE AND EARLY POSTNATAL IRRADIATION 

At relatively high doses and dose rates, it can be established that 
there is, in general, good correspondence between results obtained from 
work with experimental mammals and those available for man. This 
correspondence obtains for developmentally (but not chronologically) 
equivalent stages of irradiation; because of it, one may gain confidence 
in the extrapolation of animal data to the human situation. This is 
fortunate, because available results in man fail, for a number of reasons, 
to provide direct information on the magnitude of.risk at low exposures. 
The genetic and environmental variability in human populations makes the 
measurement of small increments in a miscellany of structural or functional 
impairments next to impossible to measure. There are, furthermore, no good 
tests for some of the subtle depressions in physical or mental performance 
or general fitness that could conceivably result from low-level irradiation 
during development, especially in view of the fact that the CNS in man is 
vulnerable for an extended period. Finally, the random exposures that are 
encountered in most epidemiologic studies fail to provide sufficiently 
large samples for any specific sensitive period during development. 

The animal data leave no doubt that readily measurable damage can 
be caused by doses well below 10 R applied at stages that are sensitive 
to the specific effect being studied (Table VI-2)

45 
Examples are oocyte

killing in primates, with an 1050 of only 5 8~ds; CNS damage in 
tre mouse, with a threshold dose below 10 R; and brain damage and 
behavioral damage in the rat from doses that are less than 6 rads over 
the whole intrauterine pe 2fod, and presumably only a fraction of this 
for the sensitive period. 

The Japanese atomic-bomb data for small head circumference indicate 
that the human embryo is sensitive down to a few rads of mixed gamma 
and neutron radiation, in that air kerma of 10-19 rads (i.e., fetal 
doses averaging 5.3 rads gamma plus 0.35 rad ney02ons) produced a clearly 
significant increase in incidence at Hiroshima, and there are 
indications that air kerma of 1-9 rads was_also damaging to embryos that 
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were in sensitive stages of development at the time of the bombing. 
Part of the effect is presumably attributable to the fast-neutron 
dose, inasmuch as no significant increase in microcephaly was detectable 
below 150 rads kerma in the much smaller Nagasaki sample. It may be 
noted that microcephaly is a gross abnormality and that it is possible 
that more subtle changes could have gone undetected. 

Where cell-killing effects can be directly measured, as in oocyte
killing, th~6e do not appear to be any clear threshold doses under some 
conditions.· For morphologic malformations, however, a generalized 
straight-line extrapolation from the results of acute irradiation at high 
or moderate doses is probably not valid. Because it is unlikely that any 
perceived developmental abnormality results from damage to a single target, 
there are probably threshold doses for all such abnormalities. Further
more, for a given total exposure, lowering of dose rate has been shown 
to diminish the effect, because, with protraction, only a portion of the 
dose is received during a given critical period. It is therefore likely 
that low-dose-rate exposures (0.01 R/min or less) at total doses of less 
than 1 R would not have widespread effects, even though specific damage, 
such as oocyte-killing, could presumably still occur. Radiation at such 
doses in medical practice can have clear benefits to the health of indi
vidual mothers, so one must balance these benefits against the small risk 
to the conceptus. However, even at such low doses, indiscriminate exposures 
of larger populations of embryos or fetuses should be avoided. The possi
bility that a pregnancy exists should always be considered before women 
of child-bearing age are exposed to radiation appreciably above background. 

Until more is kriown about synergisms between radiation and other 
environmental ag1~5s, the possibility of such interactions (as shown in the 
case of caffeine ) should add a cautionary element to risk estimates. 

SUMMARY 

Developing mammals, including man, are particularly sensitive to 
radiation during their intrauterine and early postnatal life. The effects 
produced are strongly related to the developmental stage at which radiation 
is received, and~ at moderate to high doses, close correspondence has been 
demonstrated in this respect between man and various experimental species. 
The experimental data can therefore be used with some confidence to fill 
in gaps in the human experience, particularly with respect to extrapolations 
to low exposure levels, where it is very difficult to obtain direct evidence 
in genetically and environmentally heterogeneous human populations. 

Radiation during preimplantation stages probably produces no abnormalities 
in survivors, owing to· the great developmental plasticity of very early 
mammalian embryos. Radiation at later stages may, however, produce morphologic 
abnormalities, general or local growth retardation, or functional impairments, 
if doses are sufficient. Obvious malformations are particularly associated 
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Organism· 

Mouse 

Human 

Mouse 

Mouse 
U1 
ID 
N Monkey 

Rat 

Rat 

Rat 

Rat 

Rat 

TABLE VI-2 

Rep.orts of Studies Using Total Dose of Less than 10 Rads, or Less than 10 Rads/Day, during Early Development 

Source of 
Radiation 

X ray 

Hiroshima 
bomb (80% 
y, 20% 
neutron) 

X ray 

HTOd 

HTO 

HTO 

HTO 

HTO 

HTO 

HTO 

· Stagea 
Single 
Exposure 

Single bxposure, 
wk 6-11 

Protracted 
Exposure 

Last trimester 

0-term 

0-146 

0-term 

0-term 

0-term 

Effect 

Mitotic delay in telencephalon 

{
11% microcephaly-----------
17% microcephaly--------------

Oocyte-killing 

Oocyte-killing 

Oocyte-killing 

Reduced brain, testis, ovary wts
Di tto; also spleen and overall----

30% reduction in testis wt------
De d b i . "F .. crease ran wt in 2 --------

Decreased brain wt in 

Decreased brain wt, increased 
norepinephrine 

No effect on lifespan 

Dose Yielding 
Effect 

Threshold <IO R 

LD50 = 8 R 

LD50 < 5 rads 

LD 50 = 5 rads 

3 rads/day 
6 rads/day 

3 rads/day 
O. 3 rad/day 

0.3 rad/day 

3. 3 rads/day 

3.3 rads/day 

Reference 

83 

102 

112 

46 

45 

29 

91 

27 

26 

28 



TABLE VI-2 - continued 

Organism 

Rat 

Mouse 

Mouse 

Source of 
Radiation 

Cobalt-60 

Cesium-137 

X ray 

Protracted 
Exposure 

0-term 

20-40 

0-18 

Effect 

Prenatal and postnatal mortality 

Complete sterility of females 

No effect 

Dose Yielding 
Effect 

2.5 R/day 

8.4 R/day 

2.5, 5, or 10 R/day 

Reference 

171 

129 

89 

I 
aDays after conception, except where otherwise indicated. Some postconception intervals Ul -

listed occur after birth. 
\0 0 indicates exposures started within hours after conception. 
w ~Critical period. Where .this notation appears, effects apply to this stage only. 

~Estimated dose of gamma rays plus neutrons received by embryo. 
HTO = tritiated drinking water. 



with irradiation during the period of major organogenesis, which in man 
extends approximately from week 2 through week 9 after conception. More 
restricted morphologic and functional abnormalities and growth retardations 
dominate the spectrum of radiation effects produced during the fetal and 
early postnatal periods. Some of these effects can be apparent at birth, 
and others may show up later; and subtle functional damage cannot be 
adequately measured with available techniques. Because the central nervous 
system is formed during a relatively long period in human development, such 
abnormalities as microcephaly and mental retardation figure prominently among 
the list of radiation effects reported in man. 

Animal data indicate that readily measurable damage can be caused by 
doses well below 10 R of acute irradiation applied at stages that are 
sensitive to specific effects being studied (CNS injury and oocyte-killing). 
Atomic-bomb data for Hiroshima show that microcephaly was induced by 
acute air doses in the 10-19 kerma range (average fetal dose, 5.3 rads gamma 
plus 0. 4 rad neutrons) received during the sensitive period and suggest that 
it was also increased in the 1-9 kerma range (average fetal dose, 1.3 rads 
gamma plus 0.11 rad neutrons). However, it is likely that there are 
threshold doses for most maldevelopments and that these are of a variety 
of magnitudes. Lowering of the dose rate diminishes the damage. Until 
an exposure has been clearly established below which even subtle damage 
does not occur, it seems prudent not to subject the abdominal area of 
women of child-bearing age to quantities of radiation appreciably above 
background, unless a clear health benefit to the mother or child from 
such an exposure can be demonstrated. Considerably more research is 
also needed to explore possible synergistic interactions between radiation 
and other environmental agents. 

FERTILITY 

The literature on radiation effects on fertility and fecundity 
in experimental animals is extensive (see Table VI-2), but little 
information on the radiation response of the testis and the ova1~6

has 
become available since the publication of the 1972 BEIR report. 
Information is now being produced on th69rr~fonse of human spermatogenic 
cells to graded doses of x irradiation. ' The application of 
cell population-kinetics studies to spermatogenesis and oogenesis in 
relation to germinal cell proliferation and differentiation has also 
provided a better understanding of the f!~if3fon response and tissue 
repair in mammalian reproductive cells. ' All this has led 
to further refinements of our understanding of mechanisms of impairment 
of fertility and our understanding of other matters relevant to geneti69 3 
mutation frequency in experimental animals, and possibly in the human. ,l 1 
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ANIMAL EXPERIMENTS 

Testis 

The most recent investigations on spermatogonial stem-cell 
renewal in the rat and mouse have provided a model (the Oakberg
Huckins model) in which the types~ (stem cells), ~r (paired 
cells), and Aal (aligned cells) are undifferentiated cells repre
senting the sequence of development in the undifferentiated 
spermatogonial stem-cell compa?i~;~ti ~iff;ry~~iation probably 
occurs at the stem-cell level. ' 1 ,l ' The types 
A1 , A,,, A3 , and A4 , the intermediate, and the type B spermatogonia 
are the differentiated cells that give rise to the resting primary 
spermatocytes and the production of mature sperm cells. 

Among the undifferentiated and differentiating spermatogonia, 
the proliferating type Aal' types A1_4, intermediate, and type B 
cells in the mouse testis appear to be most radiosensitiye; the 
type~ appears to be relatively resistant to x rays. 52 ,)j, 55 , 13 ,llO,l22 
Radiation doses (acute with high dose rates) of less than 15 rads 
of x radiation can leaq to interphase cell death and prompt depletion 
of the differentiating-proliferating spermatogonial-cell population 
in the mouse; but sterility does not result, because there is illDiledi
ate tissue repair and regeneration of the seminiferous epithelium, 
apparently from the surviving type As stem-cell population. Larger 
acute doses, 25-50 rads, can deplete the proliferating spermatogonial
cell population drastically and effectively, with a decreased produc
tion of sperm cells. However, impairment of fertility still is not 
immediate; existing spermatocytes and spermatids are resistant and 
may not be eliminated from the system for several weeks. Only 
temporary sterility would result with even higher doses; sufficient 
numbers of spermatogonial type As stem cells survive doses as high 
as 300 R, or even more, proliferate, and differentiate sequentially, 
regenerating and reconstituting the seminiferous epithelium with 
restoration of spermatogenesis. Acute whole-body exposures of young 
male mice up to 8 months old to doses as high ae 1~009 R have failed 
to impair reproductive potential and fertility. 53 ,~4, 3,llU 

Fractionated or continuous whole-body x or g~1f1~6
i 11~dfyti~~l 

does not necessarily impair fertility in mammals, ' ' ' ' 
provided that the dose rate is sufficiently low (less than 2 rads/day). 
Permanent sterility may ensue after higher dose rates and total 
doses. Male dogs exposed daily to x radiation for the duration 
of their life maintained sperm counts at normal values at a dose 
rate of 0.6 rad/week, and no evidence of deleterious changes 
occurred in sperm production or fertility at 0.3 and 0.6 R/week. 
Progressive cellular failure and sterility ultimately de~31~8et 

7 within months with brief daily exposures at 3 rads/week. ' , 3 ,lO , 134 
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The proliferating and differentiating spermatogonia are 
extremely radiosensitive under continuous exposure; there is 
evidence that the testis is the mouse tissue most eensitive to 
continuous irradiation at very low dose rates. 25 , 43 , 52- 55,lO? 
At 16.5 R/qa16 testis weight decreased progressively with duration 
of exposure; 7 after radiation-free intervals of up to 4 weeks, the 
testis weight recovered to over 90% of control weight and was restored 
more slowly than fertility. Dose-dependent damage to the testis has 
been observed at 2-20 R/day; at 10-40 R/day, permanent sterility has 
occurred in mice. 25 There was progressive decrease of the germinal 
epithelium; after 20 R/day or more for relatively long periods, complete 
absence of seminiferous epithelium occurred. At 2 R/day, rats and mice 
maintained reproduction for 10 generations or more, although the progeny 
showed some evidence of life-shortening. However, at slightly more 
than 2 R/day, there was a continuous and serious degjetion of cell 
population of the testis, with later sterilization. 

It has been demonstrated that 0.009 R/min or less is near 
the threshold for recovery processes, nePfittf~. ~intenance of 
the mouse spermatogonial population.!lq,l 5, 1 ~~l However, 
with total doses greater than 300 R, a dose rate of 0.001 R/min 
resulted in the spermatogonial-~ell UQpulation's reaching an 
equilibrium at 80% control. 114, 119 ,l~U Studies in the mouse 
testis exposed to continuous gamma irradiation at 1.8 rads/day 
(0.00125 rad/min) and at 45 rads/day (0.03125 rad/min) to accumu
lated doses of up to 630 rads demonstrated that, at extremely 
low dose rates, the spermatogonia are sensitive to radiation 
death and cellular depletion. However, even after 15 weeks of 
continuous exposure at 1.8 rads/day, the type As stem-cell 
population could be maintained at control values, and the temporal 
sequence of cellular recovery to regenerate the seii9¼ferous 
epithelium begins with the type As stem cells. 52- 5 , 

Ovary 

In the mammal, susceptibility to radiation-induced cell 
death in the ovary depends on a number of factors, including the 
developmental stage of the germ cell, the age of the animal, and 
the mitotic activity of the oogonia. In the rat, the oogonia 
appear most sensitive to radiation in the fetal ovary at about 
15.5 days of gestation; this would correspo&d in the human to 
approximately the fifth month of gestation. , 5, 96 , 112 Thereafter, 
radiosensitivity, in the rat, appears to be relatively low 
during the leptotene, zygotene, and pachytene stages of meiotic 
prophase; it increases with the diplotene stage of prophase when 
the oocyte becomes surrounded by a single layer of granulosa cells 
to form the primary follicle. In the rat, mouse, and rabbit, the 
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primary follicles are quite sensitive to acute exposure, but s5n~!t~6itD 
appears to decrease as development of the follicle proceeds. 4' ' ' ,l 3 

This response appears species-specific; in the guinea pig and monkey, 
the earlier stages of prophase in the primary follicle are relatively 
radioresistant, and sensitivity increases with follicular development. 
In addition, the radiation doses required to kill a 1i 0en fraction 
of primary follicles are also species-dependent: 112, 2 , 125 in the mouse, 
a single acute dose of 10 R of x rays reduced the number of primary 
oocytes to half; in the rat, the comparable dose was 100 R; and in 
the monkey, perhaps as high as 900 R. 3 

Oocytes in the mouse change in ~ensitivity ti r~diazion between the 
period of birth and sexual maturity; 5, 111 , 112, 12 ,l 5, 1 sensitivity 
appears to be low at birth and increases until 7 weeks of age. Differences 
in radiosensitivity of oocytes to cell-killing form the basis for the 
apparent age variation in sensitivity to radiation-induced sterility. 
Relatively low radiation doses (such as an acute dose of 25 R of x rays) 
given during the second and third weeks after birth impair fertility, 
owing to marked depletion of th§ o?rYti 2et14P~~g11zion resulting from 
radiation-induced cell-killing. 5, ' 1 ' ' ' In mammals, there 
is no repopulation of cells after loss from the existing oocyte pool, 
because the maximal numbers are established in the fetus. Thus, infertility 
and sterility result when the supply of functioning oocytes, which survive 
radiation injury, is exhausted. Furthermore, the radiation-induced reduction 
in fertililty is much less than the reduction in oocytes; the younger the 
female, the more efficiently she may use the limited oocyte supply. 

Irradiation of the mouse and rat ovary results in earl1 and pri~ressive 
decline in the numbers of oocytes and ovarian follicles.3,l 1, 125 , 1 

In the female mouse fetus, doses of 60-80 R/day for 5 days (to total doses 
of 300-400 R) given during the late development of the ovarian tissue 
result in permanent sterility. Continuous irradiation of female mice 
with gamma rays (12.4 R/day) or with fission neutrons has shown that the 
interval between irradiation and con13Htion has a striking effect on the 
mutation frequency in the offspring. Continuous gamma irradiation 
in mice (12.4 R/day, up to approximately 175 R) from conception to day 
14 c·aused a significant shortening of the reproductive period. When female 
mice were irradiated with fission neutrons (approximately 63 rads), the 
mutation frequency was high in the first 7 weeks after exposure; after 
that, no mutations were found. 138 This appears to be due, in part, to 
the low m~tationpl sif~~tiyity of oocytes in immature follicle 
stages. 3, 45 , 125 , 138 , 4 140 Exposure early in the postnatal period 
has marked effects on fertility in females. The 1D50 of stage I 
oocytes in 10-day-old female mice is approximately 8.4 R; it is about 
5 R in slightly younger mice. Continuous gamma-ray exposure at 8.4 
R/day from birth to weaning sterilized female mice. It may be that in 
the monkey, and possibly the human, the stage of development of the ovary 
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equivalent to the early postnatal stage in the mouse occurs late 
during intrauterine fetal development. At the lower doses, im
paired fertility and fecundity were manifested as high litter 
mortality, decreased litter size, and diminished litter frequency. 
Impairment of the ovulation rate in rats appears to depend on 
radiation dose. Female fetuses exposed in utero to doses as 
high as 220 rads and then mated to unirradiated males show~d no 
significant effect on fertility or fecundity. 45,lJB,l 4J-l 46 

HUMAN STUDIES 

The reproductive cells of the human testis constitute the 
seminiferous epithelium and are subject to a proliferating-cell 
renewal system consisting of four compartments: a self-maintaining 
stem-cell compartment, a proliferating progenitor compartment 
[types Ad (A-dark),~ (A-pale), and B spermatogonia], a 
differentiating-maturing compartment [types R (resting, preleptotene), 
L (leptotene), Z (zygotene), and P (pachytene) spermatocytes], and· 
a functional end-c~ll compartment (types Sa, Sb, Sc, and Sd 
spermatids). 34, 69 , 131 The seminiferous epithelium is in a steady 
state of cell renewal; new cells are formed throughout reproductive 
life, replacing functional end cells that leave the system. In 
man, the type B spermatogonia are the most radiosensitive, and 
doses of on69 ~ f1w rads will deplete this proliferating 
population. ' O, 64 The spe rma togonia preceding type B 
(types Ad and A ) are also radiosensitive; spermatocytes are 
less radiosensi~ive, and spermatids are the most radioresistant 
of all. 

The human ovary contains the full complement of approximately 
7 million oocytes at a fetal age of approximately 5 months; later, 
the oocyte population Qndergoes physiologic attrition until meno
pause in the adult. 2, 5J The female is born with only 2 million, 
and ovulation provides only some 360-400 mature oocytes throughout 
her reproductive life. 2, 53 There is no oocyte renewal after the 
degenerative sequence progresses, and the ovary therefore lacks 
the capacity to replace damaged or lost reproductive cells after 
this time. The oocytes arrest in a preovulatory meiotic diplotene 
prophase stage, which is relatively radiosensitive in the mouse, 
but radioresistant in the human. Selection processes for cells 
damaged by radiation or other mutagens may no5 be operative until 
the cell is ovulated and later fertilized. 2, 5 

Testis 

Rowley and colleagues69 , 131 have reported the results of their 
10-yr study on the effects of acute doses of x rays on the normal 
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human testis. Sixty-seven men, aged 25-52 yr, received acute 
testicular x irradiation in doses of 8-600 rads. Most received 
single exposures; one subject was given weekly irradiations of 
5 rads for 11 weeks. The conclusions on the endocrinologic and 
cellular response include the following: There was an initial 
rise in urinary gonadotropins. There was a decrease in urinary 
testosterone coupled with a rise in plasma luteinizing hormone; 
this suggested radiation interference with Leydig-cell function. 
Spermatogonia are the most radiosensitive and spermatids the most 
radioresistant cells of the germinal-cell line. Type B spermatogonia 
are the most radiosensitive, followed by types Ad and~' whereas 
the differentiated preliptotene spermatocyte is relatively radio
resistant, in comparison with its progenitor cells. Single acute 
doses of 600 rads or less cause significant cellular damage in the 
testis; these changes are dose-dependent, with complete recovery 
after doses of 600 rads or less, and with the time until recovery 
also dose-dependent, extending up to 5 yr. 

Atomic-Bomb Survivors 

Information on impairment of fertility in man is available from 
the study of atomic-bomb survivors and from Marshallese and Japanese 
who were inadverteotly exoosed

6
to fallout during atomic-bomb testing 

in the Pacific. 15 ,~0,lOb,l4H,l 5 The data lack precision, but 
demonstrate the following: Relatively low doses can decrease produc
tion of sperm cells, but effects on-spermatogenesis are transient; the 
sterilizing dose in the male is probably much greater than about 400-500 
rads, i.e., it probably exceeds the mean lethal dose to the whole 
body. Fertility is impaired in the oocyte population only after moderately 
high doses--200-400 rads. Little is known regarding the delayed effects 
of radiation on fertility in these exposed populations, nor is there 
information on the extent of impairment, if any, in the male and female 
populatiygs78x~iffed in utero and in the F1 populations of exposed 
parents. ' ' Followup studies of the Japanese atomic-bomb 
survivors and the Marshallese women exposed to6fi!lY~s yg~e failed to 
demonstrate any long-term effect on fecundity. ' ' ' 

Radiotherapy Patients and Victims of Nuclear-Reactor Accidents 

Clinical data are available on male radiotherapy patients and 
men exij3syg during criticality accidents at nuclear-reactor installa
tions. ' 5 Careful sperm-count studies after limited partial-body 
radiation exposure have indicated that, if sterility occurs, normal 
sperm counts can return in about 1 yr after doses of lij8 figs and 
even in 3 yr after exposures in the near-lethal range. ' Acute 
whole-body exposure has not been shown to cause permanent sterility 
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in males. 165 The sterilizing dose therefore exceeds the lethal whole
body dose for acute radiation. Similarly, sterilization of the human 
testes has never been shown to 1nSijot1tio14sontinuous or fraction~ted 
(protracted) low-dose exposure. ' ' ' 

In women, radiotherapy experience has suggested that acute 
doses of 300-400 rads or slightly higher doses gfse~ ig tyg or 
three fractions result in permanent sterility. 2, , 5, 3, 5 

If fractionation is protracted over a 2-week period, much larger 
doses (possibly 1,000-2,000 rads) ~rj rt~uftsd for sterilization, 
depending on the age of the woman. ' 5, ' The ovaries of 
younger women are much less radiosensitive; permanent sterility 
is more likely as the menopause is approached. 

Conclusions 

Populations of mature spermatozoa in the human testis are 
maintained by proliferating spermatogonial stem cells. Provided 
that the dose remains below 400 rads (low-LET radiation, acute 
exposure), radiation depletion of the spermatogonial-cell population 
is only temporary, and the seminiferous epithelium is repopulated 
and regenerates from surviving and proliferating spermatogonial 
cells in the damaged tissue. Exposure much greater than this 
(perhaps by an order of magnitude) directed only at the testis 
could probably result in permanent sterility. 

Impairment of fertility can result from absorbed doses to the 
human ovary in the range of 300-400 rads (low-LET radiation, acute 
exposure), but this depends, in part, on age. Radiotherapeutic 
experience has shown that women approaching the menopause may have 
long-term impairment of fertility or permanent sterility, whereas in 
younger women only transient infertility associated with amenorrhea 
may result. This may be associated, in part, with oocyte populations, 
which decrease primarily by physiologic atresia (and to a much lesser 
extent by ovulation) with age. 

CATARACTS 

A causal involvement of radiation-induced damage of epithelial 
cells in the germinative zone of the lens in radiation cataractogenesis 
has not yet been proved. However, the available evidence from animal 
studies strongly suggests this mechanism, on the basis of the differ
entiation of the affected cells into abnormal lens fibers and the time 
coincidence between the appearance of lens opacification and the rate 
of migration of lens epithelial cells into the posterior lens cortex. 
Accumulation of aberrant cells in the posterior cortex causes alte117ion 
in the lens cytoarchitecture, resulting in a loss of transparency. 
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There is no direct evidence that lens opacification depends on the 
killing of epithelial cells in the germinative zone. The sigmoid 
cataract dose-response curves and the protective effect of partial 
lens shielding provide evidence that other factors are involved in 
radiation cataractogenesis in addition to cell-killing. 

The available data suggest a sigmoid dose-response relation-
ship with an apparent threshold for lens opacification. Threshold 
doses in man for x rays and gamma rays delivered in a single ex-
posure vary from 200 to 500 rads, whereas the threshold f9g doses 
fractionated over periods of months is around 1,000 rads. Con
tinuing observations of lens

4
chioges iu s~ryiyors of Hiroshima and 

Nagasaki have been reported. t, H,~H,ll,H 4 , 6U,lol The subjective 
nature of the lens assay techniques used by the several investigators 
involved in these studies, as well as the limited dose information, 
precludes a quantitative assessment of dose response or of the relative 
effects of fission neutrons and gamma radiation on cataract induction 
in humans. These data are, however, consistent with a sigmoid dose
response relationship in the dose range from 20 to 450 rads, with a 
dose threshold of about 200 rads or ijgeater for the induction of 
vision-impairing lens opacification. The latent period for cataract 
induction has been estimated to be some 10 months after exposure. A 
comparison of cataract incidence for all periods of observation with 
the incidence in the sample group followed for 25 yr after exposure160 
suggests the possibility of an interaction of radiation cataractogenesis 
with age, although the statistical significance of the difference in 
incidence cannot be established, owing to the above-mentioned limitations 
on the sample data. 

Data derived from an investigation of the age-related sensitivity 
to the development of radiation cataracts in the rag

9
do not support 

the hypothesis of hypersensitivity of young lenses. The minimal 
dose for the induction of cataracts and the rate of opacification 
were greater in adult than in young rat lenses in the x-ray dose 
range of 200-300 rads. In the dose range of 300-900 rads, opacities 
occurred earlier in young lenses, but the rate of progression was 
greater and severe opacities developed sooner in adult animals. At 
doses greater than 900 rads, cataracts occurred sooner and progressed 
more rapidly in young lenses. Exposure of 2- to 4-week-old lenses 
to doses of 400, 800, and 1,200 rads revealed a greater radiosensitivity 
than older or younger lenses with respect to the development of incipient 
cataracts, but the lenses of animals irradiated at these aggij were the last 
to develop complete or severe opacification at these doses. It is thus 
suggested that age-dependent factors are involved in the rate of progression 
and the extent of radiation-induced opacification, but young lenses do not 
appear to differ significantly from adult lenses in sensitivity to radiation 
cataract induction. A comparison of the incidence of cataracts in atomic
bomb survivors exposed at all ages with the incidence in persons exposed 
during infancy provides no evidence of greater susceptibility of young lenses. 160 
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Data on the effects of chronic exposure of the human lens to 
low dose rates of ionizing radiation are lacking. Detectable but 
minor degrees of lens opacification have been reported in radio
sensitive species, such as the mouse, 166 but the relationship of 
such changes to cataract formation in this or other species, such 
as man, has not been established. The incidence of minor non
vision-impairing !ens changes has been reported to increase linearly 
with age in man, 3 but such alterations have not been shown to 
be related to cataract formation. 

In general, the RBE for high-LET radiation for single cataracto
genic exposures has been found to be in the range· of 2-9, and the 
RBE for protracted exposures is assumed to be somewhat higher. A 
quality f19tor of 10 has thus been proposed for lifetime exposure of 
the lens. 

AGING 

On the basis of animal experimentation, the hypothesis has been 
advanced that radiation exposure induces premature aging, one conse
quence of which is dose-dependent life-shortening. In considering 
this hypothesis, it is necessary to define aging, a phen~,~non that 
involves a complex set of biologic alterations. Walburg has defined 
aging as a progressive loss of functional capacity in all members of 
a population after they have reached reproductive maturity, which 
leads to an increased probability of disease and death. 

The conditions under which irradiation may be regarded as being 
responsible for premature aging are as follows: 31 

• Radiation causes the force of mortality to increase more 
rapidly in exposed than in unexposed subjects without altering the 
shape of the cumulative mortality curve. 

• Exposure results in a proportionate decrease in the age of 
onset and in the time of onset of all diseases or causes of death 
that affect the control group, without altering the degree, sequence, 
or absolute incidence of the diseases and causes of death. 

• Radiation causes all the morphologic and physiologic mani
festations of the aging process to appear and develop at propor
tionately earlier chronologic ages, to degrees and rates in the 
various organs proportional to the degrees and rates in organs of 
unexposed subjects. 
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• A difficulty encountered in determining whether radiation 
exposure decreases the life span by the same mechanisms that are 
involved in natural senescence is that neither the mechanisms of 
natural senescence nor the mechanisms of radiation-induced life
shortening have yet been established. 112 Effects of radiation on 
aging have involved studies of mortality, pathology and disease 
incidence, subclinical histopathology, and physiologic and biochemical 
changes in both humans and experimental animals. 

One test of the hypothesis that radiation exposure induces 
premature aging would be the demonstration that the onset of all 
diseases is advanced to the same extent and by a factor related to 
the degree of life-span shortening. Neither the time of appearance 
nor the incidence of benign hepatomas in CBA mice was found to be 
influenced by exposure to 1,100 R, in spite of the fact that the 
occurrence of benign hepatomas is correlated with natural aging. 38 

In other investigations in which the causes of death were analyzed 
in strains of mice and the carcinogenic action of radiation was not 
the predominant cause of death, it was determined that the general 
pattern was not altered by radiation, but that it was advanced in 
time; this

9
iug~ef6Hd that radiation accelerated natural aging 

processes. ' ' The results of such studies may, however, be mis-
leading, in that they are based on postmortem examinations of animals 
that died of old age; those examinations do not generally yield re
liable information on the cause of death, unless defth was due to an 
easily detected cause, such as a tumor or leukemia. Serial killing 
and determination of the incidence of a number of diseases in 
irradiated and unirradiated control CBA male mice have revealed 
that radiation exposure produces complex patterns of late somatic 
changes in which the variations in latency, time course, and 
incidence are not consistent with the hypothesis that radiation 
advances all diseases in time and hence leads to accelerated aging. 1 

The additivity of radiation and natural senescence has not been 
demonstrated in anim~l experiments with mathematical modeling of 
mortality-rate data. 172 Lethal diseases have not been shown to be 
equally advanced by radiation; this suggests that the effects of 
such exposure are not directly equivalent to natural senescence. 94 

Although it is apparent that radiation advances the time of onset 
of some neoplastic diseases, the only nonneoplastic diseases that 
have been shown to be acceleratey

6
~y radiation are nephrosclerosis, 

9 which occurs only at high doses, and amyloid deposits in LAF 1 mice. 2 

Mortality data statisticag!Y adjusted for competing risks by the 
method of Kaplan and Meir strongly suggest that nonneoplastic 
diseases are not advanced in time in animals exposed to radiation 
at doses that result in life-span shortening of less than 15%. 112 

On the basis of an empirical estimate of~ 3-5% ted~ction in life 
span per 100 rads of whole-body exposure, 11 , 4o, 9J,lb~ no significant 
enhancement in the rate of induction of nonneoplastic diseases would 
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be anticipated at doses of less than 300 rads. Biochemical and 
physiologic studies of radiation effects on senescence phenomena-
such as changes in collagen, pigment accumulation, and neuromuscular 
function--have not proviy,~ evidence of radiation-accelerated aging 
in experimental animals. Radiation has, however, been shown to 
accelerate the development of increased interstitial fibril density 
and arteriocapillary fibrosis, p~inomena that form the basis of a 
histopathologic theory of aging. It is thus suggested that there 
are common factors in senescence and radiation-induced changes, 
but it is not known whether radiation causes fibrotic alteratioy, 
via the same mechanisms that are involved in normal senescence. 2 

Mortality studies have indicated that radiologists experience 
increased mortality rates from cardiovascular-renal diseasi?~ as 
well as from cancer, relative to other medical specialists --a 
finding that supports the hypothesis of radiation-accelerated aging. 
Cohort mortality studies of these medical specialists over a 50-yr 
period have revealed a persistent eij5e~~ mortality in radiologists 
from diseases other than neoplasia. ' The 1920-1929 cohort of 
radiologists had the highest mortality for several chronic diseases; 
subsequently, radiologists ranked highest only for cancer mortality, 
but the initialiy observed excess risk of leukemia has been found 
to be decreased in younger cohorts. However, mortality from lymphoma, 
and especially from multiple myeloma, has increased, with a significant 
excess of deaths from this cause among r~giologists who ent12,d the 
specialty between 1930 and between 1949. Radford et al., in 
contrast, have reported that ankylosing-spondylitis patients who 
were not treated with radiation have shown no significant excess 
cancer mortality, but have experienced excess mortality from the 
same nonneoplastic diseases observed in ankylosing-spondylitis 
patients treated with x radiation--findings that do not support the 
hypothesis of radiation-accelerated aging. 

The results of a continuing mortality study of atomic-bomb 
survivors of Hiroshima and Nagasaki for the period 1950-1970 have 
not revealed any consistent evidence of excess W8rtality other than 
that due to neoplasia as a result of radiation. The analysis of 
postmortem data and clinical testing and observations have provided 
no indications of accelerated aging among atomic-bomb survivors, 
with the exc~~tion of chromosomal aberrations and capillary ab-
normalities. In response to the question of the possible biasing 

130 5 effect of acute mortality on the experiencg of atomic-bomb survivors, ,lS 
with respect to late effects, Beebe et al. have reexamined the 
mortality experienc.e with tabulated information on deaths through 
September 1974. They concluded that there is some evidence that 
the selection of atomic-bomb survivors for fitness by October 1, 
1950, favorably influenced later mortality from nonneoplastic 
diseases in Hiroshima, but not in Nagasaki. Table VI-3 summarizes the 
age-specific regression estimates of absolute risk in terms of excess 
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deaths for both cities per 106 PY per rad for all diseases except 
neoplastic diseases. Because none of the dose regression estimates 
was statistically significantly greater than zero, there is no 
evidence of acgeleration in disease among survivors in any part of 
the age range. Table VI-4 indi%ates the excess deaths from all 
diseases except neoplasia per 10 PY per rad by calendar period 
and by city for the period 1950-1974. These data suggest that, 
in Hiroshima, deaths from nonneoplastic diseases during 1971-1974 
may be greater among the high-dose groups than among the low-dose 
groups, although this is not the case for the entire period of 
1950-1974. The regression estimate for the 1971-1974 period was 
significant at p = 0.05. In the highest-dose group ()100 rads) 
for this period, 99 deaths were recorded, compared with an expected 
90.6, but three of the deaths were certified as

9
being caused by 

diseases of the blood and blood-forming organs. The effect in 
Hiroshima, however, is indicated to be quite small, compared with 
other situations where the effects of selection have been well
documented, and no significant effect was detected in Nagasaki 
survivors. It is concluded that the data from the atomic-bomb 
survivors strongly suggest that the effects of ionizing radiation 
on mortality are specific, focal, and principally carcinogenic. 
There is no firm evidence that exposure to ionizing radiation causes 
premature aging in man or that the associated increased iijcidence of 
carcinogenesis is due to a general acceleration of aging. It may 
be concluded from the available data that ionizing radiation in-
duces or accelerates some but not all diseases, depending on the 
genetic susceptibility of the subject and the exposure conditions. 
For doses of less than approximately 300 rads of low-LET radiation, 
the principal mechanism of life-shortening is the induction or 
acceleration of neoplastic diseases. 172 This conclusion is essentially 
in accord with that of the International Commission on Radiological 
Protection that the evidence of life-shortening from effects other 
than tumor induction is inconclu,~ve and therefore, cannot be used 
for quantitative risk estimates. The United Nations Scientific 
Committee on the Effects of Atomic Radiation has taken a similar 
position that, with the possible exception of high-dose exposures, 
life-shortening depends almost entirely on the induction of neoplasia. 163 
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TABLE VI-3 

Excess Deaths among Atomic-gomb Survivors from all Diseases 
Except Neoplastic per 10 PY per Rad by Age in 1945, 

Both Cities, 1950-1974 

Age in 1945, Estimated Excess Deaths b Significance yr 

0-9 - 0.02 (- 1.06, 1.02) p )0.10 

10-19 0.52 (- 0.6 7, 1.72 p )0. 10 

20-34 - 1.32 (- 3. 20, 0.56) p )0.10 

35-49 3.00 ( 0.84, 6.86) p =0.10 

)50 -10.83 (-24. 64, 1. 19) p =0.10 

All ages - 0.24 (- 1.68, 1.19) p )0.10 

~:Data from Beebe et al. 9 

b Numbers in parentheses are 90% confidence limits. 
c In test for linear trend. 
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TABLE VI-4 

Excess Deaths among Atomic-Bomb sgrvivors from All Diseases 
Except Neoplastic per 10 PY per Rad, by 
Calendar Period and by City, 1950-1974 a 

Hiroshima Nagasaki 
Calendar b 

Signifi- b 
Period Estimated Excess Deaths cance c Estimated Excess Deaths 

1950-1954 -2.36 (-6.37, 1.65) p >0.10 -0. 90 (-5.64, 3.84) 

1955-1958 -2.30 (-6.83, 2.22) p >0.10 o. 16 (-5. 01, 5.33) 

1959-1962 -0.98 (-5.59, 3.61) p >0.10 -2.11 (-7.29, 3.05) 

1963-1966 1. 88 (-3.07, 6.83) p >0.10 1.63 (-3.91, 7 .17) 

1967-1970 1. 91 (-3.38, 7.21) p >0.10 -3.37 (-8. 94, 2.19) 

1971-1974 5. 66 (-0.13, 11. 45) p )0.05 1. 14 (-4. 87, 7.16) 

Total 0.14 (-1.82, 2.12) p )0.10 -0.57 (-2.76, 1. 61) 

bData from Beebe et al. 9 

90% confidence limits. Numbers in parentheses are 
cln test for linear trend. 

Signifi-
cance c 

p >0.10 

p )0.10 

p >0.10 

p >0.10 

p )0.10 

p >0.10 

p >0.10 
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ABCC: Atomic Bomb Casualty Commission (see RERF). 

Absolute risk: Expression of excess risk due to exposure as the 
arithmetic difference between the risk among those exposed 
and that obtaining in the absence of exposure. 

Absorption coefficient: Fractional decrease in intensity of a beam 
of x or gamma radiation per unit thickness (linear absorption 
coefficient), per unit mass (mass absorption coefficient), or 
per atom (atomic absorption coefficient) of absorber due to 
deposition of energy in the absorber; total absorption coefficient 
is sum of individual energy absorption processes (Compton effect, 
photoelectric effect, and pair production). 

Accelerator, particle: A device for imparting large kinetic energy to 
electrically charged particles, such as electrons, protons, 
deuterons, and helium ions; common types of particle accelerators 
are direct-voltage accelerators, cyclotrons, betatrons, and linear 
accelerators. 

Alpha particle: A charged particle emitted from atomic nucleus, with 
mass and charge equal to those of helium nucleus: two protons and 
two neutrons. 

0 

Angstrom (symbol, A): Unit of length= 10-8 cm. 

Anion: Negatively charged ion. 

ANL: Argonne National Laboratory. 

Atomic mass (symbol,µ): The mass of a neutral atom of a nuclide, 
usually expressed in atomic mass units; atomic mass unit is one
twelfth the ~ss of one neutral atom of carbon-12, equal to 
16,604 X 10-2 g. 

Attenuation: Process by which a beam of radiation is reduced in intensity 
when passing through material--combination of absorption and scattering 
processes, leading to a decrease in flux density of beam when projected 
through matter. 

Average life (mean life): Average of lives of individual atoms of a 
radioactive substance; 1.443 times radioactive half-life. 

BEAR Committee: Advisory Committee on the Biological Effects of Atomic 
Radiation (precursor of BEIR Committee). 
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BEIR Committee: Advisory Committee on the Biological Effects of Ionizing 
Radiations. 

Beta particle: Charged particle emitted from the nucleus of an atom, 
with mass and charge equal to those of an electron. 

Bone-seeker: Any compound or ion that migrates in ~he body preferential~y 
into b.pne. 

Bremsstrahlung: Secondary photon radiation produced by deceleration of 
charged particles passing through matter. 

Carrier: Nonradioactive or nonlabeled material of the same chemical 
composition as its corresponding radioactive or labeled counter
part; wheµ mixed with the corresponding radioactive or labe+ed 
material, so as to f9rm a chemically inseparable mixture, the 
carrier perm;ts chemical (and some physical) manipulation of the 
mixture with less loss of label or radioactivity than would b,e 
possible in the use of undiluted label or radioactive material. 

Cation: Posit~vely charged ion. 

Chamber, ionization: A~ instrument designed to measure quantity of 
ionizing radiation in terms of electric charge associated with 
ions produced within a defined volume. 

Cost-effectiveness: The economy with which a given task, program, or 
policy is carried out. 

Curie (abbr., Ci): Unit of activity= 3.7 X 1010 nuclear trans
formations per second. Common fractions are: 

Megacurie: One million curies (abbr., MCi). 

ijicrocurie: One-millionth of a curie (abbr., ijCi). 

Millicurie: One-thousandth of a curie (abbr., mCi). 

Nanocuri~: One-billionth of a curie (abbr., nCi), 

Picocurie: One-millionth of a microcurie (abbr., pCi). 

Decay product (synonym, daughter): A nuclide resulting from radio~ 
active disintegration of a radionuclide, formed either directly 
or as a result of successive transformations in a radioactive 
serie~; may be either radioactive or stable. 
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Decay, radioactive: Disintegration of the nucleus of an unstable 
nuclide by spontaneous emission of charged particles, photons, 
or both. 

Dose: A general term denoting the quantity of radiation or energy 
absorbed; for special purposes, must be qualified; if unqualified, 
refers to absorbed dose. 

Absorbed dose: The energy imparted to matter by ionizing radiation 
per unit mass of irradiated material at the point of interest; 
unit of absorbed dose is the rad. 

Cumulative dose: Total dose resulting from repeated exposure to 
radiation. 

Dose equivalent (abbr., DE): ~antity that expresses all kinds 
of radiation on a common scale for calculating the effective 
absorbed dose; defined as the product of the absorbed dose 
in rads and modifying factors; unit of DE is the rem. 

Genetically significant dose (abbr., GSD): The gonad dose from 
all sources of exposure that, if received by every member 
of the population, would be expected to produce the 
same total genetic effect on the population as the sum 
of the individual doses actually received; can be ex
pressed algebraically as GSD = EDiNiPi/ LNiPi' where 
Di= average gonad d9se to persons age i who receive 
x-ray examinations, Ni= number of persons in population 
of age i who receive x-ray examinations, Pi= expected 
future number of children of persons of age i, and 
Ni= number of persons in population of age i; in 1964, 
the GSD was computed to be 55 millirads per person per 
year for the United States; an estimated 55% of the 
population were receiving x rays at that time; thus, 
the average dose to those receiving medical radiation 
could be computed to be approximately 80 millirads. 

Maximal permissible dose equivalent (abbr., MPD): The 
greatest dose equivalent that a person or specified 
part shall be allowed to receive in a given period. 

Median lethal dose (abbr., MLD): 
to kill, within a specified 
in a large group of animals 
1D50• 

Dose of radiation required 
period, 50% of the individuals 
or organisms; also called 

Permissible dose: The dose of radiation that may be received 
by an individual within a specified period with expectation 
of no substantially harmful result. 
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Threshold dose: The minimal absorbed dose that will produce 
a detectable degree of any given effect. 

Doubling dose: The amount of radiation needed to double the 
natural incidence of a genetic or somatic anomaly. 

Dose fractionation: A method of administering radiation in 
which relatively small doses are given daily or at 
longer intervals. 

Dose protraction: A method of administering radiation in 
which it is delivered continuously over a relatively 
long period at low dose rate. 

Dose rate: Absorbed dose delivered per unit time. 

. -12 
Electron volt (apijr•, eV): A unit of energy= 1.6 X 10 ergs 

= 1. 6 X 10 J; 1 eV is equivalent to the energy gained by an 
electron in passing through a potential difference of 1 V. 
1 keV = 1,000 eV; 1 MeV = 1,000,000 eV. 

Exposure: A measure of the ionization produced in air by x or gamma 
radiation; the sum of electric charges on all ions of one sign 
produced in air when all electrons liberated by photons in a 
volume of air are completely stopped in air, divided by the 
mass of the air in the volume; a unit of exposure in air is the 
roentgen (abbr., R). 

Acute exposure: Radiation exposure of short duration. 

Chronic exposure: Radiation exposure of long duration, because 
of fractionation or protraction. 

Fission, nuclear: A nuclear transformation characterized by the 
splitting of a nucleus into at least two other nuclei and the 
release of a relatively large amount of energy. 

Fission products: Elements or compounds resulting from fission. 

Fission yield: The percentage of fissions leading to a particular 
nuclide. 

FDA: Food and Drug Administration. 

FRC: Federal Radiation Council. 

Fusion, nuclear: Act of coalescing of two or more nuclei. 
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Gamma ray: Short-wavelength electromagnetic radiation' of nuclear 
origin (range of energy, 10 keV to 9 MeV). 

Gram atomic weight: Mass, in grams, numerically equal to atomic 
weight of an element. 

Gram molecular weight (synonym, mole): Mass, in grams, numerically 
equal to molecular weight of a substance. 

Gram-rad: Unit of integral dose= 100 ergs. 

Gray (abbr., Gy): Proposed unit of absorbed dose of radiation= 1 J/kg 
= 100 rads. 

Half-life, biologic: Time required for the body to eliminate half 
an administered dose of any substance by regular processes of 
elimination; approximately the same for both stable and radio
active isotopes of a particular element. 

Half-life, effective: Time required for a radioactive element in an 
animal body to be diminished by 50% as a result of the combined 
action of radioactive decay and biologic elimination= [(biologic 
half-life) (radioactive half-life)]/[(biologie half-life) 
+ (radioactive half-life)]. 

Half-life, radioactive: Time required for a radioactive substance 
to lose 50% of its activity by decay. 

Incidence: The rate of occurrence of a disease within a specified 
period; usually expressed in number of cases per million per year. 

Ion: Atomic particle, atom, or chemical radical bearing an electric 
charge, either negative or positive. 

Ion exchange: 
change of 
material, 
matrix of 
of charge 

A chemical process involving reversible inter
ions between a solution and a particular solid 
such as an ion-exchange resin consisting of a 
insoluble material interspersed with fixed ions 
opposite to that in solution. 

Ionization: The process by which a neutral atom or molecule acquires 
a positive or negative charge. 

Ionization density: Number of ion pairs per unit volume. 

Ionization path (track): The trail of ion pairs produced 
by ionizing radiation in its passage through matter. 
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Primary ionization: In collision theory, the ionization 
produced by primary particles, as contrasted with 
"total ionization," which includes the "secondary 
ionization" produced by delta rays. 

Secondary ionization: Ionization produced by delta rays. 

Isotopes: Nuclides having the same number of protons in their nuclei, 
and hence the same atomic number, but differing in the number of 
neutrons, and therefore in the mass number; chemical properties of 
isotopes of a particular element are almost identical; term should 
not be used as a synonym for "nuclide." 

Kerma (Kinetic Energy Released in Material). A unit of quantity that 
represents-the kinetic energytransferred to charged particles 
by the uncharged particles per unit mass of the irradiated medium. 

Labeled compound: A compound consisting, in part, of labeled molecules; 
by observation of radioactivity or isotopic composition, this com
pound or its fragments may be followed through physical, chemical, 
or biologic processes. 

Latent period: Period of seeming inactivity between time of exposure 
of tissue to an injurious agent and response. 

LDso (radiation dose): see Dose, median lethal. 

Linear energy transfer (abbr., LET): Average amount of energy lost 
per unit of particle spur-track length. 

Low LET: Radiation characteristic of electrons, x rays, and 
gamma rays. 

High LET: Radiation characteristic of protons and fast neutrons. 
Average LET is specified to even out the effect of a particle 
that-is slowing down near the end of its path and to allow for 
the fact that secondary particles from photon or fast-neutron 
beams are not all of the same energy. 
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Mass, Energy, Average LET, Tissue 
Particle amu Charge keV keV /l,lm Penetratii'.>n, 

Electron 0.00055 -1 1 12.3 0.01 

10 2.3 1 

100 0.42 180 

1,000 0.25 5,000 

Proton 1 +l 100 90 3 

2,000 16 80 

5,000 8 350 

10,000 4 1,400 

Deuteron 2 +l 10,000 6 700 
., . 

200,000 1. 0 190,000 

Alpha 4 +2 100 260 1 

5,000 95 35 

200,000 5 200,000 

Linear hypothesis: The hypothesis that excess risk is propo~tional 
to dose. 

LSS: Life SpaIJ. Study of the Japanese atomic-bomb survivors; sample 
consists of 109,000,persons, of whom 82,000 were exposed to the 
bombs, mostly at low doses. 

Man-rem: See Person-rem~ 

-1/.m 

Maximal credible accident: The worst accident in a reactor or nuclear
energy installation that, by agreement, need be taken into account 
in deriving protective measures. 

Medical exposure: Exposure to ionizing radiation in the course of 
diagnostic or therapeutic procedures; as used in this report, 
includes: 
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1. Diagnostic radiology (e.g., x rays). 

2. Exposure to radioisotopes in nuclear medicine (e.g., iodine-131 
in thyroid treatment) 

3. Therapeutic radiation (e.g., cobalt treatment for cancer) 

4. Dental exposure. 

Micrometer (symbol, µm): -6 Unit of length= 10 m. 

Morbidity: 1. The condition of being diseased. 

2. The incidence, or prevalence, of illness in any sample. 

Neoplasm: Any new and abnormal growth, such as a tumor; "neoplastic 
disease" refers to any disease that forms tumors, whether 
malignant or benign. 

Nonstochastic: Describes effects whose severity is a function of 
dose; for these, a threshold may occur; some nonstochastic 
somatic effects are cataract induction, nonmalignant damage 
to skin, hematologic deficiencies, and impairment of fertility. 

Nuclide: A species of atom characterized by the constitution of its 
nucleus, which is specified by the number of protons (Z), number 
of neutrons (N), and energy content or, alternatively, by the 
atomic number (Z), mass number (A= N + Z), and atomic mass; to 
be regarded as a distinct nuclide, an atom must be capable of 
existing for a measurable time; thus, nuclear isomers are separate 
nuclides, whereas promptly decaying excited nuclear states and un
stable intermediates in nuclear reactions are not. 

Person-rem (synonym, man-rem): Unit of population exposure obtained 
by sunnning individual dose-equivalent values for all people in 
the population. Thus, the number of person-rems contributed by 
1 person exposed to 100 rems is equal to that contributed by 
100,000 people each exposed to 1 mrem. 

Plateau: A period of above-normal, relatively uniform incidence of 
m:>rbidity or mortal! ty in response to a given biologic insult. 

Prevalence: The number of cases of a disease in existence at a given 
time per unit population. 

Quality factor (abbr., QF): The LET-dependent factor by which absorbed 
doses are multiplied to obtain (for radiation-protection purposes) 
a quantity that expresse~ the effectiveness of an absorbed dose 
on a common scale for all kinds of ionizing radiation. 
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Rad: Unit of absorbed dose of radiation= 0.01 J/kg = 100 ergs/g. 

Radiation: 1. The emission and propagation of energy through space 
or through matter in the form of waves, such as 
electromagnetic waves, sound waves, or elastic waves. 

2. The energy propagated through space or through matter 
as waves; "radiation" or "radiant energy," when un
qualified, usually refers to electromagnetic radiation; 
commonly classified by·frequency--Hertzian, infrared, 
visible, ultraviolet, x, and gamma ray. 

3. Corpuscular emission, such as alpha and beta radiation, 
or rays of mixed or unknown type, such as cosmic radiation. 

Background radiation: Radiation arising from radioactive material 
other than that under consideration; background radiation due 
to cosmic rays and natural radioactivity is always present; 
there may also be background radiation due to the presence of 
radioactive substances in building material, etc. 

External radiation: Radiation from a source outside the body. 

Internal radiation: Radiation from a source within the body (as 
a result of deposition of radionuclides in tissue). 

Ionizing radiation: Any electromagnetic or particulate radiation 
capable of producing ions, directly or indirectly, in its 
passage through matter. 

Secondary radiation: Radiation resulting from absorption or other 
radiation in matter; may be either electromagnetic or 
particulate. 

Radiation sickness: A self-limited syndrome characterized by 
nausea, vomiting, diarrhea, and psychic depression; follows 
exposure to appreciable doses of ionizing radiation, particu
larly to the abdominal region; its mechanism is unknown, and 
there is no satisfactory remedy; usually appears a few hours 
after irradiation and may subside within a day; may be 
sufficiently severe to necessitate interrupting a treatment 
series or to incapacitate the patient. 

Radioactivity: The property of some nuclides of spontaneously emitting 
particles or gamma radiation or of emitting x radiation after 
orbital electron capture or of undergoing spontaneous fission. 
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Artificial· radioactivity: Man-made radioactivity produced by 

particle bombardment or electromagnetic irradiation. 

Natural radioactivity: The property of radioactivity exhibited 
by more than 50 naturally occurring radionuclides. 

Radioisotopes: A radioactive atomic species of an element with ~ich 
it shares almost identical chemical properties. 

Radionuclide: A radioactive- species of an atom charactefized by the 
constitut:f:on of its nucleus; in nuclear medicine, an atomic 
species emitting ionizing radiation and capable of existing for 
a meas~rable time, so that it may be used to image organs and 
tissues. 

Radiosensitivity: Relative susceptibility of ~~lls, tissues, organs, 
ai:i,d organisms to the injurious a<!tion of radiation; "radiosensi
tivity" and its antonym, "radioresistance," are used in a comp
arative sense, rather than in an absolute one. 

Ray: Alpha: Beam of helium nuclei (two protons and two neutron~). 

Beta: Beam of electrons ot positrons. 

Delta: Beam of electrori~ ejected by ionizing particles in 
passage through matter. 

Gamma: Beam of high-energy photons from radioactively decaying 
elements. 

X: Beam of mixed lower-energy photons. 

Neutron: Beam of neutrons. 

Proton: Beam of protons. 

Reactor, breed~r: A reactor that produces more fissile material than 
it consumes, i.e., has a conversion ratio greater than unity. 

Reactor, converter: A reactor that produces fissile atoms from 
fertile atoms, but has a conversion ratio less than unity. 

Reactor, nuclear: An apparatus in whic~ nuclear fission may be 
sustained in a self-supporting chain reaction. 

Recovery rate: The rate at which recovery takes place after radiation 
injury; recovery may proceed at different rates for different 
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tissues; among tissues recovering at different rates, those having 
lower rates will ultimately suffer greater damage from a series of 
s.uccessive irradiations, and this differential effect is considered 
in fractionated radiation therapy if neoplastic tissues have a 
lower recovery rate than surrounding normal structures. 

Relative biologic effectiveness (abbr., RBE): A factor used to compare 
the biologic effectiveness of absorbed radiation doses (i.e., 
rads) due to different types of ionizing radiation; more specifi
cally, the experimentally determined ratio of an absorbed dose of 
a radiation in question to the absorbed dose of a reference radia
tion required to produce an identical biologic effect in a par
ticular experimental organism or tissue; the ratio of rems to 
rads; if 1 rad of fast neutrons equaled in lethality 3.2 rads 
of kilovolt-peak (kVp) x rays, the RBE of the fast neutrons 
would be 3.2. 

Relative risk: Expression of risk due to exposure as the ratio of the 
risk among the exposed to that obtaining in the absence of exposure. 

Rem: A unit of dose equivalent= absorbed dose (in rads) times 
quality factor times distribution factor times any other 
necessary modifying factors; represents quantity of radiation 
that is equivalent--in biologic damage of a specified sort-
to 1 rad of 250-kVp x rays. 

RERF: Radiation Effects Research Foundation. Japanese foundation 
chartered by the Japanese Welfare Ministry under an agreement 
between the United States and Japan. It is the successor to the 
ABCC. 

Roentgen (abbr., R): A unit of exposure= 2.58 X 10-4 coulomb/kg of 
air. 

Sievert (abbr., Sv): Proposed unit of radiation dose equivalent 
= 100 rems. 

Sigmoid curve: S-shaped curve, often characteristic of a dose-effect 
curve in radiobiologic studies. 

Softness: A relative specification of the quality or penetrating 
power of x rays; in general, the longer the wavelength, the 
softer the radiation. 

Specific activity: Total activity of a given nuclide per gram of 
a compound, element, or radioactive nuclide. 

Stochastic: Describes effects whose probability of occurrence in an 
exposed population (rather than severity in an affected individual) 
is a direct function of dose; these effects are commonly regarded 
as having no threshold; hereditary effects are regarded as being 
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stochastic; some somatic effects, especially carcinogenesis, are 
regarded as being stochastic. 

Target theory (synonym, hit theory): A theory explaining some biologic 
effects of radiation on the basis that ionization, occurring in a 
discrete volume (the target) within the cell, directly causes a 
lesion that later results in a physio,logic response to the damage 
at that location; one, two, or more "hits" (ionizing events within 
the target) may be necessary to elicit the response. 

Thermography: A noninvasive diagnostic radiologic imaging technique 
that uses infrared radiation to picture the heat emitted by the 
surface, which characterizes the temperature distribution in the 
various underlying organs and tissues of the body. 

Threshold hypothesis: The assumption that no radiation injury occurs 
below a specified dose. 

Ultrasonography: A noninvasive diagnostic radiologic imaging technique 
that uses acoustic radiation and the acoustic properties of bio
logic structure to picture the structure and function of various 
organs and tissues of the body. 

UNSCEAR: United Nations Scientific Committee on the Effects of Atomic 
Radiation. 

Working level (abbr., WL): Any combination of radon daughters in 1 
liter of

5
air that will result in the ultimate emission of 

1. 3 X 10 MeV of potential alpha energy. 

Working-level month (abbr., WLM): Exposure resulting from inhalation 
of air with a concentration of 1 WL of radon daughters for 170 
working hours. 

X ray: Penetrating electromagnetic radiation whose wavelength is 
shorter than that of visible light; usually produced by bombarding 
a metallic target with fast electrons in a high vacuum; in nuclear 
reactions, it is customary to refer to photons originating in the 
nucleus as gamma rays, and those originating in the extranuclear 
part of the atom as x rays; sometimes called roentgen rays, after 
their discoverer, W. C. Roentgen. 
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