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INTRODUCTION

1. During the last few yecars the United Nations
Scientific Committce on the Effects of Atomic Radiation
(UNSCEAR)” has undertaken a broad review of the
sources and cffects of ionizing radiation. Nine scientific
annexes on particular subjects were issued in the
UNSCEAR 1993 Report. Two further annexes have been
completed, and these comprise the UNSCEAR 1994
Report. This is the twelfth substantive Report of the
Committee, informing the General Assembly and the
scientific and world community of its latest assess-
ments®. The two reports, 1993 and 1994, are comple-
mentary and provide a coherent summary of the
Committee’s findings and programme of work.

2. The present report and its scientific annexes were
prepared between the thirty-cighth and forty-third
sessions of the Committee. Serving as Chairman,

?  The United Nations Scientific Committee on the Effects of
Atomic Radiation was established by the General Assembly at its
tenth session, in 1955. Its terms of reference are set out in resolution
913 (X) of 3 December 1955. The Committee was originally
composed of the following Member States: Argentina, Australia,
Belgium, Brazil, Canada, Czechoslovakia, Egypt, France, India,
Japan, Mexico, Sweden, Union of Seviet Socialist Republics, United
Kingdom of Great Britain and Northern Ireland and United States
of America. The membership was subsequently enlarged by the
General Assembly in its resolution 3154 C (XXVIII) of 14
December 1973 to include the Federal Republic of Germany,
Indonesia, Peru, Poland and the Sudan. By resolution 41/62 B of 3
December 1986, the General Assembly increased the membership
of the Committee to a maximum of 21 members and invited China
to become a member.

¥ For the previous substantive reports of UNSCEAR to the
General Assembly, sce Official Records of the General Assembly,
Thirteenth Session, Supplement No. 17 (A/3838); ibid., Seventeenth
Session, Supplement No. 16 (A/S216); ibid., Nineteenth Session,
Supplement No. 14 (A/5814); ibid., Twenty-first Session, Supplement
No. 14 (A/6314 and Con.l); ibid., Twenty-fourth Session,
Supplement No. 13 (A/1613 and Corr.1); ibid., Twenty-seventh
Session, Supplement No. 25 (A/8725 and Corr.l); ibid., Thirty-
second Session, Supplement No. 40 (A/32/40); ibid., Thirty-seventh
Session, Supplement No. 45 (A/37/4S); ibid., Forty-first Session,
Supplement No. 16 (AJ41/16); ibid., Forty-third Session, Supplement
No. 45 (A#43/45) and ibid., Forty-eighth Session, Supplement No. 46
(A/48/46). These documents are referred to as the 1958, 1962, 1964,
1966, 1969, 1972, 1977, 1982, 1986, 1988 and 1993 Reports,
respectively. The 1972 Report with scientific annexes was published
as lonizing Radiation: Levels and Effects, Volume I: Levels and
Volume II: Effects (United Nations publication, Sales No. E.72.1X.17
and 18). The 1977 Report with scientific annexes was published as
Sources and Effects of lonizing Radiation (United Nations
publication, Sales No. E.77.1X.1). The 1982 Report with scientific
annexes was published as fonizing Radiation: Sources and
Biological kffects (United Nations publication, Sales No. E.82.1X.8).
‘The 1986 Report with scientific annexcs was published as Genetic
and Somatic Effects of lonizing Radiation (United Nations
publication, Sales No. 1.86.1X.9). The 1988 Report with annexes
was published as Sources, Effects and Risks of lonizing Radiation
(United Nations publication, Sales No. E.88.1X.7). The 1993 Report
with scientific anncxes was published as Sources and Effects of
Ionizing Radiation (United Nations publication, Sales No. E.94.1X 2).

Vice-chairman and Rapporteur, respectively, at these
sessions were: thirty-cighth and thirty-ninth sessions:
K Lokan (Australia), J. Maisin (Belgium) and
E. Létourncau (Canada); forticth and forty-first sessions:
J. Maisin (Belgium), E. Létourncau (Canada) and
L. Pinillos Ashton (Peru); forty-second and forty-third
sessions: E. Létourncau (Canada), L. Pinillos Ashton
(Peru) and G. Bengtsson (Sweden). The names of
members of national delegations who attended the
thirty-eighth to the forty-third sessions of the Committee
are listed in Appendix L.

3. The scientific annexes of this report were developed
at annual sessions of the Committce, based on working
papers prepared by the secretariat. The Committee wishes
to acknowledge the help and advice of a small group of
consultants, appointed by the Secretary-General, who
helped in the preparation of the material for this report
Their names are given in Appendix 11. They were respons-
ible for the preliminary reviews and cvaluations of the
technical information reccived by the Committee or
available in the open scientific literature, on which rest the
final deliberations of the Committee.

4.  The sessions of the Committee held during the
period under review were attended by representatives of
the United Nations Environment Programme (UNEP), the
World Health Organization (WHO), the International
Atomic Energy Agency (IAEA), the Intemational Com-
mission on Radiological Protection (ICRP), the Inter-
national Agency for Research on Cancer (TARC) and the
International Commission on Radiation Units and
Measurements (ICRU). The Commitice wishes to
acknowledge their contributions 1o the discussions.

5. In the present report, the Commitice summarizes the
main conclusions of the two scientific annexes, "Epi-
demiological studies of radiation carcinogenesis”™ and
"Adaptive responses to radiation in cells and organisms”.
In addition, the Committec is rcviewing the effects of
radiation on the natural environment, and although the
scientific annex has not yet been completed, a summary of
this work in progress is given.

6.  Following established practice, only the introductory
part of the report is submitted to the General Assembly.
The full UNSCEAR 1994 Report, including the scientific
annexes, will be issued as a United Nations sales publica-
tion. This practice is intended to achicve a wider distribu-
tion of the findings for the benefit of the international
scientific community. The Committce wishes to draw the
attention of the General Assembly to the fact that the main
text of the UNSCEAR 1994 Report is presented separately
from its scientific annexes simply for the sake of
convenience. It should be understood that the scientific
data contained in the annexes arc important because they
form the basis for the conclusions of the report.
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I. EPIDEMIOLOGICAL STUDIES OF RADIATION CARCINOGENESIS

7.  The Committee has paid particular attention to the
review of results of epidemiological studies of human
populations exposed to ionizing radiation, since these form
the main basis for quantifying the risks of radiation-
induced cancer in man. Several study populations are
available, including the survivors of the atomic bombings
of Hiroshima and Nagasaki, patients exposed in medical
procedures, those exposed occupationally and inhabitants
of high natural background or contaminated areas, and
these groups are the subject of continuing investigations.

8.  Estimatcs of the risks of cancer caused by radiation
cxposure were derived in the UNSCEAR 1972, 1977 and
1988 Reports and discussed in the UNSCEAR 1993
Report. Although all information was considered, the
primary estimates of risk were derived from results of the
main study population, the survivors of the atomic
bombings. An objective of the Commitiee’s present review
of this subject is to consider the large number of additional
epidemiological studies now contributing quantitative
information on the effects in humans of ionizing radiation
and to evaluate comparative risk estimates.

9. Studies of discasc in human populations must adhere
strictly to epidemiological principles in order to achieve
valid quantitative results. These include sound case
ascertainment, an appropriate comparison group, sufficient
follow-up, an accounting for confounding factors and well-
characterized dosimetry. Such epidemiological studies are
able to provide clear-cut evidence of risks for various sites
of cancer, and also to evaluatc the factors that modify
risks, following high radiation doses. However, at low
doses epidemiological studies are not able to detect and
quantify statistically significant radiation effects.

A. EFFECTS OF EXTERNAL EXPOSURES

10. The Committee has examined the epidemiological
studies that could be used to derive risk estimates from
external, sparsely ionizing (low-LET) radiation exposures
at high and low dose rates. The Committee has
summarized the main features of these studies, including
their strengths and limitations.

11.  The primary study for the estimation of risk of cancer
induction is the Life Span Study of survivors of the atomic
bombings of Hiroshima and Nagasaki. The study, which
began in 1950, compriscs a large population of all ages and
both sexes exposed to a range of doses at high dose rate.
Data on cancer mortality and new data on cancer incidence
are now available up to 1987. Since most of the original
survivors are still living, many more years of follow-up will
be necessary to determine the complete lifetime cancer occur-
rence in this population. Consequently, lifetime risk estima-
tion requires projection beyond the period of observation.

12.  Cancers for which statistically significant cxcess
risks have been determined from the Life Span Study
mortality data are leukacmia, breast, bladder, colon, liver,
lung, oesophagus, ovary, multiple myeloma and stomach.
The incidence data are broadly similar, but two of the
sites, oesophagus and multiple myeloma, do not show
significant risks. The incidence data are probably more
definitive than the mortality data. Two additional sites,
namely thyroid and skin, have significant excess incident
cancers.

13.  Studies of other radiation-exposed populations such
as cervical cancer patients, ankylosing spondylitics and
children treated for tinea capitis serve to clarify and
generally support findings from the Life Span Study.
Some also provide information on issues that cannot be
addressed by the atomic bomb survivor data, such as the
cffects of low chronic doscs, highly fractionated exposures
and variability among populations. For some sites of
cancer, including breast, leukaemia and thyroid, there are
a number of very useful results from studies other than the
Life Span Study. In gencral, there are no great disparitics
in risk estimates between the Lifc Span Study and the
other studies.

14.  Although the Comimittee has presented risk estimates
for specific sites from results of many studies, general
estimates of lifetime mortality risks for all cancers must
still be derived from the Life Span Study. For this report
the Committee has analysed the data from 1950 to 1987
and made projections to the full life-span of the population
in several ways. Using the constant relative risk model
allowing for sex and age at exposure (2 more refined
analysis than in the UNSCEAR 1988 Report), the
estimates of lifetime risk of mortality following an
exposure to 1 Sv (weighted dose) is 11% for solid
tumours and 1% for leukacmia. Using alternative
projection methods allowing for some decline in relative
risk with time (as suggested by some epidemiological
studies), lifetime risk estimates for solid tumours are 20%-
40% lower. The constant relative risk estimates in the
UNSCEAR 1988 Report were 10% for solid tumours and
1% for leukaemia at 1 Sv.

15. The Committee indicated in the UNSCEAR 1993
Report that risk estimates derived at high doses and high
dose rates should be divided by a small factor to obtain
the risk at low doses (<0.2 Sv). If a factor of 2 is used,
the risk derived from the UNSCEAR 1988 Report would
be 5% per Sv and from this report 6% per Sv for a con-
stant relative risk projection. If alternative projection
mcthods are used, however, the risk would be 4%-6% in
the Japanese population (the applicability to other popula-
tions involves some additional uncertainty). Consequently,
the use of a nominal value of 5% per Sv for mortality due
to leukacmia and solid cancers from irradiation at low
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doses for a population of all ages (4% per Sv for an adult
working population) still seems valid to the Committee.

16. 'The effects of low-LET radiation delivered at low
doses or low dose rates have been examined in studies of
occupational, natural background and environmental
exposures. Occupational studies offer the most promisc of
providing results that are statistically significant because
they are based on large populations with a range of
individual dose estimates and long periods of observation.

17.  The most comprehensive occupational study to date
involves nuclear workers in the United Kingdom. This
study reports a significant excess risk for leukaemia and a
positive, but non-significant cxcess for all cancers as a
group. A smaller study carried out in the United States
found non-significant deficits of cases among exposed
workers. In a combined analysis of these two studies, the
results of which were statistically non-significant, there
was excess incidence of leukaemia and all cancers, which
were about half the estimates for the atomic bomb
survivors. Initial findings in studies of workers in the
atomic energy programme of the former Soviet Union
with exposures of the order of several sicvert accumulated
over several years show clear excesses of cancer in the
highest dose groups broadly consistent with the levels of
risk seen in the survivors of the atomic bombings.

18. Comparisons of cancer incidence in arcas of high
and low natural radiation background have been under-
taken in China, France, Japan, Sweden, United Kingdom
and United States. None, including the largest, that in
China, has produced statistically significant associations.

19. Populations exposed to environmental releases of
radionuclides have provided litle information on risk.
However, one circumstance of special interest concerns
releases of fission products into the Techa River in the
former Soviet Union during 1948-1951. In the 28,000
people studied there was some evidence of an excess of
leukaemia not inconsistent with results derivable from the
study of the survivors of the atomic bombings.

B. EFFECTS OF INTERNAL EXPOSURES

20.  Ofthe radionuclides emitting low-LET radiation that
may cnter the body, iodine-131 is the most important,
since it is used to diagnose thyroid conditions and to treat
hyperthyroidism and thyroid carcinoma. Environmental
exposures to iodine-131 from fallout and from accidents
at nuclear installations have also occurred. lodine-131
appears to be less effective than external radiation in
causing thyroid cancer, perhaps by a factor of 3-5. More
studies are needed to clarify the possibly greater risks in
children than in adults, as indicated by external radiation
exposure. The Committee is aware of reports of thyroid
cancer incidence in locally exposed individuals following
the Chemnoby! accident and intends to examine this issue
in a future report.

21.  More denscly ionizing (high-LET) radiation expo-
sures result from alpha-particle-emitting radionuclides,
such as radon and its decay products and radium and
thorium used in medical and industrial applications. High-
LET radiation is more cffective in causing damage in
tissue than low-LET radiation. Alpha-radiation is not very
penetrating, however, so exposures occur only when the
radionuclides in air, food or water are taken into the body.
The Committec has examined the few epidemiological
studies that can provide risk estimates.

22,  Radon is an important source of exposure of the
public in houses and other buildings. The risk of lung
cancer caused from exposure to radon is derived from
studies of miners of uranjum and other minerals. There is
no consistent evidence that radon causes cancer in tissues
other than the lung. The excess incidence of lung cancer
from radon is concentrated in the period 5-14 years after
exposure and decreases with time. The risks for low and
protracted exposures are likely to be more appropriate for
applying to exposure levels experienced by the public. The
numerous studies of residential radon exposure have so far
contributed little to radon risk estimation, mainly because
of their low statistical power. Important issues that must
be addressed include the impact of confounding factors
such as smoking and arsenic-containing dusts in mines.

23. Estimates of carcinogenic risk in bone and liver have
been derived from exposures to alpha-emitling radio-
nuclides: radium-224 in the case of bone and Thorotrast,
a thorium-based x-ray contrast agent, in the case of liver.

24. Long-lived radium-226 and radium-228 at high
levels have caused bone sarcomas and carcinomas of the
paranasal sinuses in radium dial painters, and the risk
extends over the long periods in which these radionuclides
are lodged in bone. Precise risk estimates have not been
derived. No excess cancers were identified in workers
exposed to small amounts of plutonium or to uranium
dusts. Workers exposed in Russia to a combination of
external radiation and plutonium did have excess lung
cancers at the higher exposure levels.

C. OTHER RELEVANT STUDIES

25. In the last decade there were many studies of the
incidence of leukaemia near nuclear installations in the
United Kingdom following the identification of several
lecukaemia clusters. One report suggested paternal exposure
as a cause. However, in the light of more recent reports it
is unlikely that any of these clusters or excesses are due
either to environmental radiation or 1o paternal cxposure.
A possible explanation is that the excesses are due to the
spread of infection that occurs when populations from
urban and rural arcas mix. No such pattern of clusters was
found in subsequent studies around nuclear installations in
Canada, France, Germany and the United States.
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26. [Initial ecxcesses in leukaemia were observed
following a single nuclear test explosion in the United
States and, following that, explosions carried out by the
United Kingdom, but the observation seems to be due in
the first case to chance and in the second case to an
unusually low incidence in controls for the British
participants in the tests and to unusual latencies in the
cohort of New Zealand participants. No clear effect is
evident.

27. People with certain recessive hereditary diseases,
such as ataxia-telangiectasia and retinoblastoma, are
known to be sensitive to radiation exposurc and are more
likely to develop second cancers if treated with radiation.
There are indications that those who do not have the
disease but are genetic carriers may also be more sensitive
than normal individuals to cancer induction, possibly by
radiation exposurc, but studies so far are not definitive.

II. ADAPTIVE RESPONSES TO RADIATION IN CELLS AND ORGANISMS

28.  The scientific community has been aware for many
years of the possibility that low doses of radiation may
result in changes in cells and organisms, which reflects an
ability to adapt to the effects of radiation.

29. 1t has been suggested in recent years that conven-
tional estimates of the risks of stochastic effects of low
doses of ionizing radiation may have been overstated
because no allowance was made for the process referred
to as adaptation. This is the name given to the possibility
that a small prior dose of radiation may condition cells in
such a way as to stimulate cellular repair processes and
thus reduce cither the nalural incidence of malignant
conditions or the likelihood of excess malignancy being
produced by radiation.

30. There is substantial evidence that the number of
radiation-induced chromosomal aberrations and mutations
can be reduced by a small prior conditioning dose in
proliferating mammalian cells in viro and in vivo. Tt
seems likely that this effect is linked to an increased
capacity for DNA repair. While it has been observed
under specified and clearly defined conditions, it has not
been scen with all cell systems.

31. There is increasing evidence that cellular repair
mechanisms are stimulated afler radiation-induced damage.
1t has to be resolved whether these are related to increased
DNA repair. Whatever the mechanisms, they seem able to
act not only on the lesions induced by ionizing radiation
but also on at least a portion of the lesions induced by

some other toxic agents. There appears to be similar over-
lap in regard to the type of DNA damage that induccs
adaptive responsc.

32, Tt remains doubtful whether the immune system
plays any role in these processes. In the UNSCEAR 1993
Report, Annex E, "Mechanisms of radiation oncogenesis”,
the Committee concluded that the immune system may not
have a significant influence on radiation carcinogencsis
after Jow doses. In this Report, Annex B, "Adaptive
responses to radiation in cells and organisms", that
conclusion is not altered, although some transient effects
on the immune system have been identified.

33. Extensive data from animal experiments and limited
human data provide no evidence to support the view that
the adaptive response in cells decreases the incidence of
late effects such as cancer induction in humans after low
doses. However, further expcrimental studies shouid be
conducted.

34.  As to the biological plausibility of a radiation-
induced adaptive response, it is recognized that the
effectiveness of DNA repair in mammalian cells is not
absolute, The mechanisms of adaptation are likely to
coexist with the mechanisms induced by low doses that
may result in malignant transformations. An important
question, therefore, is to judge the balance between
stimulated cellular repair and residual damage. The
Committee hopes that more data will become available
and stresses that at this stage it would be premature to
draw conclusions for radiological protection purposes.

III. EFFECTS OF RADIATION ON THE NATURAL ENVIRONMENT

35. Al living organisms are exposed to radiation from
natural sources (cosmic rays and the natural radionuclides
present in all components of the terrestrial and aquatic
environmenis) and from local, regional and global
contamination arising from human activities.

36. The Committee has not previously attempted to
review the effects of radiation on plants and animals in the

environment. There is, however, a substantial body of
information that can form the basis for such a review. The
accumulation of radionuclides in plants and animals in the
environment has been considered, particularly from the
viewpoint of their transfer through food chains leading to
man but also in terms of basic physiology. These data
may be developed to provide estimates of the possible
concomitant radiation exposure.
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37.  Previous reports of the Committee have pre-
sented summaries of the extensive laboratory studies
of the effects of radiation on a variety of animals. In
addition, data on radiation effects have been obtained
from use of large, sealed sources of gamma rays in the
environment and from investigations of the effects,
actual or potential, in contaminated areas. Together,
these data may be used to assess the relative radio-
sensitivities of a wide range of organisms and the

cffects of radiation exposure on those individual
attributes (mortality, fertility, fecundity etc.) that are
essential for the maintenance of healthy natural
populations.

38.  The Committee is in the process of reviewing
these data and intends to provide a scientific assess-
ment of the impact of increased radiation exposure on
the natural environment in a future report.
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INTRODUCTION

1. The results of epidemiological investigations form
the main basis for quantifying the risks of cancer induction
in man following exposure to ionizing radiation. Many
such studies have been completed and published and many
others are in progress to cvaluate the effects of iradiation
in groups of individuals cxposed inadvertently as a result
of conditions in the workplace, at home or in the environ-
ment or because of atomic detonations or intentionally for
purposes of diagnosing or treating diseases.

2. In the UNSCEAR 1988 Report [U2] the results of
epidemiological studies were examined to derive estimates
of the risk of cancer induction from exposures to ionizing
radiation. The estimates were based primarily on the
cxtended follow-up with revised dosimetry of the life span
study of survivors of the atomic bombings of Hiroshima
and Nagasaki. The risk estimates for cancer referred speci-
fically to the Japanese population exposed to absorbed
doses of the order of 1 Gy of uniform whole-body low-

LET radiation at high dose rate. The results of other
studies were used primarily to support the principal results
derived from the life span study.

3. In this Annex further review of epidemiological
studics of radiation carcinogenesis is provided. One
objective is to review the risk estimates in the UNSCEAR
1988 Report and assess their validity in the light of new
information on all epidemiological sources. Further studics
of the survivors of the atomic bombings in Japan provide
new information on cancer incidence, mortality, dose-
response relationships, the effects of exposure in childhood
and the appropriateness of various models of radiation risk
for use in risk projection. A large number of additional
epidemiological studies are contributing quantitative or
otherwise useful information on the cffects of both high-
and low-LET ionizing radiation in human populations.
They include studies of patients exposed to radiation for
diagnostic or therapcutic purposes, studies of workers
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occupationally exposed in the nuclear industry, studies of
populations exposed to terrestrial gamma rays at varying
levels and to other environmental exposures, studies of
individuals exposed to radon in homes and other buildings,
and studies of the effects of local and global fallout from
atmospheric tests of nuclear weapons.

4. Although it has been well established that radiation
exposure afier high doses causes an increased risk of
cancer in many organs, there remain many important
questions about the effects of high-dose and high-dose-rate
cxposure compared to the effects of low-dose chronic
exposures; variation in risk with age at exposure, indivi-
dual sensitivity and cthnicity, including transferral of risk
from one population to another; changes in dose response
with time since exposure; and the joint effects of radiation
and other agents. As epidemiological data accumulate, it
is possible to carry out more detailed investigations of
these issues. Recent findings arc reviewed in this Annex.

5. The data available from epidemiological studies
allow estimates of radiation risk to be calculated. While it
would be desirable to make joint analyses of all these data,
differences in quality and lack of sufficient information in
many of the studies present great difficultics. The Com-
mittec has, however, attempted to make a comparative
study of risk estimates for specific types of cancer that can
be separately dcrived from the various studies. The types
or sites of cancer considered here include those for which
data are available from one or more studies involving
reasonably large populations with quantitative individual
or population average dose estimates. Thesc risk estimates
should be interpreted cautiously because of differences
between the various study populations, but they neverthe-
less provide a rough guide to the degree of consistency
among the various studics. As an aid in the interpretation
of the risk estimates derived here, descriptions arc pro-
vided of the naturc of the various populations considered
and of the strengths and limitations of these studies.

I. METHODOLOGICAL CONSIDERATIONS

A. THE ROLE AND LIMITATIONS
OF EPFIDEMIOLOGY

6. Among the biological effects of concem when
human beings are exposed to low doses of ionizing radia-
tion, the most important long-term effect is the possible
induction of cancer. Much can be leamed about the nature
of the cancer-induction process from laboratory experi-
ments in ccllular systems and animals. Even some insights
into the mechanism of induction may be obtained in this
way. Nevertheless, until now the most potent method of
studying radiation-induced cancer is the epidemiological
study of exposed human populations. Only epidemiology
is able to describe the types of cancer induced in humans,
their frequency as a funclion of dose and time after
exposure and the many factors, such as age and sex, that
modify their expression. Furthermore, only epidemiology
is able to quantify these responses and, as a result, derive
estimates of the risks of cancer induction as a function of
dose. As successful as epidemiology has been in contri-
buting to a broad understanding of radiation-induced
tumours in humans and the quantitative risks of the
process, it bas some inherent limitations. When the dose
is high, epidemiological studies have identified clear-cut
responses, and risk estimates for many types of cancer
have been derived and their dependencies on other factors
explored. However, when the dose is low and the effect to
be detected is very small compared with the natural
occurrence of cancer in the iradiated population, quanti-
fication of the risks is very difficult and perhaps
impossible. Additional strengths and weaknesses of
cpidemiology will be discussed further below.

7.  Epidemiological studies can provide valuable
information about the applicability to bumans of dose
response and other information suggested by data obtained
in experimental systems. Although epidemiology is not
intrinsically expected to contribute much to the overall
knowledge of radiobiological mechanisms, the many
parameters that epidemiology has established as modifying
and influencing cancer induction must neverthcless be
taken into account in any theory of the mechanisms of
action of radiation-induced cancer. Radiation epidemiology
has already contributed to general theorics of carcino-
genesis, as, for example, in breast cancer, where epidemio-
logical studies have shown that at young ages the femalc
breast is especially vulnerable to environmental insuit.

8. Some information on the carcinogenic effects of
radiation exposure is provided by clinical trials, but most
epidemiological studies of radiation effects are inherently
observational in nature. That is, they are arranged by cir-
cumstance rather than as a result of experimental design.
This means that the conditions of exposure, the study
population and the allocation of individuals to the various
exposure levels are outside the control of the rescarch
worker. In fact, the exposures are often determined for
reasons quite unconnected with the objectives of a parti-
cular epidemiological study. In the case of exposure io
jonizing radiation, exposures occur, for example, as a
result of the geographic location of an individual at a
particular time (in studies of the survivors of the atomic
bombings in Japan); the place of residence and type of
dwelling (in studies of the effects of domestic exposure to
radon and of exposure to terrestrial gamma-radiation);
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occupation (in studies of radium dial painters, uranium
miners, tin miners and workers in the nuclear industry);
medical treatment of disease (in studies of patients with
ankylosing spondylitis or cervical cancer); or simply pre-
valent medical fashion (in studics of children who received
radiotherapy for a supposedly cnlarged thymus and
children whose mothers were given x-ray examinations

during pregnancy).

9. The characteristics of epidemiological studics have
the following consequences:

(@) the effects of interest cannot always be studied
directly or with the desired precision;

(d) randomization procedures can rarely be used to
ensure the absence of undesirable systematic differ-
ences between those exposed at different levels;

(c) studies cannot usually be rcpeated at the command
of the investigator.

The observations that can be made are limited to the
effects of exposurcs that have actually occurred. For
example, while the effect of radon exposure on lung
cancer incidence in the general population is of great
interest, current risk estimates are determined only in
studies of miners with occupational exposures to radon
and its decay products. These populations consist of males
who were between the ages of 18 and 65 at the time of
exposure, and the conditions under which the exposures
were received differ markedly from those in which general
population exposurcs are received. In addition, there are
often systematic differences between those exposed at
different levels and the general population; appropriate
comparison populations arc therefore imporant. For
example, in the thyrotoxicosis study carried out in the
United States [S2], an excess of leukaemia was observed
when rates for paticnts treated with Bl were compared to
rates for the general population. However, a non-exposed
group of thyrotoxicosis paticnts was found to have leukae-
mia risks comparable to the patients treated with Bl

10. Because investigators lack control over many
important aspects of epidemiological studies, observed
associations between exposure and subsequent disease can
be distorted by the presence of factors associated with the
exposure and with the disease in the individuals studied.
Thus, an important aspect of the design and analysis of
any epidemiological study is to identify and eliminate such
distortions. Factors such as age, sex and cthnicity arc
important, easily mecasurcd determinants of disease that
should be taken into account in virtually every study
worthy of scrious consideration. Other factors, such as
cigarette smoking, socio-economic status and employment
history, are quantifiable in principle if accurate records are
available or if interviews can be carried out with cach
study participant. When such information is obtained afier
the exposure or discase diagnosis, special care must be
taken to ensure that the ascertainment is of equal quality
for exposed and unexposed individuals or for cases and
controls,

11. A common study design in radiation epidemiology
is the cohort study. In a cohort study, a fixed, well-defined
group of individuals not known to be suffering from the
discase, or diseases, of interest is enrolled and followed
forward in time. Information is collected on deaths from,
and if possible, incidences of the discases of interest in the
enrolled population. Because the discases of interest are
often rare and the effects of exposure relatively small and
because there is a need to determine how risks vary with
sex, age at exposure, time or other factors, epidemiological
cohort studies of radiation cffects need to include
thousands or even tens of thousands of individuals in the
study group, and follow-up must continue f[or years or
decades. Although prospective follow-up data are available
in many cases, most cohort studies were begun with a
retrospective review of historical data such as employment
or medical treatment records. The size of a cohort study
and, for a retrospective cohort study, its timing usually
preclude personal contact between the investigators and
individual cohort members. Thus, individual data on other
than a few basic items are rarely available. An important
element in the design of cohort studics is to ensure that the
relationship between discase rates and the exposure is not
distorted by unmeasured factors.

12.  Ttis not possible at present to determine if a specific
cancer was caused by radiation, although there are
encouraging indications that advances in molecular biology
will allow such a determination [T16, U1]. Thercfore, the
extent of radiation-induced cancer in a cohort must be
inferred by comparing similar groups with different levels
of exposure. In cohort studies this may involve the com-
parison of exposed and unexposcd groups or, ideally,
groups receiving a range of exposures. In many studies of
radiation effects it is not possible to include an unexposed
control group; therefore, inferences arc based on compari-
son of the observed number of cases to an expected
number derived from national or regional rates. While
these rates arc usually readily available for mortality, they
are much less often available for cancer incidence. Thus,
an internal comparison group is especially important for
studies of radiation-induced cancer incidence, as illustrated
by the thyrotoxicosis study mentioned above. When
national or regional rates must be used, it is desirable to
investigate, if possible, the validity of the comparison. This
was done in the British ankylosing spondylitis study by
identifying and following up roughly 1,000 individuals
with the disease who were not treated with radiation [S21).
When internal controls are available, national rates may
still be uscful as a check on the validity of the control
group and on the stability of inferences about dose effects.
This has been done in some analyses of data on survivors
of the atomic bombings in Japan [P13, P23).

13.  When it is not possible or practicable to conduct a
cohort study, case-control studics can provide valuable
information on radiation effects. The strength of a case-
control study lies in its ability to make effective use of
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data on relatively small numbers of cases and controls. In
this type of study, information is collected both on
individuals who have already developed the disease and on
disease-free controls. Controls are usually individually
matched to the cases with regard to age, sex and other
relevant factors. Case-control studies are often constructed
from within previously defined cohorts in order to allow
the use of more detailed data than could be obtained for
the full cohort. In a case-control study, inference is based
on a comparison of the level of various factors, e.g.
radiation dose, in the cases and controls. The validity of a
case-control study depends on the extent to which the
controls are truly representative of the population from
which the cases were drawn. This is not always easy to
achieve. Case-control studies are appropriate for gaining
insights into several areas in radiation ecpidemiology.
Examples include the assessment of the effect of radon
exposure in the home on lung cancer risk among people
with different smoking habits [B37, P30, S5] and of the
interactions of radiation and other risk factors for breast
cancer in the survivors of the atomic bombings in Japan
fL16] and cervical cancer patients [B20, B21].

14. An important consequence of the obscrvational
nature of epidemiology is that considerable caution must
be exercised before assuming that the relationship between
a disease and some environmental or occupational
exposurce is a causal one. Once the requirements for high
quality data and appropriaie analysis have been satisfied,
criteria for evaluating causality include the following: the
strength of the association between the disease end-point
and the presumed causative factor; the consistency of data
from a variety of studies; the existence of a dose-response
gradient; and experimental evidence that similar effects
can be produced in the laboratory. In the context of
radiation, a good example is given by lung cancer and
occupational exposurc to radon [C6]. In the late nineteenth
and early twentieth centuries, radon concentrations in the
mines of central Europe were high, and it was eventually
established that approximately 50% of the miners died
from lung cancer [M14). Elevated risks of lung cancer
werc later seen in a variety of other mining populations
exposed to high concentrations of radon, including miners
of iron ore in Sweden and Britain, fluorspar miners in
Canada and uranium miners in Canada and the United
States. A very recent analysis of 11 underground miner
studies indicates that of almost 2,700 lung cancers found
among 68,000 miners, fully 40% are attributable to radon
exposure during the miners’ working lives [L21]. Also,
some of the more detailed studies have demonstrated a
strong dose-response relationship, and similar results in
laboratory studies on rats and dogs have been available
since the 1970s. Doubts about the causality of the relation
are reduced by the observation that miners in other types
of mines, such as coal or nickel miners, which would have
been equally dusty but where levels of radon are not
increased, have been shown to have little or no increase in
the risk of lung cancer or possibly cven a decrease [A4,

G12, M14, M16]. Despite these findings, the role of dusty
conditions in the mines and especially the presence of
arsenic are not yet fully understood [C21, L17].

15. Radiation exposures of the general population
usually involve low doses delivercd gradually over time.
For example, in the UNSCEAR 1993 Report [U1], it was
estimated that the average annual effective dose to adults
from all natural sources of radiation is about 2 mSv and
that the proportion of pcople receiving an annual effective
dose in excess of 10 mSv is very low. Interest in assessing
the effects of radiation for the purposes of radiological
protection therefore centres on the effects of exposures to
a few millisievert per year. The vast sample sizes that
would be required for direct study of the cffects of such
exposures were discussed by lLand [L7] and by Goss
[G24]. That it is difficult for epidemiological studies to
provide definitive results in such circumstances becomes
evident.

16. The ability of radiation lo act as a carcinogen in
most organs and tissues of the body has been well
established by studies at much higher doses (for example,
of about 1 Sv or more, often delivered at a high dose rate)
and in which the exposure has increased cancer morbidity
rates by 40%-50% or more, i.c. studics in which the
relative risk is about 1.5. As the results of numecrous
studies discussed in this Annex illustrate, epidemiological
studies can detect and quantify effects of this magnitude
and provide useful information on the factors that affect
them, including sex and age at exposure. However, if a
study is to address lower dose exposures (0.1 Sv or less),
and if it is assumed that the response is linear in dose, the
increase in cancer risks would be only 5% or less, i.c. the
relative risk would be 1.05 or less. To have a reasonable
probability of detecting a risk (i.c. statistical power) of this
magnitude, an epidemiological study would require
thousands or even hundreds of thousands of cases of the
disease of interest among exposed subjects. Even if it were
feasible to assemble cohorts (or case series) large enough
to detect such low-dose effects, it would be difficult to
interpret any findings because other undetected small
differences between the control and exposed populations
would easily mask existing effects or induce spurious
effects of this size. In view of the lack of power of most
studies to detect low-dose effects, it should be recognized
that the failure of a particular study to demonstrate an
effect (positive or negative) at low doses is not necessarily
an indication that such effects do not exist. Furthcrmore,
the fact that epidemiological studies lack the power to
detect the small effects that might be seen at low doses
does not mean that they provide no information on low-
dose effects. Such studies can often provide upper limits
for the magnitude of the risk. Also, it is important to note
that epidemiological studies have been quite successful in
detecting the effects of radiation exposure in sensitive
subgroups of the population, ¢.g. prenatal exposure to x
rays with exposures of about 0.01 Gy and childhood
thyroid cancer at doses of roughly 0.1 Gy.
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17. 'The term “statistical power" is relevant to the issue
of significant results from radiation studies, especially low-
dose studies. Statistical power depends on the sample size,
the length of foliow-up, the method of analysis and the
average dose to which the group is exposed. The follow-
up must extend for a substantial period beyond the latency
period, which is the time between the exposure and the
occurrence of disease. When doses are low (<0.2 Sv), the
sample size must be very large in order to detect a small
effect, as noted above [G24, L7].

18. Tt would seem that, for the foresceable future, the
important questions in epidemiology — the effect of
fractionated low-dose exposures, the temporal pattern of
the effect in a population, the relative magnitude of the
effect among those exposed at different ages and the joint
effect of radiation and other agents — must continue to be
cvaluated from studies on effects at high doses, with
supporting laboratory experiments to guide the extra-
polation from high to low doses. Nevertheless, it is
cssential that human populations exposed at lower doses
be monitored to ensure that extrapolation from the results
of studies on effects at high doses has not given risk
estimates that arc inappropriate. The most suitable groups
for study in this way are those in which some individuals
have exposurcs higher than those received by most
members of the public from natural radiation or common
diagnostic medical procedures. Examples of such groups
include radiation workers and people living in arcas with
high indoor radon concentrations. Studies of the geo-
graphical variation in mortality with exposure to sources
such as terrestrial gamma-radiation and radon are in
principle also important. However, in practice it is difficult
to interpret such studies owing to problems in obtaining
adequate exposurce data and in allowing for socio-ccono-
mic and other factors that may influence discasc rates to
a greater extent than the variation in radiation exposures.

19. The interpretation of results from studies of popula-
tions exposed to low levels of radiation presents many
problems. Incvitably, the studies will tend to be negative
in the sense that major potential effects, such as the
association between exposure and leukaemia rates may not
reach statistical significance. However, they may still be of
great value in so far as they provide upper bounds to the
risk in situations of practical interest. Also, if several
similar studies can be carried out, as is at present happen-
ing with studies of radiation workers and residential radon
exposures, it may be possible to combine results, making
it easier to quantify an effect.

20. There is still another consequence of studying
populations exposed to low levels of radiation: if a large
number of significance tests are carried out, some findings
will reach nominal statistical significance purely by
chance. To minimize the difficulties of interpretation in
such situations, it is important to clearly specity which of
the many hypotheses tested were of special interest a

priori and which were singled out after the event. For
example, in 1982 Smith and Doll [S13] reported a large,
statistically significant standardized mortality ratio (SMR)
for tumours of the central nervous system other than those
of the brain among British patients who received radio-
therapy for ankylosing spondylitis. With additional follow-
up, however, the magnitude of this risk estimate decreased
markedly, and the statistical significance of the effect
disappeared [DS5]. Similarly, carlier analyses reported
statistically significant increased risks of multiple mycloma
in survivors of the atomic bombings [S7] and in workers
at the Hanford plant [G20]. However, in the life span
study incidence data [P33] in which roughly 50% more
cases are reviewed, evidence for increased myeloma risks
in the cohort is weak and, in any case, the risk is likely to
be much smaller than suggested in the earlier reports. A
recent report on the Hanford workers [G16] reports lower
risks that are no longer statistically significant.

21. The above discussion is formulated largely in terms
of montality and thus ignores the fact that some radiation-
induced cancers arc not fatal. The difference between
incidence and mortality is sometimes small, as, for
example, in cancers at sites such as the stomach, liver or
pancreas or in adult leukaemia, which have low (<20%)
relative survival rates. (The relative survival rate is the
ratio of the probability of surviving for a fixed period,
usually five years, after diagnosis to the survival probabi-
lity in the general population [J6].) However, mortality
data cannot be expected to provide complete or reliable
risk estimates for sites with high relative survival rates,
since such cancers are unlikely to be listed as the cause of
death. Examples of cancers that have relative survival rates
greater than 50% include thyroid, melanoma and non-
mclanoma skin cancers, female breast, uterine corpus,
prostate and urinary bladder [M29]. The issue of incidence
versus mortality is further complicated by the fact that
survival rates vary widely from country to country (sce
Table 1) and by the fact that they vary with time within
single countries for many reasons, including improvements
in medical therapy (see, for example, [H30]).

22.  Since many countries do not have general population
cancer registries and radiation-cxposed populations are not
usually included in existing cancer registries, it is difficult
1o carry out incidence studies of radiation effects. How-
ever, despite the difficulties a number of important
incidence studies are now available. These include the
registry-based cervical cancer cohort -and case-control
studies [B12, B21], survey-based studies of breast cancer
among women exposed to radiation for the treatment or
diagnosis of various medical conditions [BI, B18, B31,
M19, S9], analyses of breast cancer and, most recently, a
series of general analyses of cancer-registry-based inci-
dence data on the survivors of the atomic bombings in
Japan [P33, T15]. As has been noted by Hoel and Dinse
[H29], it is possible to construct models for cancer
incidence at some sites by combining data on morality
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following radiation exposurc with case-fatality data.
However, these methods appear to be of limited utility as
they require data on the time from diagnosis to death.

23. Doll and Peto [D19] discussed other issues related
to the strengths and weaknesses of epidemiological studies.
By the nature of epidemiological studics, the contribution
of any single study, however cxcellent, is much more
limited than that of an cxperimental study. Firm con-
clusions can be drawn only when a number of studies
carried out in different circumstances provide similar
results. Accordingly, it is especially important in this field
to carry out critical reviews of all the relevant studies from
time fo time, and to attempt to integrate the available
information into a meaningful composite.

B. QUALITY OF DATA

24. Careful atiention to data quality is important in the
conduct, interpretation and comparison of epidemiological
studies. There are many factors that can affect the quality
of the data in studies of populations exposed to radiation.
These include incomplete follow-up or exposure-related
differences in the completeness of follow-up; recall bias in
the ascertainment of exposure information; and compara-
bility of the exposed and control groups. In addition, when
moving beyond simple ascertainment of the existence of
an cffect to more precise quantitative descriptions of the
effect, there must be a good understanding of the naturc
and quality of the dosimetric data. In comparing the results
of different studics or in applying risks from one popula-
tion to another, in addition to all these factors that might
affect the data quality, it is necessary to consider carefully
other factors, such as the comparability of the populations
under consideration with respect to age, sex, ethnicity,
smoking, diet and possible specific demographic factors.

25.  In cohort studics it is essential either to ensure that
the follow-up is virtually complete and that all relevant
occurrences of disease in the enrolled population have
been identified or to understand the nature of incomplete
follow-up and adjust for it. It is particularly important to
obtain and make use of information on migration or loss
to follow-up. Obtaining complete follow-up is generally
much casier for mortality data than for incidence data. For
example, in Japan the compulsory system of family
registration (koseki) makes it possible to obtain death
certificates for virtually all deceascd members of the
atomic bomb survivor cohort, while cancer incidence data
are generally available only for survivors who reside in the
areas covered by the Hiroshima and Nagasaki tumour
registries at the time of diagnosis. In mortality analyses,
koseki information on emigration from Japan is available
and is used to identify people who are lost to follow-up.
As will be described later, special measures were taken to
allow for the effects of migration in analyses of the data
on cancer incidence in the survivors of the atomic bomb-

ings. In some places (c.g. the Nordic countries), long-
standing national cancer incidence registries exist, and
cancer ascertainment is facilitated by record linkage
procedures based on personal identification numbers,

26. Even when good sources of follow-up data are
available, one must be concerned about the quality of the
data and their interpretation. For example, the general
underreporting of cancer on death certificates, which may
be age-dependent, means that although rcasonable
estimates can be made of relative risks, absolute risks are
underestimated from death certificate diagnoses. In site-
specific  analyses, especially those based on death
certificates, the misclassification of cancer types on the
death certificate (mainly underrcporting of cancer) can also
affect risk estimates. Sposto et al. [S66] investigated the
impact of cancer/non-cancer misclassification and found
that after allowing for cancer recorded as non-cancer and
vice versa, cancer risk estimates from the life span study
should be increased by more than 10% relative to
estimates that ignore the cffect of these recording errors.

27. Another concern in the conduct of epidemiological
studies involves the comparability of the exposed and
control groups. This is particularly important when an
exposed population rate is compared to general population
rates, in which case the availability of valid appropriate
population rates is critical. The so-called "hcalthy worker”
effect [H44], in which workers tend to have lower
mortality rates for cancer and for other diseases than the
general population cspecially in the first few years after
selection for employment, is onc illustration of this
problem. The healthy worker effect is only one aspect of
the general problem of comparability of rates in any
selected cohort to rates for a general population. Cause-
specific death or incidence rates can also exhibit great
variability within the general population for reasons other
than employment status. Thus, when making comparisons
to general population rates it is important, whenever
possible, to emphasize relative risks and trend tests rather
than to focus simply on standardized mortality ratios. Even
if an unexposed internal comparison group is available,
there must be concern for the appropriateness of the
comparisons being made and any unusual features of the
control population.

28. Tt is also essential to avoid bias due to differing
probabilities of disease or to differing exposure detection
between exposed and unexposed individuals. Detection
bias can be a serious problem for some outcomes (if, for
example, survceillance is increased as a result of concern
about radiation exposures). As a result, many occult cases
that would otherwise go undetected may be diagnosed, as
happens, for example, in the detection of thyroid cancer
with enhanced screening procedures.

29. Another concern involves biases resulting from
exposures that may have taken place because of symptoms



18 UNSCEAR 1994 REPORT

of a subsequent discase or from differential recall of
exposure for cases and controls. As an cxample of the
former, the clevated risk of neoplasms other than
leukaemia or colon cancer scen in the first five years after
treatment in the British ankylosing spondylitis study is
discounted by the authors because "some of the tumours
presenting soon after treatment may have caused the
symptoms that were incorrectly ascribed to spondylitis”
[D6]. The possibility of recall bias was raised in criticisms
of the initial studics of prenatal radiation: it was felt that
parents of cases might have been more likely to report
prenatal x-ray examinations than parents of controls.

30. The important issue of adequate statistical power
was discussed in the preceding Section. Indeed, it is well
known that epidemiological studies are problematic when
the effects being studied are much less than half the
normal baseline risk. Thus, increasing power by increasing
the sample size is unlikely to provide reliable estimates of
risk at low doses and low effect levels, because of the
possible presence of competing or confounding risk factors
that might safcly be ignored at high doses and effect
levels. There may well be unknown factors that increase
or decreasc risk by a few percentage points, i.c. near the
level of cffect in a low-dose study. Such factors will not
have come to attention carlier because they seldom if ever
are present at levels high enough to be apparent in an
cxploratory study of modest size, and they might be
confounded with cxposure to low doses of radiation. The
problem can be addressed by increasing the amount of
information on cach study subject, but that solution can be
very expensive for a large study, and it would be guided
by very little prior information.

31.  Arclated question concerns the influence of chance
in statistical observations in studies in which multiple
comparisons are made. If, for example, tests of signifi-
cance are conducted at the 5% level for a series of com-
parisons between control and exposed groups, 5% (1 in
20) of the tests will result in an apparent difference due to
chance alone. Thus, in a study involving many such com-
parisons (e.g. in a low-dose cnvironmental study with
many different cancer end-points cvaluated) erroneous
positive or negative results are likely to occur with a
frequency that depends on the level of significance in the
test.

32. The Commitice notes that reliance on studies that
have demonstrated statistically significant effects can be
misleading. First, journals arc more likely to publish (and
authors morc likely to report) studies that have some
statistically significant resull. Secondly, point estimates of
risks for statistically significant cffects are, especially for
small studies, biased upward and can be misleading if not
put in the conlext of other results. In addition, since
epidemiological studics of radiation effects cannot usually
be designed to ensure adequate power to detect effects, the
ranges of risk estimates [rom positive and negative studies
can provide useful information on risk.

33, In cpidemiological studies of radiation effects,
suitable measurements of individual doses made at the
time of exposure arc usually unavailable. In such cases
estimates are developed by reconstructing the radiation
fields based on theoretical constructs or computational
models of the original exposures (e.g. the life span study)
or by camrying out post hoc measurements for representa-
tive exposures belicved to be comparable to those that
occurred originally (c.g. the tinca capitis study in Israel).
Dose estimates may be assigned to groups of subjects
believed to have been exposed under comparable condi-
tions or, as was done for the ankylosing spondylitis study
in the United Kingdom, individual dose estimates
computed for a sample of subjects may have been used to
estimate population-average doses to selected organs.
These estimates were more accurate for some organs than
for others. More precise estimates of organ dose were
possible in the cervical cancer study [B21] and in the
study of benign gynaecological disease [I8] Average
organ doses must be used with caution when the nature of
the exposure varies widely between subjects, Even when
individual monitoring measurements are available, as for
cxample in many studies of nuclear workers, there are
often questions about adequacy and completeness, since
the data were collected for purposes other than the study
of radiation cffects and may not exactly suit the needs of
an epidemiological study. Furthermore, the derivation of
organ doses from personal monitoring measurements is
subject to some uncertaintics owing to the nature of the
cxposure and the orientation of the individual in the
radiation ficld.

34, In epidemiological studies whose sole aim is the
simple identification of an effect, such as cancer, with a
causative agent, such as radiation, it can be sufficient to
distinguish between exposed and unexposed individuals,
ie. a precise knowledge of individual exposure levels is
not critical. However, in more quantitative studies, in
which the goal is to provide an cstimate of the dose-
response function, the quality of the dosimetric data is as
important as the quantity and quality of the data on the
outcome of interest

35. The impact of crrors in dosimetry has been
examined most extensively for the data of the life span
study of survivors of the atomic bombings. Jablon [J1],
who first considered this problem, concluded that un-
certainties in the data on location and shielding for
individual survivors would lcad to crrors of 35%-40% in
individual dose estimates (T65D dosimetry system), Using
data on discrete symptoms such as epilation and bleeding,
Gilbert and Ohara [G10] found evidence of cither system-
atic differences or differing amounts of random error in
the methods used to construct the T65D dose estimates.
Gilbert’s rtesults supported average crrors in individual
dose estimates comparable to those noted by Jablon.
Following revision of the dosimetry (to DS86) for the
survivars of the atomic bombings in Japan [R22], several
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studies have examined the nature of random ermors in
individual dosc estimates. Pierce et al. [P9, P31] developed
methods to adjust risk estimates for the biases resulting
from random errors in individual dose estimates. They
concluded that random crrors of 30%-40% can lead to risk
estimates for solid cancers that are 7%-11% lower and risk
estimates for leukaemia that are 4%-7% lower than they
would be if "true" doses could be used in risk estimation.
Thus, to correct for this effect, risk estimates would need
to be increased by those amounts. Stram et al. [S22] found
that for the same estimated doses epilation rates differed
very significantdy by shielding category. Sposto et al.
[S55] compared chromosome aberration dose-response
curves for epilators and non-epilators and concluded that
40%-50% random errors in individual DS86 dose
estimates would be needed to explain the observed stceper
slope seen for survivors who reported severe cpilation.

36. The studies just noted have focused on random
errors in individual dose estimates and the impact of such
crrors on risk estimates. They do not deal with possible
systematic errors in the DS86 dosimetry, such as those
described by Straume et al. [S56], which are discussed
later (paragraphs 156-158). The attention is given to the
impact of dose errors in the data on survivors of the
atornic bombings does not imply that the dose estimates
are worse than those in other studies of radiation effects;
rather, it reflects the availability of a large amount of data
on individual survivors and the concern of those involved
in the Japanese studies to provide a thorough summary of
the strengths and limitations of the data.

37. The quality of the dosimetry has also been cxamined
for some other studics of radiation-exposcd populations.
For example, in a study of the estimated radiation doses to
12 bone marrow sites and various other organs of anky-
losing spondylitis patients treated in the United Kingdom
with x rays, Lewis ct al. [L6] compared the mean marrow
doses obtained from the Monte Carlo calculations with
those obtained from experiments on a physical phantom.
Although the results obtained using the two methods were
very highly correlated, the Monte Carlo estimates were, on
average, 19% higher. The most likely explanations for the
difference are the different distributions of energies in the
primary photon beam and the different compositions ol
bone marrow used in the two studics. The results of Lewis
et al. suggest that the coefficient of variation, i.ec. the
standard deviation divided by the mean, for individual
dose estimales ranges from 10% for organs close to the
beam to about 50% for less directly exposed organs. More
recently, Stovall et al. [S18] described efforts to
reconstruct doses for medical cxposures. Dose estimates
developed by Stovall et al. are used in a number of
cpidemiological studies.

38. Better descriptions of the uncertainties in individual
dose estimates are needed in most studies of radiation
effects. The fact that such issues arc not addressed in the

presentation of results of a specific study should not be
taken as an indication that the dose estimates are parti-
cularly accurate or that uncertainties in individual dose
estimates would have a negligible impact on the reported
risk estimates.

C. METHODS OF DATA ANALYSIS

39. The analysis of epidemiological studies should
involve life-table methods to fit regression models that
take into account sex- and age-specific death or incidence
rates and any other factors influencing disease incidence
that may be correlated with cxposure and for which data
are available. Statistical methods were summarized by
Breslow and Day [B28, B29), and modeiling issues in the
context of epidemiological studies of radiation effects were
discussed by Preston [P32] and Vaeth [V12],

40. For the most part, the questions of interest in the
analysis of studies of the effects of radiation in persons
known to have been exposed to appreciable doses have
gone beyond answering the basic question of whether
there is an association between cxposure and disease.
Interest now centres on issues of a more complex nature,
such as the magnitude and duration of any effects, and the
variation in risk among those exposed at different ages.
For many studies data are now available to address these
questions, at least in part. However, correct inferences can
be made only if they are based on models that accuratcly
reflect the variation in disease rates indicated by the data.
If inappropriate or oversimplified models are used, highly
misleading inferences can be made. For example, when
the annual change in the excess relative risk of non-
leukaemia cancer mortality among survivors of the atomic
bombings in Japan aficr 1960 was calculated ignoring the
effect of age at exposure, the excess relative risk was
found to be increasing at 3.5% per year. However, when
it was calculated adjusting for the effect of age at
exposure, the excess relative risk was found i be
decreasing slightly [S7].

4]. TIn presenting the results of specific studies,
investigators usually focus on relatively simple descriptive
statistics or models of the experience of the study popula-
ton. The results may average over or adjust for differ-
ences in the study population, such as age and sex, and
may include extrapolation and projection to extend risk
estimates to lifetime experience. To make results under-
standable and to aliow comparisons to be made with other
studies, it is necessary to give some attention to the
definition and use of the risk estimates.

42. Radiation effects are usually described in terms of
various simple measures of the excess risk. The most
commonly used summary statistics are relative and
absolute risk estimates. In simple terms, if O is the
number of events observed in a population and E is the
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number of events expected in the population in the
absence of exposure, the relative risk (RR) is defined as

_0
RR = 1)

and the excess risk (ER) is defined as

ER =O-E 2
When comparing relative risks or presenting risks per unit
dose, as described below, it is preferable to summarize
results in terms of the excess relative risk (ERR), defined as
ERR = Q-1 =92 3)
E E
instead of the relative risk. In order to compare estimates
derived from populations with di(ferent levels of exposure,
it is useful to work with risks per unit dose, called risk
coefficients. Thus, if D is the average dose received by an
exposed population, the lincar excess relative risk
coefficient is defined as

ERR = 2°E Q)
ED

The term dose and the symbol D are used in a general
sense to represent absorbed dose (in gray) or weighted
dose (in sievert) with neutron RBE = 10, for the atomic
bomb survivors (sce paragraph 64). Both quantitics
determined in equations (3) and (4) are commonly referred
to as excess relative risk, the context making clear the
distinction. To compute roughly comparable values for the
excess risk in different studies it is necessary to consider
both the dose and the amount of follow-up time. This is
often done through the use of the excess absolute risk
(EAR) per unit dose and per unit time at risk:

-0F 6)
PY D
where PY is the number of person-years of follow-up.

43. A varicly of methods arc used for computing the
expected numbers of cases used in the above definitions.
It is common practice in epidemiology to allow for the
effects of age, sex and other characteristics of the study
population when computing the expected numbers of
cases. Estimates that are computed allowing for such
effects arc called adjusted risks. However, when (as
current data on radiation effects suggest) excess risks vary
with age at exposure, sex or follow-up time, the summary
statistics defined above are weighted averages involving an
implicit weighting that depends on the composition of the
population, with the largest weight being given to groups
that have the largest number of cases. This means, for
example, that the risk estimates generally cited {or the life
span study, which were used as the basis for many
calculations in the UNSCEAR 1988 Report [U2], are
heavily influcnced by the experience of the older survivors
and that, owing lo the nature ol the study, risks for

persons exposed as young adults contribute relatively little,
When excess relative risks of cancers other than leukaemia
from the life span study are computed by averaging risk
estimates for a small number of groupings of age at
exposure and sex using cqual weights, the resulting excess
relative risks are about 50% greater than the usual age-
averaged estimate that gives the greatest weight to the
older members of the cohort [P3]. Since the age-averaged
summary risk estimates depend heavily on the demo-
graphics of the population on which they were based,
similarities or differcnces in such simple average risk
estimates should be interpreted with caution,

44. ‘The most common approach to exploring variation
in the risks of radiation-induced disease is to camry out
separale analyses of subsets of the full data set. Examples
include analyses of subsets defined by sex, age at expo-
sure or time since cxposure. In a subset analysis, a simple
summary measurc is computed, and separate tests of the
null hypothesis of no excess risk are carried out for each
subsct. Such analyses tend to promote overreliance on sig-
nificance tests and overinterpretation of sampling errors.
Modern analytical methods and softwarc make it easy to
carry out generalized regression analyses that emphasize
tests for heterogeneity in response functions, e.g. that
determine whether or not risks differ significantly by age
at exposure or scx and that estimate the size of the
differences [P35]. These methods can be usefully employed
even in studies without individual dose estimates.

45. In many studies, excess cancer believed to be
associated with radiation is reported without regard to
dose, usually because of the poor quality of individual
dose estimates. Summarizing risks in this way compli-
cates the comparison of results from different studies,
since such comparisons are of litte use in understanding
the magnitude and nature of radiation risks. When
dosimetric data are available and linear risk estimates are
deemed to be appropriate, the risk per unit dose should be
presented. When non-linear dose functions are used, they
should be described clearly and accompanied by evidence
for a lack of fit of the linear model. Any presentation of
risks should be accompanied by a clear indication of the
nature and quality of the dose estimates used.

46. In considering the risk of radiation-induced cancer
projected in time, it is common to make use of what arc
often referred to as lifetime risk estimates. Several studies
[P11, T14] have examined the definition, interpretation and
presentation of lifetime risk cstimates. Three principles can
be identified that underlie the computation of lifetime
risks:

(3) independence of the follow-up period in the studies
contributing information;

(b) rccognition of the impact of cultural and
environmental  differences such as smoking on
normally occurring cancer rates;
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(c) allowance, as nccessary, for the modifying effects
on radiation risks of sex and age at exposure.

47. The first principle, stated in (a), concerns what is
called risk projection. Few epidemiological studics of
radiation carcinogenesis have more than 40-50 years of
follow-up information, so it is inevitable that the calcula-
tion of lifetime risks involves extrapolation beyond the
time period covered by most studies, especially for persons
exposed early in life. When presenting lifetime risks it is
important to indicate explicitly the approach taken and the
effects of projection beyond the period covered by the data
on which the underlying risk models are based. In several
reports, including the UNSCEAR 1988 Report [U2], the
projection effects were assessed by comparing lifctime
risks calculated for constant absolute risk models with
those calculated for constant relative risk models. Since
constant absolute risk models no longer appear to
adequately describe the variation in risk of radiation-
induced cancer with time, this comparison does not
provide useful information on the effects of risk projection,

48.  The principle stated in (b) involves using descriptions
of risk estimated for one population to predict what might
be seen in a population with different site-specific cancer
rates. Extensive data on the variation in cancer rates around
the world have been presented by the International Agency
for Research on Cancer [M17, P10]. Some cxamples of
high and low cancer rafes in various populations are given
in Table 1, from which it can be seen that site-specific
cancer rates can differ by as much as two orders of
magnitude, as do, for example, rates for nasopharyngeal
cancer, and that such great differences are not uncommon.
While some of the differences are due in part to reporting
methods, they also undoubtedly reflect real differences in
incidence rates. Of particular interest is the contrast between
rates for cancers of the stomach, lung and breast in the
population of the whole of Japan and in the populations of
some countries, particularly western  oncs.  Although
Japanese stomach cancer annual rates have been falling in
recent years, they are still much greater than those in
westemn Europe or the United States (50-60 per 100,000 per
year compared to 6-10 per 100,000 per year). Stomach
cancer rates in the Russian Federation and other parts of the
former Sovict Union average 40 per 100,000 per year but
arc quite variable across the country. On the other hand,
despite the fact that breast cancer rates in Japanese women
(about 25 per 100,000 per year) arc increasing, they are still
less than half those in Europe and the United States (55-90
per 100,000 per year). Lung cancer rates also tend 1o be
lower in Japan (25 per 100,000 per year) than in many
other countries (40-60 per 100,000 per year). The
differences reflect variation in the levels of exposures to
carcinogens other than radiation and, in some cases,
variation in the susceptibility of different ethnic groups.

49.  Such differences in background rates of cancer raise
questions about the applicability of risk estimates to a

population other than the one for which they were derived.
Modern analytical methods allow the development of
time-dependent models for excess absolute or relative risks
that provide comparable descriptions of the current data
for a specific population, but they can lcad to different
lifetime risk estimates when applied to populations with
different cancer incidence. Despite the large number of
studies of radiation and cancer in humans, it is still unclear
how best to transfer risk estimates to different populations.
This issue is discussed further in Chapter II.

50. The calculation of lifetime risks requires a set of
normally occurring death rates from all causes and from
the specific causes of interest for models of radiation
effects. These are usually cross-sectional rates, i.e. rates for
a specific year or averages over a limited number of
consecutive years, for a specific national or international
population. Since radiation-induced cancer risks vary with
age at exposure and sex, the basic calculations are carried
out for each age at exposure and sex. The resulting
estimates arc then averaged with respect to the population
of interest, e.g. the current population of Japan. While
lifetime risk estimates provide a convenicnt summary of
radiation cffects, it should be noted that cancer rates
change with time. The lifetime risks are not therefore
estimatcs of what would be expected in either the
population(s) from which the risk models were developed
or in the populations used to obtain the background rates
for the lifetime risk computations.

51. In the UNSCEAR 1988 Report [U2] the primary
measure of lifetime detriment was the risk that an
individual would die from a cancer that arose owing to the
exposure in question. In this Annex the term "risk of
exposure-induced death” (REID) is used for this quantity.
For an instantancous dose D to the whole body or to an
organ at age e, the lifetime risk of exposure-induced death
from cause c (all cancers or a single cancer) is given by

REID (D,c) = f [m.@De) - ()

- m(a)] S(:ID,e) da

where m (a|D.¢) and m (a) are the death rates from cause
c at attained age a, with and without, respectively,
instantaneous exposure to total dose D at age ¢, and where
S(alD,e) is the probability that the individual survives to
age a given that he or she was alive and received total
dose D at age c.

52. The risk of exposurc-induced death is not the only
measure of lifetime detriment that can be used. Indeed, a
different measure, the excess lifctime risk (ELR), has been
used by the BEIR IV and BEIR V Committees [C6, C12).
The excess lifetime risk is the increase in the lifetime risk
of the cancer in question experienced by an individual as
a result of the specific exposure. For instantaneous
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exposure to a dose D at age ¢, the excess lifetime risk for
cause ¢ is given by

ELR (D) = f m,(a|D,c) S(aD,¢)da "o

c
-4

- J‘ m_(a) S(aje)da

[

where S(afe) is the probability that an individual survives
to age a given that he or she was alive at age ¢ and the
other quantities are the same as in the definition of REID.

53. Although both the REID and the ELR are useful
summaries of lifetime detriment, they measure slightly
different quantitics. The risk of exposure-induced death
can be interpreted as the risk that an individual will die
from a cancer that has been caused by the exposure in
question, while the excess lifetime risk is the difference
between the proportion of people dying of cause ¢ in an
exposed population and the proportion dying of this cause
in an otherwise identical, but unexposed, population. The
difference between the REID and the ELR concerns the
counting of cases who would have dicd of cause ¢ in the
absence of exposure but who dic of this cause at an earlier
date following exposure. Such cases contribute to the risk
of exposure-induced death but are ignored in the excess
lifetime risk [T14]. The ratio of the ELR to the REID is
approximately cqual to (1 - B), where B, is the lifctime
risk for all exposurc-induced causes among unexposed
persons [V4]. This implies that if onc considers lifetime
risk for all cancers combined, the excess lifetime risk will
be 15%-20% less than the risk of exposure-induced death,
since the lifetime risk of dying of cancer is about 15%-
20% in most populations.

54. The excess lifetime risk has some possibly
undesirable propertics, all of which are related to the fact
that an exposure that increases an individual’s chance of
dying from one cause necessarily decreases his or her
chance of dying from other causes. Thus the excess
lifetime risk can be negative, even if the exposure
increases the risk of cause c, if it increases the risk of
other causes even more. If an exposure increases the risk
of all causes of death to the same extent, then the excess
lifetime risk for any cause would be zero. Individuals
would then die sooner, but the distribution of causes of
death would be unchanged. On the other hand, an
advantage of the cxcess lifetime risk over the risk of
exposure-induced death is that it has a more dircct
interpretation; it is, strictly speaking, the increase,
attributable to the exposure, in the probability that a
person’s cventual death is due to the cause c. The
undesirable propertics of both the excess lifetime risk and
the risk of exposurc-induced death are largely a
consequence of efforts to reduce a time-dependent quantity
to a single value.

55. Since ncither the risk of exposure-induced death nor
the excess lifctime risk provide direct information on the
times at which the exposurc-induced events occur, it is
useful to supplement estimates of these quantities with a
statistic that describes these times. In the UNSCEAR 1988
Repont [U2] this was done using a mcasure called "loss of
life expectancy” (LLE). The loss of life expectancy is the
difference between the cxpectation of life for an individual
exposed at age e and the expectation for an uncxposed
individual. For an instantaneous dose D given at age ¢, it
is given as

LLE[D.e) = f S(alc) da - f S(a|D,¢) da ®

The loss of life expectancy depends on the times at which
exposure-induced events occur in the affected persons (the
risk of exposure-induced death). However, if the loss of
life expectancy is divided by the risk of exposurc-induced
death, the result is the years of life lost per radiation-
induced case (YLC). This quantity is more independent of
the risk of exposure-induced death and can thus be thought
of as giving additional information about the risks. Since
both the risk of exposure-induced death and the years lost
per radiation-induced case combine information over all
ages at exposure and also all ages at expression, they do
not fully describe the impact of exposure on a population.
Measures that display the impact separatcly for the
different age groups may also be useful. One approach to
this would be to present the cxcess lifetime risk as a
function of attained age (A) and age at exposure (e) by,
for cxample, plotiing ELR(A[D,c) against A, where
ELR(A|D,e) is given by equation (7) with the integrals
cvaluated between e and A.

56. Finally, it should be noted that even when the rate
m(a[D,e) is lincar in D, as for solid tumours in the life
span study, neither the REID nor the ELR is linear, since
S(aD,e) is not linear in dose, especially at high dose. As
will be illustrated in the presentation of lifetime risk
estimates later in this Annex, the non-linearity is such that
linear extrapolation from 1 Sv to 0.2 Sv, for example,
understates the low-dose estimates of risk of exposure-
induced death and excess lifctime risk for solid tumours
by 10%-20%.

57. Another issuc in risk estimation is how to determine
expected mortality rates following exposures to low-LET
radiation at dose rates substantially lower than those that
prevail in the majority of epidemiological studies on which
estimates of risk following cxposure can be based. Given
the paucity of epidemiological data, the best approach at
present is probably to carry out the risk projection for an
exposure of interest, ignoring the possible need for a dose-
rate effectiveness factor, and then to multiply the resulting
estimate of lifetime risk by a factor based on radiobio-
logical as well as epidemiological considerations (sce
UNSCEAR 1993 Report [Ul], Annex F, "Influence of
dose and dose rate on stochastic effects of radiation™).
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D. SUMMARY

58. Epidemiological studies provide the primary data on
the association between late effects (induced cancer) in man
and exposure to jonizing radiation. In interpreting these
results it is important to remember the limitations imposed
by the observational nature of such studies. Careful
consideration should always be given to the quality of the
dama collected, to confounding factors and to other possible
sources of bias (including random error in the estimates of
exposure) that may be present It is important also to
appreciate the special problems that arise in studies
involving low doses (0.2 Gy or less), in which the relative
risks may not be much above unity and thus may be diffi-
cult to quantify. Even when a study has been carcfully
performed and appears satisfactory, it is important to obtain
confirmatory evidence from other studies carried out in
different circumstances before drawing firm conclusions.

59. As the questions of interest in the study of radiation
effects become more refined, it has become necessary to
make detailed and at times complex analyses to cnsure that
the full information content of the data is revealed and to
ensure that misleading inferences are avoided. There is a
need for a better understanding and increased usc of modemn
analytical methods in radiation studies. Such methods allow
rescarchers to obtain a clearer picture of the information
provided by their data and to reduce the overreliance on
subset analyses and inappropriate significance tests. More
cffort is needed to develop as-simple-as-possible methods of
defining and presenting uscful summaries of radiation effects
for human cancer risk estimation,

60. In extrapolating from populations that have been
the subject of a specific study to different populations
cxposed in other, and perhaps hypothetical, ways, it is
essential that the assumptions made about variations in
the risks of cancer with level of exposure, age at
exposure, time since exposure and background inci-
dence of the disease are in agreement with the varia-
tions seen in practice in human populations. Further-
more, any assumptions about projected effects at long
times after exposure, where few data are as yet avail-
able, should be made explicit. Despite the large
number of available studies, there is currently litte
useful information on the question of how to transfer
risks estimated for one population for use with another
population. Careful parallel analyses of existing data
should be undertaken.

61. The measures of lifetime detriment from radia-
tion exposure that were used in the UNSCEAR 1988
Report [U2], the risk of exposure-induced death
(REID) and the loss of life expectancy (LLE) provide
useful summaries of radiation effects. The risk of
exposure-induced death and the years of life lost per
induced case (YLC) will be used as the primary
general descriptors in this Annex. It would be
desirable to develop other measures that provide a
more complete picture of the temporal nature of
radiation-induced cancer. In addition to estimates of
mortality-based risk, estimates of incidence-based
lifetime risk are also needed, and thesec can be
evaluated with data now becoming available.

II. CARCINOGENIC EFFECTS OF EXTERNAL
LOW-LET RADIATION EXPOSURES

62. Epidemiological studies of populations exposed
wholly or predominantly to low-LET radiation are of
prime importance in evaluating risk in environmental and
occupational scttings. Effects have been demonstrated
mainly in studies that involve exposures of relatively high
dose (about 1 Gy). Increasingly, however, information is
accumulating on effects from lower doses (0.2-1 Gy) and,
in a few instances, from doses less than 0.2 Gy.

63. Many of the studies have been characterized not
only by high doses but also by high dose rates (>0.1 mGy
min'l). Thesc include the studies of survivors of the
atomic bombings in Japan (0.01 Gy s’ to several gray per
second), patients treated with radiation and individuals
who have had diagnostic or prenatal x-ray examinations.
In recent years studies have also been undertaken
involving exposures at low dose rate or exposures received
as many fractions, each of low dose. These include studies

of workers in the nuclear industry and individuals exposed
o gamma rays from terrestrial radiation or fallout from
nuclear explosions. However, it is noted in the UNSCEAR
1993 Report [U1], Annex F, "Influence of dose and dose
rate on stochastic effects of radiation”, that at low doses
(0.2 Gy or less) the form of the dose response is expected
to be the same (i.e. linear) whatever the dose rate. Thus,
in some studies nominally at high dose rate the total dose
received is so low that the studies should probably be
classified along with low-dose, low-dose-rate studies.

64. When the dose is an absorbed dose of low-LET
radiation (e.g. from x rays) it is specified in gray (Gy).
When the dose refers to the life span study of survivors of
the atomic bombings, the dose will usually be a weighted
dose and will be specified in sievert (Sv), in which the
absorbed dose from neutrons is muitiplied by an RBE of
10 and added to the absorbed dose from gamma rays.
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Furthermore, all low-LET radiations such as x rays,
gamma rays and beta particles will be treated alike, i.e.
they will be assumed throughout this Annex to have the
same biological effectiveness, even though at very low
doses well-known differences in effect occur [S67)

65. The epidemiological studies used to derive estimates
of risk of cancer following low-LET radiation exposures
are reviewed in this Chapter. The main features of these
studies are given in Table 2. The nature of the exposures
and the dosimetry are described, as are the age, sex distri-
bution and follow-up of the population. Also indicated in
the Table are the cancers that have been studied and those
for which statistically significant excess risks have been
reporied. Although the studies have a wide variety of
characteristics, an attempt is made to calculate summary
risk estimates for selected sites. However, in view of the
uncertainties in specific studies and the different natures of
the populations considered, these estimates should be
compared and gencralized with caution. There is also
some discussion of the specific effects, temporal trends
and applicability of the resuits.

66. The diverse studies listed in Table 2 have different
strengths and weaknesses, and some are more important
than others in contributing to quantitative estimates of risk.
To provide a perspective on these relative merits, some of
the strengths and weaknesses are outlined in Table 3. The
attributes considered include the composition of the popu-
lation studied, the nature of the control group, the length
of follow-up, the ascertainment of incidence or mortality,
the range of doses to those exposed, the nature and quality
of the dosimetry and any unusual or specific uncertainties.
It is not possible to be completely uniform or comparable
in making these assessments. The comments in Table 3
are somewhat subjective and are provided principally as
general guidance.

67. All the studies to be considered by the Committee
that are relevant to risk estimation for low-LET radiation,
including extemal and intemal radiation at high and low
dose rates and dose, are included in Table 2. The numer-
ous other studies in the literature, some of which have
raised interesting points from time to time, but others of
which have failed to make useful contributions to the
estimates of risk, are not considered further here.

A. HIGH-DOSE-RATE EXPOSURES

68. Risk estimates based on the continuing follow-up of
the life span study of survivors of the atomic bombings in
Japan have been the primary source of information on the
risk of high-dose-rate exposures to mainly low-LET
radiation. However, there are now a large number of other
epidemiological studies that can make important contribu-
tions to the understanding of cancer risks following high-
dose-rate exposures to low-LET radiation.

69. The life span study has a number of features that
have allowed it to play a central role in the estimation of
radiation risks, notably the large number of exposed
persons of both sexes and a broad range of ages, the
whole-body exposures of individuals in the cohort, the
inclusion of a large group of people who received very
low doses, which can be used as an intemal control group;
the completeness of the mortality follow-up; and the
availability of data on cancer incidence.

70. Despite the strengths of the life span study, a
number of factors make it essential to consider other
exposed populations. For example, the exposure was
highly acute (a few seconds at most), and since the life
span study is composed exclusively of Japanese, risk
estimates derived from this cohort cannot directly provide
information on the application of the risk estimates to
other populations. This latter point is especially important
because of differences between site-specific cancer inci-
dence and death rates in Japan and in other countries.
General cancer patterns in Japan have some notable
features relative to patterns in European or American
populations, including the high incidence of stomach
cancer, the low rates of female breast cancer and the
virtual absence of chronic lymphocytic leukaemia. Risk
cstimates from other studies can provide important addi-
tional information about risks for specific cancers or, in
some cases, more general aspects of the risk of radiation-
induced cancer, including factors such as age at exposure,
sex, temporal patterns of the excess risk and the effects of
fractionation.

71.  The studies most useful for comparison with and as

a supplement to the life span study involve populations

exposed to x rays for diagnostic or therapeutic purposes.

The features of the exposures and populations of the main

studies are summarized in Table 2, as already noted. As

a group, studies of medically exposed persons have a

number of specific limitations not noted under strengths

and weaknesses given in Table 3, including the following;:

(a) the disease under treatment or observation may
affect subsequent cancer risks;

(b) patients may have been exposed to other carcino-
gens as part of their medical treatment, e.g.
alkylating agents in cancer therapy;

(c) the range of ages al exposure is often narrow and
the data are often limited to, or include a very high
proportion of, a single sex;

(d) the doses are in a limited range, the exposures are
usually targeted to 3 specific tissue and the dose
estimates to specific organs are sometimes not of
good quality.

72. Another important group of studies relevant to the
assessment of cancer risks following high-dose-rate,
low-LET radiation exposures involves the highly
fractionated exposures reccived by radiologists and otber
medical x-ray workers [A9, E7, M24, S38, W10, W14}].
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Dose estimates in earlier studies were often lacking, while
in some more recent studies doses are assigned on the
basis of year of exposure and knowledge of radiological
protection practices in the relevant country at that time.
Such studies cannot therefore be expected to provide
precise information about risk estimates.

73.  Despite the limitations of any single epidemiological
study of radiation risk, studies of populations with
appreciable exposures to low-LET radiation are important
to an understanding of radiation risks because they offer
information on risk in a number of ethnic groups and
nationalities and because the conditions under which the
exposures were received vary so greatly [D27].

1. Mortality and incidence in the life span study

74. The cohort of the life span study includes 93,000
survivors of the atomic bombings and 27,000 persons who
lived at Hiroshima and Nagasaki in 1950 but who were
not in the cities at the time of the bombings. The primary
findings of the life span study have been used to clarify
the association between radiation cxposure and cancer
mortality. The life span study cancer mortality data for the
period 1950-1985 [S7, S69] were used as the basis of risk
estimates for the UNSCEAR 1988 Report [U2]. In the
following text, mortality data extended to 1987 or speci-
fied for the period 1958-1987 are described in order to
compare with incidence data for 1958-1987 [R23, T15].

75. A complicating factor for estimates of low-LET
cancer risks based on the life span study arises from the
presence of a small, but not negligible, neutron com-
ponent, especially at Hiroshima, where neutrons accounted
for 1%-2% of the organ doses, with individual neutron
dose estimates ranging from 0 to 100 mGy. The high cor-
relation between a survivor’s estimated gamma and
neutron doses makes it impossible to use the life span
study data to provide reliable estimates of the neutron
relative biological effectivencss (RBE). Therefore, it has
been common practice to assume a specific value or
values for the RBE of neutrons in the computation of life
span study risk estimates. Published analyses of the life
span study data have usually made use of total absorbed
dose, i.e. they have implicitly assumed an RBE of 1, or
they have explicitly assumed a constant RBE of 10 or 20.
While it has been demonstrated that risk estimates based
on the DS86 dosimetry do not vary greatly with the
assumed value of the RBE in this range [P3, S6), prefer-
ence should be given to estimates based on values of
10-20. Questions raised recently about the magnitude of

the neutron component [S56] are discussed in paragraphs
156-158.

76.  Although important questions about the dosimetry of
the survivors of the atomic bombings remain [S56], the
availability of detailed data on location and shielding at the

time of the bombings makes it possible to compute indivi-
dual dose estimates. Uncertainties in the location and
shielding data are a major component of the random un-
certainty in the individual dose estimates. In recent ycars
much attention has been paid to characterizing the nature
of random errors in life span study dose estimates and to
assessing their impact on risk estimates [P9, P31, R22, S55].

77.  Recent reports of the life span study provide data on
cancer incidence in the period 1958-1987 for solid
tumours [T15] and in the period 1950-1987 for leukaemia,
lymphoma and multiple mycloma [P33). The lifc span
study incidence data allow a more precise description of
radiation-induced cancer risks both because of the larger
number of cases in the incidence data than in the mortality
data and because the registry-based diagnoses arc of better
quality than cause-of-death data from death certificates.
The primary limitations of the incidence data are the lack
of data on solid tumour incidence for the first seven years
of follow-up (data on the first five years after exposure are
unavailable for study for either mortality or incidence in
the life span study) and the problems that arise owing to
migration from the tumour registry catchment areas. Life
span study migration probabilitics depend on birth cohort,
city and age. Among life span study members under the
age of 16 years in 1945, roughly 25% of those from
Nagasaki and 15% from Hiroshima were not resident in
those cities in recent years. Older survivors were much
less likely to have moved, and it appears that those who
have left the area tend to return when they reach
retirement age. In both cities, men were more likely to
migrate than women. Migration probabilities were taken
into account in the recent analyses of the life span study
cancer incidence data [S23, T15). The incidence and
mortality data for solid turnours in the life span study are
given in Table 4. While the life span study incidence data
are important, they should be viewed as a supplement to,
rather than as a replacement for, mortality-based risk
estimates in the life span study. In particular, it is likely
that both mortality- and incidence-based risk estimates will
be important in the quantitative evaluation of radiation
cffects in human beings.

78. Estimates of the average excess relative and absolute
risks for solid tumour incidence and mortality in the life
span study are compared in Table 5 and illustrated in
Figure I. The organ-dose-based cancer mortality risks
derived by Shimizu et al. [S7, S69] for 1950-1985 were
calculated assuming an RBE of 1. When organ-dose-based
risk estimates were not available, approximate estimates
were made by dividing the shielded-kerma-based values
by estimates of the transmission factor for the target organ.
The values for cancer mortality [R23] and cancer inci-
dence [T15] for 1958-1987 arc based on weighted organ
doses (with the absorbed dose from neutrons given a
weight of 10, i.e. a constant ncutron RBE of 10), which
are similar to cquivalent doses and will be given in sievert.
The 95% confidence bounds in the original papers were
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transformed to approximate 90% intervals by reducing the
original intervals to 84% of their original length in each
dircction.

79. Figure I shows that the results of the life span study
incidence and mortality data arc broadly similar, with both
sets of data demonstrating statistically significant cffects
for all solid tumours as a group, as well as for cancers of
the stomach, colon, liver, lung, breast, ovary and bladder.
The incidence data also provide evidence of excess
radiation risks for thyroid cancer and non-melanoma skin
cancers. The incidence study also strengthens earlier
findings of an increased risk of salivary gland tumours
among exposed members of the life span study cohort
Ocsophageal cancer, for which a statistically significant
excess is seen in the mortality data [S7, S69], does not
appear to have an clevated risk in the incidence data
[T15] The difference is duc to the number of cases during
1950-1957 in the high-dose survivors. In view of the
failure to obscrve an excess in subsequent years, the
mortality results may be a statistical anomaly. Solid
tumour sites for which statistically significant excess risks
were not seen in cither the incidence or the mortality
series include cancers of the rectum, gall-bladder,
pancreas, larynx, uterine cervix, uterine corpus, prostate,
and kidney or renal pelvis.

80. The life span study incidence data [P33, T15]
provide clear evidence of an excess risk of solid tumours
in persons exposed to doses in the (.2-05 Sv range. In
addition, the solid tumour dosc-response function appears
to be remarkably linear (scc paragraph 168). This result is
noteworthy because the response is a composite for all
tumours, which may include a variety of different
responses for individual tumours. The incidence data
include sites for which a radiation effect has not been
convincingly demonstrated in other populations.

81. Risk estimates from the life span study mortality
data for lympho-hacmatopoictic cancers [S7, S69] are
compared in Table 6 with estimates for the same cancers
from the life span study incidence data [P33]. The
mortality data [S7] arc based on absorbed dose in the bonc
marrow (neutron RBE = 1), while the incidence data
[P33] are based on weighted organ doses as described
above (neutron RBE = 10). Several leukaemia subtypes in
the life span study incidence data [P33] were analysed,
and strong evidence for an association with radiation
exposure was found for acute lymphocytic leukaemia,
acutc myclogenous lcukaemia and chronic myelocytic
leukaemia but not for adult T-cell leukaemia. The risk
estimates for the incidence of lymphoma parallel those for
mortality, but both have confidence limits below zero.
However, the myeloma risk estimates differ from carlier
lifc span study reports on mortality [S7] or incidence [I5,
[13,114]. The life span study incidence data [P33] include
a large number of newly diagnosed cases, and several of
the cases used in the carly analyses were excluded from

the new analysis as a result of dose range restrictions or
other considcrations. In the new analyses there was no
longer a significant association between radiation exposure
and myecloma incidence.

82. Table 7 presents observed and expected numbers of
cases by dosc category in the life span study of solid
tumour incidence and mortality and leukaemia incidence.
The numbers in this table clearly indicate the cffects of
radiation exposure in survivors of the atomic bombings
and provide somc information about the shape of the dose
response. The expected numbers were computed using
information from the most recent reports on cancer
incidence and mortality in the life span study [P33, R23,
T15). The numbers in the table suggest that between 1950
and 1987 roughly 300 of the 6,900 cancer deaths in the
life span study are associated with radiation exposurc
above 0.2 Sv (weighted dose). Of the 231 first primary
leukaemia cases diagnosed during this time period, about
75 are in cxcess of expectation. The incidence data
indicate that about 500 of the 8,600 first primary solid
tumours diagnosed among life span study cohort members
between 1958 and 1987 are associated with radiation
exposure.

2. Site-specific cancer risks

83, A large number of studies of cancer morbidity in
populations exposcd to low-LET radiation were listed in
Table 2. The data from those studies bave been used to
calculate site-specific risk estimates that are presented and
compared below. Studies were chosen for inclusion in
these comparisons based on a number of criteria, including
population size, data quality and the availability of some
quantitative measure of either individual or population-
average doses that allow the computation of estimated
risks per unit dosc. Many additional studics indicatc excess
risks in specific organs, but the dose information, particu-
larly in carlier studics, is not adequate to derive risk
cstimates. An example is the study of Dickson [D21]
Comparative risk estimates for several cancer sites in the
body have been calculated, and the results are summarized
in Table 8 These estimates must be interpreted and
compared with caution because of differences from study
to study with respect to the nature and quality of the
dosimetric information as well as differences in the sex,
age at exposure and follow-up distributions. Supplement-
ary data for sex- and age-specific risk cstimates for
incidence and mortality are available for the life span
study. These more dctailed life span study data are
presented to facilitale comparison with studies in which
the exposed group is restricted to a single sex or a limited
range of ages at exposurc.

84. For cohort studics, the data on the exposed portion
of the population are summarized in terms of observed
and expected numbers of cases. For the life span study,
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expecied numbers of solid tumours were derived from
models similar to those described in [T15] and [R23]. Life
span study mortality risk estimatcs are based on the 1950-
1987 data presented in [R23]. Life span study solid
tumour incidence risk estimates are derived from the
1958-1987 data used in [T15]. For the life span study
lympho-haematopoietic cancer data, the time-dependent
excess absolute risk (EAR) models for 1950-1987
presented in [P33] were used. For other cohort studics, the
expected numbers were determined from published
reports. If the study included a control group and if
information about observed and expected numbers of cases
in this group was available, a correction was made to the
expected number:

0
E? =Y x 0 )
e € E,

where E and E{ are, respectively, the adjusted and
unadjusted estimates of the expected number of cases in
the exposed portion of the cohort and Oy and Ey are the
observed and expected number of cases in the unexposed
portion of the cohort If the cohort included no internal
controls, no adjustment was made. The estimates of the
excess relative risk and the average excess absolute risk
were calculated directly from these values. The linear
excess relative risk coefficient is

o, -E
¢
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where O, is the observed number of cases and D is the
average dose in the exposed portion of the cohort The
linear excess absolute risk coefficient per person-year of
observation is

o, -E
EAR = e e (11)
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Differences in time-averaged absolute risk cocefficients for
different age-at-exposure groups must be interpreted with
caution, since current data suggest that cxcess absolute risk
coefficients change with increasing time after exposure
and follow-up is incomplete for the younger members of
most cohorts used in the studies of radiation effects (see
Section IL.A.4).

85. Confidence intervals for studies other than the life
span study were obtained using exact Poisson methods and
assuming a linear dose response, These methods tend to
understate the uncertainty in the estimates, especially when
the average dose is much greater than 1 Sv or when the
internal control group is small or non-existent. For the life
span study, confidence intervals were taken from the
relevant publications. This was done because confidence

intervals for risks calculated from the data of the life span
study given in Table 8 are too wide, since information on
the low-dose group used in the computation of the
expected number of cases is not included in this Table.

86. For case-control studies, risk estimates and
confidence intervals were taken from the original papers
whenever possible. In some cases, odds ratios were
calculated based on unmatched analyses of published data.
Excess absolute risk estimates are given for case-control
studies in which the cases were obtained by complete
ascertainment in a well-defined cohort and sufficient
information was given to allow calculating the number of
cases expected in the full cohort under the null hypothesis
of no radiation cffect

87. The risk estimates for sclected cancers are given in
Parts I-XTV of Table 8. Listed in order of the international
statistical classification of diseases, injuries and causes of
death (ICD) code, cach part is dedicated to one type or
site of cancer. Figure II, which, in analogy with Tablc 8,
also contains Parts [-XIV, illustrates the excess relative
risks per sievert. Although both the Table and the Figure
facilitate the comparisons of risk estimates, it must be
repeated that the validity of the comparisons is impeded
by the various exposure conditions, dosimetric evaluations
and population-related factors. It is also important not to
overemphasize the significance of differences in the risk
estimates for specific cancers. While there are probably
real differences in the magnitude of radiation effects for
specific cancers, there is also a tendency to overinterpret
the observed differences. Recent joint analyses of cancer-
specific excess risks derived from the life span study
mortality data [P20] suggest that differences in the excess
relative risks for specific cancers are generally about what
can be expected on the basis of random variation about a
common level of risk for these specific cancers. The
expected numbers of cases for the life span study were
calculated using slightly different methods than were used
in other estimations of the typical average relative risks (as
given, for example, in Table 5). In some cases, this leads
to slight differences between the estimates in Tables 5 and
8. These differences largely reflect the variability inherent
in these data.

(a) Cancer of the oesophagus

88. Risk estimates for oesophageal cancer are presented
in Part I of Table 8 and the excess relative risks are
illustrated in Part I of Figure IL Data on the incidence of
oesophageal cancer are available from the life span study
[T15] and the cervical cancer cohort study [B11}. The risk
cslimates are similar in the two studies, but in neither case
are they statistically significant Data on mortality from
oesophageal cancer are available from three studies. A
statistically significant association between radiation
exposure and cancer of the oesophagus is reported only in
the ankylosing spondylitis study [D6, L6]. In an earlier
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analysis of the lifc span study mortality data [S7], a
significant excess risk of oesophageal cancer had been
noted. Davis et al. [D14] noted a significantly elevated
standardized mortality ratio for ocsophageal cancer in the
cobort of the Massachusetts tuberculosis fluoroscopy study
[D14], but large oesophageal cancer standardized mortality
ratios were also seen among uncxposed members of this
cohort. Once this is allowed for, there is no evidence of a
radiation effect or a dose response. The authors speculated
that the large standardized mortality ratios for both
exposed and unexposed members of this cohort were
associated with alcohol and tobacco consumption.

89. Variations in the risk of oesophageal cancer with age
and sex, as seen in the life span study, are generally
consistent with the pattern seen for many other cancers,
i.e. a larger excess relative risk for females than males and
higher average relative risks in those exposed before the
age of 20 years. None of these differences, however, is
statistically significant. In spite of some conflicting
evidence, the mortality data of the life span study for
1950-1985 showed a significant risk for oesophageal
cancer mainly because of its occurrence in the period 5-12
years after exposure. Thus the oesophagus may be recogn-
ized as having a positive risk for relatively early occurring
radiation-induced cancer, but when the dosc is fractionated
(as in the Massachusetts tuberculosis fluoroscopy study)
the risk is very small.

(b) Cancer of the stomach

90. Part II of Table 8 and of Figure II compares risk
estimates for stomach cancer. A statistically significant
association between radiation exposure and stomach cancer
is shown in the incidence data of the life span study [T15]
and cervical cancer case-control study [B21] and in the
roortality data of the life span study [R23] and the peptic
ulcer study [G11]. Despite the very large mean dose in the
peptic ulcer study, the point estimates of the excess rela-
tive risk based on these data arc only slightly less than
those in the other populations. A non-significant estimate
of risk of stomach cancer was observed 5-24 years afier
exposure in the mortality data of the ankylosing spondyl-
itis study [D6, L6]. Although non-significant, the largest
point estimates of risk were obtained from the mortality
data of the metropathia haemorrhagica study [D23]. The
relative risk of mortality from stomach cancer based on
data of the benign gynaecological disease study [I8] is
similar to that of the life span study but not significant.

91. Differences in the excess relative risk of stomach
cancer with sex and age at exposure are statistically
significant in the life span study data. Higher values are
shown for females than for males (incidence and
mortality) and for those less than 20 years old at exposure
(incidence only). Differences in the excess absolute risks
for males and females are more pronounced in the inci-
dence data than in the mortality data of the life span study.

Current results suggest that there is an association between
low-LET radiation exposure and stomach cancer risk, with
females having greater relative risks and perhaps also
greater absolute risks than males.

(¢) Cancer of the colon

92. Risk estimates for cancer of the colon are given in
Part IIT of Table 8 and of Figure II. There is a clear
association with radiation exposure in both the incidence
and mortality data of the life span study [R23, T15] and
in the mortality data of the benign gynaccological discase
study [18] and the metropathia haemorrhagica study [D23].
The excess absolute risk estimate derived from data of the
benign gynaecological discase study [I8] is much higher
than that derived from the life span study, reflecting the
difference in normally occurring rates of colon cancer in
the United States and in Japan. Two other studies provide
data on cancer of the colon. These arc the cervical cancer
case-control study [B21] and the peptic ulcer study [G11].
Both involve either very high doses or a broad range of
doses, and in both cases the estimated risks are low.

93. The sex-specific risk estimates for cancer of the
colon from data of the life span study differ from thosc for
cancer of the stomach, in that both the excess relative risk
and the excess absolute risk are higher for males than for
females. However, the difference in the excess relative
risks is not statistically significant. (No formal test of sex-
related differences in the excess absolute risk has been
reported.) Although the difference in the excess relative
risks for colon cancer with age at exposure is not statistic-
ally significant in the incidence data of the life span study
[T15], statistically significant decreases in the excess
relative risks with time have been reported for both the
incidence and mortality data [R23, S7]. Taken together,
the results of the studies considered bere indicate an in-
creased risk of colon cancer following radiation exposure.

(d) Cancer of the liver

94,  Although an association between thorotrast exposure
and liver cancer has been demonstrated in several studies
(sce Section IIL.B), the evidence for excess liver cancer
following exposure to low-LET radiation is weaker. The
risk estimates derived from several studies are given in
Part IV of Table 8 and of Figure II. With the exception of
the life span study, the numbers of observed cases are
small in these studies. None of the medically exposed
populations considered here suggests an association
between radiation exposure and liver cancer. Evidence for
an excess risk of liver cancer in the life span study has
increased with additional follow-up time and the avail-
ability of cancer incidence data [T15].

95. Interpretation of the data on liver cancer in the life
span study has been hampered by questions about the
adequacy of the diagnoses. Because death certificate
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diagnoses of liver cancer in the life span study do not
usually allow for a distinction between primary and
secondary tumours, analyses of the life span study
mortality data [R23, S7] were limited to those cases in
which the death certificate explicitly identified the cancer
as primary. As indicated in Table 8, this greatly reduces
the number of cases and, in contrast to an analysis that
includes liver cancer deaths specified as primary or not
specified as secondary or primary, no statistically
significant radiation effect is found. A supplementary
analysis of the incidence data of the life span study [T15]
restricted to the 40% of tumour registry cases with
histologically confirmed diagnoses resulted in an excess
relative risk that was statistically significant, with the point
estimate almost identical to that secn in the analysis of all
liver cancer cases.

96. In contrast to most other cancers, the excess relative
risk of liver cancer for females was less than that for
males. Neither the sex nor age-at-exposure differences
secn in the life span study were statisticaily significant
However, if females actually have lower excess relative
risks than males, then the failure to see any evidence of
excess risks in cohorts of the benign gynaecological
disease study [I8] and in the cervical cancer cohort study
(B11] is perhaps not surprising.

97. The life span study data, particularly those on cancer
incidence, support the conclusion that liver cancers are
induced by radiation exposure. Interpretation of mortality
data of the life span study is complicated by the use of
different criteria for case definitions; nonetheless the
mortality results appear to be consistent with the incidence
results. Studies other than the life span study provide little
evidence for or against cancer risks owing to the small
number of cases.

() Cancer of the lung

98. The life span study [R23, T15], the ankylosing
spondylitis study [D6, L6] and the peptic ulcer study
[G11] all indicate an association between radiation
exposure and_ lung cancer (Part V of Table 8 and of
Figure II). The lower excess relative risks in the last two
studies do not seem particularly surprising because both of
these cohorts have a relatively high proportion of males,
and the life span study results indicate that excess relative
risks are much higher for females than for males. The
difference in sex-specific excess relative risk for lung
cancer in the life span study almost certainly reflects
differences in rates of lung cancer occurring normally;
however, the differences in the sex-specific average excess
absolute risks also appear to be large. Since the number of
cases is relatively large, the failure to see a significant
excess risk of lung cancer in the Massachusetts tubercu-
losis fluoroscopy study [D14] is surprising in view of the
high excess relative risks for females in the life span

study. In the Massachusctts tuberculosis fluoroscopy study,
fractionation may have had a large effect. It is noteworthy
that standardized mortality ratios for both the exposed and
unexposed members of the tuberculosis cohort are very
large. Recently published analyses of lung cancer data for
the Canadian fluoroscopy cohort [H43] support the
Massachusetts findings of no excess lung cancer risk for
highly fractionated x-ray cxposurcs. However, it should
also be noted that an excess relative risk of 0.08 Gy'1 was
found following radiotherapy to the breast, which involved
average exposures to the lungs of about 9.8 Gy [120, N8].
This positive but lower than expected risk may have been
reduced because of cell-killing effects after high doses.

99. Tt has been suggested that the relative risk of lung
cancer decreases with time since exposure, as indicated in
the risk model used by the BEIR V Committee [C12].
The life span study incidence data [T15] indicate that the
excess relative risk has decreased only slighly with the
passage of time and ihat the excess absolute risk is
continuing to increase. This contrasts with the finding of
no apparent excess during the period beyond 25 years
after exposure in the ankylosing spondylitis study. It is
important in any study of respiratory cancer to indicate the
smoking status of the population, as the joint effects of
smoking and radiation alter the dosc response (see

paragraph 182).

100. In summary, an elevated risk of lung cancer is seen
following acute exposure to low-LET radiation. The
fluoroscopy data suggest that highly fractionated exposures
may have little or no effect. Although descriptive models
that allow for decreases in lung cancer risk with time since
exposure have been proposed, current low-LET data do
not appear to provide strong support for this notion.
Therefore, lung cancer risk estimates presented later in this
Annex are based on time-constant rclative risk models
with sex and age-at-exposure cffects.

() Cancer of the bone and connective fissue

101. Although cancers of the bone and connective tissue
are relatively rare, a number of studies have noted excess
risks for these cancers following radiation exposure (Part
V1 of Table 8 and of Figure II). However, only for the
skin hacmangioma in childhood study [F12] and the
childhood radiotherapy study [T6] are the results
statistically significant. In the latter study, a dose response
was evident over intervals of therapeutic doses. A study of
children irradiated for retinoblastoma also found a very
high risk of osteosarcoma and soft tissue sarcoma
associated with radiotherapy exposures [E4]. A large,
statistically significant excess risk for cancer of the bone
and connective tissuc was also reported for the children in
the tinea capitis study in Israel [R10]. However, since the
skeletal dose was not reported, it is not possible to present
estimates of the risk per unit dose. Although the numbers



30 UNSCEAR 1994 REPORT

are small, the age- and sex-specific estimates based on
data of the life span study and other populations suggest
that survivors exposed before the age of 20 years may
have high relative risks.

(® Non-melanoma skin cancer

102.  As can be scen in Part VII of Table 8 and of Figure
I, elevated risks of skin cancer have been reported in a
number of studies. The most detailed analyses of data on
low-LET radiation and skin cancer come from the tinea
capitis study in New York [Al, S8), from the tinea capitis
study in Israel [R10, R19] and from the life span study on
cancer incidence [T15]). Significant associations between
radiation exposure and non-melanoma skin cancer
incidence have been shown in these studies and in the
Rochester thymic enlargement study, the Iymphoid
irradiation study and the thyroid irradiation study, all
evaluated in the review by Shore [S62]. Non-significant
risk estimates arc derived from data of threc other studies
included in Part VII of Table 8. Those exposcd at younger
ages have been found to have significantly higher relative
risks in both the life span study and the Israeli tinea capitis
study. The issue of age was not investigated in the New
York tinea capitis study. The New York studies suggest
that persons with lighter skin are at higher risk of
radiation-induced skin cancer, especially in areas of skin
exposed to sunlight, c.g. the face. None of these studies
indicates that the excess relative risk depends on sex. The
life span study results suggest that the dose response is
non-lincar with litle or no cffect at doses below 1 Sv.

103. The similarity of excess relative risks for skin cancer
evaluated from the main studies in Part VII of Table 8
should not be overinterpreted, since the life span study
includes older survivars who have lower risks while the
tinea capitis studics include different proportions of light-
and dark-skinned patients. For the younger persons in the
life span study, the excess relative risk appeared to be
greater than that in the Israeli tinea capitis study. In Japan,
the incidence of skin cancer in normal circumstances is
quite low. In the cervical cancer cohort sludy, only 206
non-melanoma skin cancers were observed, with 220
expected, The absence of a risk following high-dose
exposures to the skin of these patients is noteworthy.
Comparison of absolutc risk estimates for skin cancer is
problematical because of differences in the exposed area
of skin in the various studies. Excess risk to medically
irradiated patients occurred only to areas of skin also
exposed to ultraviolet radiation [S62].

104. Present results suggest that elevated skin cancer risks
are associated with low-LET radiation exposures. Relative
risks for children are greater than those for adults.
Questions about the shape of the dose-response function
and of a possible interaction between high- and low-LET
radiation exposure warrant further examination.

(h) Cancer of the female breast

105. Elevated risk of breast cancer following exposure
has been demonstrated in several studies, including the life
span study [T2, T15], the Massachusetts tuberculosis
fluoroscopy study [B31], tuberculosis fluoroscopy studies
in Nova Scotia and other Canadian provinces [M19] and
the acute post-partum mastitis study in New York [S9], as
can be seen in Part VIIT of Table 8 and of Figure I1. Wide
confidence intervals are indicated for the scoliosis patients
study [H24], the Rochester thymic irradiation study [H22]
and for women in the ankylosing spondylitis study [D6,
L6]. A number of studies have considered radiation
exposure and breast cancer but provide little or no
convincing evidence of an association: the contralateral
breast studies in Denmark [S60] and in the United States
[B18]; the cervical cancer case-control study [B11, B20,
B21]; the Isracli tinea capitis study [M20]; and for women
in the Swedish skin haemangioma study [F12].

106. The failure to detect an increased breast cancer risk
in the cervical cancer casc-control study is somewhat
surprising in view of the large number of cases and
moderate doses (average 0.3 Gy). However, as suggesicd
by the very different estimates of excess relative risk for
the younger and older populations (see Part VIII of Table
8), breast cancer risks following radiation exposure exhibit
a reasonably consistent decrease with increasing age at
exposure (see paragraph 137). Thus, the failure to detect
radiation eflects in the cervical cancer case-control study
and in the contralateral breast studies [B18] is possibly due
to the fact that these cohorts include a large number of
women who were over 35 years of age at exposure.
Indeed, a significant excess risk of breast cancer was
found in a subset analysis of younger womcn in the
contralateral breast study in the United States {B18], It has
also been suggested that the lack of an increased risk of
breast cancer in the cervical cancer case-control study is
related to the cessation of ovarian function caused by
irradiation [B20]. However, when the data on cervical
cancer were restricted to cases among women whose
ovarics had been removed before or shortly after the
diagnosis of cervical cancer, a positive, though not
statistically significant, effect was scen. The Hodgkin’s
diseasc patients study clearly indicates a radiation effect
with the highest risk at young ages [H2, T8). Also, the
risk per unit dose appears to be lower after high doses
than is suggested in studies at low doses, which could be
due to cell-killing, limiting the number of cells at risk (sce
paragraph 171).

107. Reclative risks appear to be especially high among
women who were exposcd to radiation as children, as
indicated by the results of the lifc span study, the
Rochester thymic irradiation study and the scoliosis study.
The risk cstimates for the cohon of scoliosis patients are
based on only 11 cascs, with 6 expected, and are probably
biased upward as a consequence of factors unrelated to
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exposurc, such as a greater rate of nulliparity among
women with severc spinal curvature. A relatively large
effect (an excess relative risk of 1.11) at very low doses
(16 mGy) has been reported in the Isracli tinea capitis
study {M20). This finding should be viewed with some
scepticism, since it is based upon results for a specific
subgroup, which had an unusually low number of cases in
the control group. Compared with general population rates
there was no excess,

108. In general, constant relative risk models that have a
linear dosc response and that depend on age at exposure
appear to describe the breast cancer data quite well within
coborts. Based on a parallel analysis of the incidence data
from the life span study and two cohorts from the United
States (the Massachusetts tuberculosis fluoroscopy study
[B31] and the New York acute post-partum mastitis study
[S9)), it was concluded that although relative risk models
describe the data well within a single population, average
excess absolute risks appear to be similar across
populations [L2]. In the analysis carried out by the BEIR
V Committee [C12], it was suggested that a common
relative risk model! for the three cohorts fit the data better
than did a common, time-dependent absolute risk model.
In the same report, a similar conclusion was reached based
on a comparison of breast cancer mortality in the life span
study and the Canadian tuberculosis fluoroscopy study
[M19]. These results suggest that [ractionation has little
effect on breast cancer risk. This is in marked contrast to
the results for lung cancer in the tuberculosis cohorts
{D14, H43], in which no increased risk was secn.
Although the simple summary statistics shown in Table 8
cannot be used for detailed formal comparisons, because
of differences between cohorts in age at cxposure and
other factors that might affect the risk, the results of the
studies suggest there is a need to carefully consider the
most appropriate risk model for transfer between popu-
lations. Breast cancer risks are clearly clevated following
low-LET radiation exposures. Relative risks are higher for
women early in life, including women exposed prior to
menarche.

(i) Cancer of the urinary bladder

109. Estimates of risk for bladder cancer from several
studies are given in Part [X of Table 8 and of Figure II.
Statistically significant excess risks have been derived for
incidence data [T15] and for mortality data [R23] of the
life span study, the metropathia haemorrhagica study
[D23] and the benign gynaecological disease study [I8].
Although the doscs arc considerably higher in the last two
studies and in the cervical cancer case-control study [B21],
the risk estimates are about the same as the non-significant
risk estimate in the ankylosing spondylitis study [D6].
Within the life span study the effects of age and sex on
the risks are unclear. In particular, the incidence data
exhibit a statistically significant sex difference, with the
excess relative risk for females exceeding that for males

by a factor of about five but the average excess absolute
risk showing no significant difference; in the mortality
data, the point estimatc of the excess relative risk for
males is higher than that for females, although the
difference is not statistically significant. Neither the
mortality data [S7] nor the incidence data [T15] in the life
span study exhibit statistically significant variation with
age at exposure for either the excess relative or absolute
risks; however, there is a suggestion of some variation
with age in the cervical cancer case-control study [B21).

110. In summary, statistically significant excess risks of
cancer of the urinary bladder are seen in scveral
populations exposed to low-LET radiation. The life span
study risk estimates are somewhat greater than those in
other studies, however, since those other studies involve
much higher doses, the differences may reflect cell-killing.

() Tumours of the brain and central nervous system

111. Risk estimates for tumours of the brain and central
nervous system are presented in Part X of Table 8 and of
Figure II. Fairly large and statistically significant excess
relative risks have been demonstrated in both tinea capitis
studies [A1, R10] and in the ankylosing spondylitis study
[D6, L6} A lower, but still significant, risk is estimated
from the data of the pituitary adenoma study in the United
Kingdom [B9]. Significant risks were not seen in either the
life span study or in the skin haemangioma study [F12].
Except for the ankylosing spondylitis study and the pitui-
tary adcnoma study, the studics showing significant risks
involved children. It has been noted that some of the cases
in which brain tumours were recorded on death certificates
in the ankylosing spondylitis study may have involved
secondary tumours from lung cancer [D6]. The tinea
capitis study in Israel included both benign and malignant
tumours of the brain, with 42 of 60 tumours being benign
(mostly nerve sheath tumours). The life span study also
included both benign and malignant brain tumours.

112, The monality data [R23] and incidence data
[T15] of the life span study provide weak evidence of an
association between radiation exposure and cancers of the
central nervous system excluding the brain. The estimates
from the incidence data [T15] suggest the possibility of
differences related to sex and age at exposure, but these
differences are not statistically significant. A number of
other studies have reported significant increases in brain
tumours and tumours of the central nervous system
associated with various types of radiation exposure,
including prenatally cxposed individuals [B23, M9,
persons receiving radiation therapy for childhood cancers
A2, R14], persons treated for enlarged tonsils [S32] and
individuals who received radium implants in the
nasopharynx [S3]. Preston-Martin et al. have reported an
association between dental x rays and brain tumours [PS5,
P6, P14] and between malignant brain tumours and other
factors in a study in the Los Angeles area P21, P22).
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113, The results of these studies suggest that low-LET
radiation may be associated with increased risks of
tumours of the brain and the central nervous system and
that risks for those exposed as children may be greater
than for those exposed later in life.

&) Cancer of the thyroid

114.  Risk estimates for thyroid cancer are presented in
Part XI of Table 8 and of Figure II. The compilation is
based on a review by Shore [S61]. Excess risks have been
found in a large number of populations. Because of the
strong association between age at exposure and the excess
relative risk for thyroid cancer seen in most studies, results
for childhood and adult cxposures are separated in both
the Table and the Figure. Since the detection of thyroid
cancer is heavily dependent on the degree of screening,
average excess absolute risk estimates are not comparable
even for studies that have cqual follow-up intervals and
similar age and sex distributions. This is illustrated by the
results for the Michael Reese tonsil study [S63]. An
extensive thyroid cancer screening programme was started
in this cohort in 1974, after which thyroid cancer rates in
the cohort incrcased almost 10-fold. The impact of this
screening programme is apparent in Table 8. While the
excess relative risk estimate for this study is roughly
comparable to that scen in other populations, the absolute
risk estimate is much larger than that in any other
population considered. Schneider et al. [S63] estimated the
screening-adjusted excess absolute risk to be 1.7 10*
PYSv)" (weighted dose, RBE = 1 for x rays).

115.  Excess relative risks for incidence of thyroid
cancer in children based on data of the life span study
[T15] were 10.3 for those of age 0-9 years and 4.5 for age
10-19 years. Values from other studies are comparable,
with the exception of the tuberculosis adenitis screening
study [H1] and the Isracli tinea capitis study [R15]. The
very large risk estimate and narrow confidence interval for
children in the tuberculosis adenitis screening study [H1]
is a consequence of the small expected number of cases.
Case ascertainment was very good in the Israeli tinea
capitis study [R15], and unlike many of the other thyroid
cancer studies, there is an internal control group. Risk
estimates in this study appear to be quite large and, as
noted in paragraph 169, there are some unceriainties
regarding thyroid doses in this cohort. Shore et al. [S54]
found significantly greater cxcess relative risks for Jewish
than for non-Jewish children in their study of thymic
irradiation in infancy.

116.  Age-at-exposurc cffects are apparent in all studies
in which this factor can be cvaluated, such as the tinea
capitis studics, the life span study and even some studies
that involve only a limited age range. Sex-specific excess
relative risk estimates for thyroid cancer are similar,
despite the fact that the rate of naturally occurring thyroid

cancer in females is typically three times the rate in males.
This can be seen from age- and sex-specific estimates in
the life span study, but is equally apparent from the Israeli
tinca capitis study [R15] and other studics. While neither
the life span study nor the Isracli tinca capitis study shows
any statistically significant variation in age-at-exposure
specific relative risks over time, data from the somewhat
smaller Rochester thymic irradiation study suggest that the
relative risk decreases with time.

117. In summary, low-LET radiation exposures,
possibly at doses as low as 0.1 Gy, are associated with
significant excess risks of thyroid cancer in children. The
excess risk for adults appears to be lower. In contrast to
the paticrn secen for many other solid tumours, excess
relative risks are similar for males and females despite
large differences in the sex-specific background rates in
most popuiations.

1] Leukaemia

118.  Risk estimates for lcukaemia are presented in
Part XII of Table 8 and of Figure II. Estimates can be
made from a large number of studies. The life span study
incidence data [P33] suggest that risks are bighest in
younger survivors, but there is little difference in excess
relative risk or excess absolute risk estimates by sex. Most
studies in which the data allow examination of temporal
patterns suggest that the excess relative risks and the
excess absolute risks of leukacmia peak within 3-10 years
of exposure and then decline with time. For those exposed
as children, the risk after 25 years is very low. In the life
span study incidence data [P33] it was found that the
temporal pattern of the leukacmia excess absolute risk
depended on age at exposure, with the initial peak being
higher and the decrease more rapid among those exposed
as children. Figure IIT illustrates this pattemn. There has
been much speculation about whether or not excess
leukaemia risks disappear 20 or more years after exposure.
The data from both the ankylosing spondylitis study [D6,
L6] and the life span study suggest that elevated risks are
seen 25 or more years after exposure. The most recent
analysis of the data of the benign gynaccological disease
study [112] suggests that risks for acute leukaemias vary
lile over time among pcople exposed as adulis. This
finding seems to be consistent with the recent results of
the life span study [P33].

119.  Although temporal variation in leukaemia risks
following radiation exposure complicates the direct
comparison of risk estimates, these estimates can provide
some useful information about radiation-induced leukaemia
risks. In particular, the estimates from the life span study
incidence data [P33] suggest that risks per unit dose from
high doses (in excess of 3 or 4 Gy) are lower than those
scen in studies of populations exposed to lower doses. The
results of detailed analyses of leukaemia risks in the
cervical cancer cohort [B12, B17] as well as a recent
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study of radiotherapy of the uterine corpus [C36] and, to
a lesser extent, the life span study high-dose data suggest
that cell-killing tends to reduce excess leukaemia risks per
unit dose following high-dose exposures. It is likely that
cell-killing can explain the relatively low risk estimates in
the ankylosing spondylitis study [D6, 1L6] and in the
childbood cancer treatment study [T7].

120. Many analyses of leukaemia risks have
investigated the risks for leukacmia subtypes. In general,
radiation cxposure leads to increased risks for chronic
myelocytic leukaemia and for acute myelogenous or
lymphocytic leukaemias. There is no convincing evidence
of excess risk for chronic lymphocytic leukaemia. As adult
T-cell leukaemia is endemic at Nagasaki because of the
unusually high prevalence of the HTLV-1 virus, recent life
span study analyses considered the risk of T-cell
leukaemia in adults but found no evidence of an elevated
risk associated with radiation exposurc. Ichimaru and
Ishimaru {I5] also investigated this issuc and found no
evidence of excess adult T-cell leukaemia risks among
survivors of the atomic bombing of Nagasaki. Subtype-
specific dose-responsc functions considered in the life span
study incidence data [P33] show that the lcukaemia dose-
response function is concave upward and that there is
evidence of significant leukaemia risk at doses below
0.5 Gy. A joint analysis of the three leukaemia subtypes
(chronic myeloid, acute myelogenous and acute
lymphocytic) found that while there were statistically
significant differences between subtypes with regard to the
temporal patterns and the effects of age at exposure and
sex on the excess absolute risk, therc was no evidence of
significant differences in the shape of the dose-response
function.

121,  Numcrous studies not included in Part XII of
Table 8 and Figure II have investigated leukaemia risks in
other groups of people cxposed to radiation. Groups in
which an association between radiation exposure and
leukaemia risks has been reported include workers at the
Mayak facility in the Russian Federation [K23], adults
who received radiation treatment for non-Hodgkin’s
lymphoma [G8, T4] and patients with cancer of the
uterine corpus [B16, C8, C10, C14]. Radiotherapy for
Hodgkin’s discase was associated with subsequent
leukaemia in some studies [K16, T8] but not in others. No
excess leukacmia risks were found in a study of women
treated for ovarian cancer [K15). Leukacmia was found 1o
be associated with postnatal exposure to diagnostic
radiation in several studies [G15, G18, P17, S44] but not
in others [B38, L4]. A 30-ycar pilot study of almost 5,000
children estimated to have received 0.2-0.3 Gy during
cardiac catheterization failed to show a significant excess
risk of lecukaemia, based on three observed cases
compared with 1.9 expected [M47, S45]. However, the
excess relative risk estimate from this small number of
cases was 2.4, which is similar to that based on data from
other studies included in the Table.

122, In summary, the incidence of acute leukaemias or
of chronic myelogenous leukaemia exhibits strong
associations with low-LET radiation exposure. Risks,
especially for those exposed as children, appear to peak 3-
10 years after exposurc and then decline with time. This
patiem is less pronounced for those exposed as adults, in
which case there is little evidence for an early peak in the
excess relative or absolute risk and the decline in risks, if
it occurs, is less pronounced. Recent work also suggests
that the temporal pattern of risk of leukaemia following
radiation exposure depends on sex. While leukaemia risks
have generally decrcased with time since exposure, small
excess risks persist 25 or more years after exposure
(Figure III). Despite the strong evidence for radiation
effects on several subtypes of leukaemia, no study has
found evidence of an association between radiation
exposure and chronic lymphocytic leukaemia.

(m) Malignant lymphoma (non-Hodgkin’s)

123.  As summarized by Boice [B19], the evidence of
an association between radiation exposure and morbidity
from non-Hodgkin’s lymphoma is weak. Risk estimates
from a number of studies arc presented in Part XIII of
Table 8 and of Figure II. While none of these studies offer
convincing support of a radiation effect, the excess relative
risk estimates for several of the larger studics are similar
to those seen for other cancer types. The life span study
incidence data [P33] do not provide strong support for a
radiation effect.

124.  Non-Hodgkin’s lymphoma has been considered
in a number of other studies for which it is difficult to
estimate the risk per unit dose. No evidence of an excess
of non-Hodgkin’s lymphoma was found among persons
who received diagnostic x ray examinations for various
reasons [B38). Data from the Oxford survey of childhood
cancers in children exposed prenatally to radiation
suggested an elevated risk of lymphoma [B23], while a
study of twins in the United States provided no cvidence
of an excess [I15]. Occupational studies of radiologists and
x-ray technicians [M24, W10] and of nuclear industry
workers in the United Kingdom [K21] and in the United
States [G17] do not find significant excess risk of non-
Hodgkin's lymphoma. In general, there is no convincing
evidence that non-Hodgkin’s lymphoma is associated with
radiation cxposure.

(n) Multiple myeloma

125.  Studics of the survivors of the atomic bombings
in Japan and of people exposed to radiation for medical
purposes provide little evidence of an elevated risk of
multiple myeloma following radiation exposure. Of the
studies included in Part XIV of Table 8 and of Figure 1.
only the mortality data of the metropathia hacmorrhagica
study [D23] show a statistically significant excess risk of
myeloma. Significant excess myeloma risks were found in
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earlier analyses of the mortality data {S7] and incidence
data [113] of the life span study. In the most recent life
span study mortality report [R23], the point estimate of the
excess relative risk for multiple myeloma {2.3 (1.7-6.3)]
was higher than that for any other non-leukaemia cancer
type. The life span study incidence data [P33] involved not
only an extension of the follow-up period but also a
review of the data for cach myeloma case. Although
several cases included in carlier reports were excluded on
the basis of the reviews, the new life span study data sct
includes about 20 more cases than either of the carlier
reports. Persons with dose estimates in excess of 4 Gy and
cases diagnosed as second primaries were excluded from
the routine analyses. In this analysis the estimated excess
relative risk is much lower [0.4 (<0-1.7)] and is not
statistically significant. As noted in the analysis of the
incidence data [P33] of the life span study, when both the
survivors with high doses and the second primary cases
were included in the analysis, the point estimate of the risk
increased and approached significance.

126.  In an ecarlier review, Cuzick [C20] examined a
large number of cohorts and concluded that radiation
exposurc was associated with an increase in mycloma risk.
About 40% of the cases in this review were obtained from
the life span study. There have been several recent studies
of the association between multiple myeloma and exposure
to diagnostic x rays. In a case-control study of 208 cases
from a United States health maintenance organization,
Boice et al. [B38] failed to find a statistically significant
association, but they noted that the risk appeared to
increasc with the number of x-ray exposures. In a study of
399 mycloma cases and maiched controls, Cuzick and de
Stavola [C9] found no cvidence of an association with
diagnostic x-ray exposures.

127. An association between low-dose radiation
exposures (average cumulative dose 0.03 Sv) was initially
reported for workers at the Hanford site [G20], but later
studies cast doubt on this finding. Weak evidence of an
increase in risk of multiple myeloma with extemnal dosc
was seen in the study of workers in the United Kingdom
[K20, K21]. In view of more recent findings for the
Japancse cohort [P33] and in the Hanford study [G16], an
association between radiation cxposure and multiple
myeloma is not clear at this time.

3. Differences by sex and by ethnic origin

128.  The life span study data provide clear evidence of
sex diffcrences in the cxcess relative risks. For solid
tumours, the excess relative risk for females is generally
about twice that for males. However, the ratios of
naturally occurring age-specific cancer rates in females in
Japan are about half those for males, which implies that
absolute excess risks are roughly equal for males and
females. The joint analysis of the life span study mortality
data [or three broad categorics of cancer (digestive system,

respiratory  system and other non-sex-specific solid
tumours) by Pierce and Preston [P20] adds support to the
hypothesis that sex effects in the excess relative risks
largely reflect differences in sex-specific rates of normally
occurring cancer.

129.  Sex-specific estimates of the excess relative risk
and excess absolute risk for the life span study mortality
data and for the life span study incidence data [T15], as
well as sex ratios for each of these summary measures of
the excess risk and for the background rates are given in
Table 9. For solid tumours as a group, the excess relative
risks for females are larger than those for males. However,
in accordance with the hypothesis described above, the
excess absolule risk sex ratios are generally closer to one
than arc the excess relative risk ratios. Results for cancers
of the liver and thyroid and for leukaemia appcar to
deviate from this pattern. For liver cancer the excess risks,
both relative and absolute, appear to be substantially lower
among females than among males despite the fact that in
the life span study, as in other populations, naturally
occurring liver cancer rates for males are higher than those
for females.

130.  In the lifc span study and other populations,
thyroid cancer occurs only about one third as often in
males as in females. Despite this difference in background
rates, scx-specific excess relative risk estimates are not
significantly diffcrent. The sex ratio seen for lecukacmia
background rates is about the same as that seen for other
cancer types, but the sex-specific excess relative risks are
similar.

131.  Because many of the medically exposed
populations used in studies of radiation effects are
composed wholly or primarily of a single sex, the
information on sex cffects on radiation risk from
populations other than the Japanese is limited. In the New
York tinca capitis study |S4, S8], thyroid cancer excess
absolute risk estimates werce found to be two to three times
greater in females than in males, and it was noted that this
ratjo is similar to the female-to-male ratio in background
rates. The findings in the Israeli tinea capitis study [R15]
were similar: a significant difference in the sex-specific
excess absolute risk estimate, but no significant difference
in the excess relative risks, Sex differences were also
considered in the analysis of skin cancer in the Isracli
tinca capitis study [R19]. Despile differences in the
estimated risks per unit dose, sex cffects in the two tinca
studies are quite similar to those scen in the life span
study.

132.  Since only 16% of the members of the ankylosing
spondylitis study population arc females, there is little
power lo detect sex differences in this population.
However data presented in [D6] allow some comparisons
of sex-specific risk estimates. For cancers other than
leukaemia and colon cancer there is no significant differ-
ence in the estimated excess relative risk per sievent for
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males (0.15) and females (0.13) or in the estimated sex-
specific excess absolute risk (5.8 cases per 10,000 PYSv
for males and 4.3 for females). Excess absolute risk and
excess relative risk estimates for leukaemia among females
in the ankylosing spondylitis study arc about onc third of
those for males. However, since the number of leukacmia
cases among females is small (3 observed versus 1.8
expected), the standard errors arc large, so these
differences are not statistically significant

133.  Understanding how radiation risks differ between
ethnic groups is an important problem for radiation
research and protection. Although formal comparison is
difficult, the risk estimates presented in the last Section
suggest that there is no simple characterization of
interpopulation variation. Relative risk summaries are
emphasized in many studies; however, one must be
cautious in applying these risks to a population with very
different background rates. That there is no consistent,
simple characterization of sex differences in radiation risks
suggests that ethnic or cultural differences in radiation
risks are likely to be complex or difficult to distinguish.

134.  Some differences in sensitivity to radiation by
cthnic origin have been found in the few studies that have
included substantial numbers of more than one ethnic
group. For example, in the study of about 2,200 children
who received x-ray treatment for tinea capitis in New York
and a comparable group of 1,400 treated without x rays, 41
persons in the irradiated group had one or more basal cell
carcinomas of the face or scalp compared with only 3 in
the controls. However, despite the [act that 25% of the
irradiated group was black, all 41 skin cancer cases were
in whites [S8]. In the study of subjects irradiated in Israel
for tinea capitis, the risk per gray of radiation-induced skin
cancer was intermediatce between the high risk found in the
New York whites and the absence of risk found in New
York biacks. In the Isracli tinca capitis study, a difference
by country of birth was also noted, with subjects bom in
North Africa experiencing much greater relative risks of
radiogenic leukacmia and thyroid cancer than subjects bom
in Asia or Israel [R4, RS]. (It should be noted that ali the
subjects bom in Israel in this study bad fathers bom in Asia
or North Africa.) However, country of birth did not appear
to modify the risk of radiation-related tumours of the brain
and central nervous system [R10]. The possible effect of
the prevalence of other carcinogenic agents is considered in
Section II.A.9. Risks of radiation-induced thyroid cancer in
Jewish and non-Jewish subjects were compared in the
study of the cffects of thymic irradiation noted above
[S35]. After adjustment for the cflects of sex and time
period, the risk of radiation-induced thyroid cancer was 3.5
times higher (p = 0.01) in Jewish than in non-Jewish
subjects. The population living in the contaminated areas
along the Techa River in the southem Urals, which
includes both Russians and Tartars, who have different
natural cancer rates [K18], might be able to provide useful
data on cthnic differences.

4. Effect of age at exposure

135.  Although the age range in populations used in
studies of radiation effects is often restricted, data from
various studies provide a fairly consistent picture of the
cffect of age at exposure on the risk of radiation-induced
cancer. As with sex effects, the nature of variation in risk
with age at exposure depends on whether one considers
relative or absolute risks. In particular, it appears that for
solid tumours at a given time afier exposure, persons
exposed early in life have higher average excess relative
risks and lower excess absolute risks than those exposed
later in life. This point is illustrated by comparing the
mortality data for the period of observations from the life
span study [R23] and the observed data from the anky-
losing spondylitis study [D6] (Table 10). The data from
the life span study are given for both sexcs combined and
for males only. Because of the high proportion of men in
the ankylosing spondylitis study, the life span study male
risks are likely to be more comparable with the estimates
obtained in the ankylosing spondylitis study than are the
pooled estimates of the life span study. Since these studies
involve different follow-up times and since the exposure
patterns both in the body and in time, as well as many
other factors, differed [U12], the excess absolute risk
cstimates are not directly comparable. Nevertheless, for
leukacmia and for all solid tumours these were compared
in the UNSCEAR 1988 Report [U2] (Annex F, Table 56)
and in [U12]. Considering the many differences between
these studies, the agreement between risk estimates is not
unreasonable. Differences in time-averaged excess absolute
risks for differcnt age-at-exposure groups should be inter-
preted with caution because current data suggest that
excess absolute risks increase with increasing time since
exposure and because follow-up is incomplete for the
younger members of most cohorts used in the studies of
radiation effects.

136.  An increase in average excess absolute risks with
increasing attained age would be a natural consequence of
a model in which the risk of radiation-induced cancer is
simply proportional to background cancer rates. However,
findings in the Israeli and New York tinea capitis studies
[R19, S8], the Massachusctts tuberculosis fluoroscopy
study {B31] and a Canadian tuberculosis fluoroscopy study
{M19] support the inference drawn from the life span
study that solid tumour rclative risks are larger for those
cxposed at younger ages than for those exposed at older
ages. As discussed carlicr, for most cancer types the
excess relative risk decreases with age at exposure. The
large excess relative risk for those exposed as children is
not easily interpreted but probably reflects, at least in part,
the fact that background rates for thosc exposced as
children have been low for most of the follow-up to date.
Kellerer and Barclay [K12] recently noted that a model in
which the excess relative risk is allowed to decrease with
increasing attained age without any additional dependence
on age at exposure describes the life span study data about
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as well as an age-at-exposurc-dependent relative risk
model. Under the fitted Kellerer-Barclay attained-age-
dependent excess relative risk model, there is virtually no
difference in attained-age-specific excess absolute risk
estimates. At the present time, data are complete only for
the older members of the population, so models are diffi-
cult to test Shimizu et al. {S7] noted a tendency for
excess risk estimates for solid tumours at a given attained
age to be greater for those exposed at younger ages than
the corresponding estimaics for those exposed at older
ages. This is an important question that needs to be
considered further.

137.  Studies of breast cancer incidence provide the
clearest evidence of age-at-exposure effects on the risk of
radiation-induced cancer. Table 11 contrasts data on age-
at-exposure-specific excess relative risk estimates based on
breast cancer incidence data from several studies.
Although the numbers might suggest differences between
cohorts in the level of risk, in virtually every case the
time-constant excess relative risk estimates decrcase with
increasing age at exposure. This is shown more clearly
when the data are plotted as in Figure IV. The studics
used for the plot are the life span study incidence data
[T15], the Massachusetts tuberculosis fluoroscopy study
[B31], the New York acute post-partum maslitis study
[S9]. the Rochester thymic irradiation study [H22], the
Swedish benign breast discase study [B1], the Stanford
Hodgkin’s disease study [H2], the United States study of
the contralateral breast among women who received
radiotherapy for breast cancer [B41] and the Canadian
tuberculosis fluoroscopy study [M19]. All studies used
data on incidence, except the Canadian study, which
considered monality data.

138.  Despite the limited age range, data on thyroid
cancer from the Israeli tinea capitis study [R15] and the
Michael Reese tonsil irradiation study [S63] demonstrate
highly decreasing relative risks with age al exposure. A
similar pattern is scen among younger members of the life
span study cohort [A13, T15]. The life span study, which
is the largest source of data on adults, suggests that thyroid
cancer risks are quite small among those irradiated as
adults. Age-at-exposure-specific risk estimates for thyroid
cancer from the life span study, the Israeli tinea capitis
study and the Michael Reese study are compared in
Table 12. The relative risks for some other cancer types
estimated for various age-at-exposure groups in the life
span study cohort are given in Table 13.

5. Prenatal exposure

139.  Studies of medical exposure 1o diagnostic x rays
during pregnancy are important because of the possibility
that the developing fetus may be more susceptible to the
carcinogenic effects of ionizing radiation than the adult or
the young child. The Oxford survey of childhood cancers

[B22, M22, 852] was the first (and is still the largest)
study to find an association between obstetric X rays and
childhood cancer. Since its publication in 1958, numerous
other studies have reported similar relative risks of
childhood cancer of about 1.4 without taking the fetal dose
to the embryo and fetus into account. These results are
listed in Table 14. Doubts about the causal nature of the
association have been raised, however. They were
summarized in the UNSCEAR 1986 Report [U3] and,
more recently, by others [M25, M33] and will be
discussed further below. It should be stressed that the poor
quality of the information on the dose to the embryo or
fetus and the possibility that some of the excess risk might
be due to factors unrelated to the x-ray exposure preclude
an accurate estimate of risk per unit dose. Any such
estimates must be interpreted cautiously.

140.  Evidence of a causal association includes the
consistency of findings in many studies conducted over a
period of 35 years [B22]. Case-control studies based on
personal interviews were initially criticized because of the
possibility of response bias, but subsequent large studies
based only on reviews of obstetric records confirmed the
association [M9]. The possibility of unidentified conditions
that select mothers for x-ray examination whose children
were destined to develop cancer was addressed in a
reanalysis of twin data within the Oxford survey of
childhood cancers [M23, M32] and in two case-control
studies of twins in population-based tumour registry
regions in Connecticut [H3] and Sweden [R16]. Twins
were likely to have been x-rayed for reasons unrelated to
the mother’s health, such as to diagnose the twin
pregnancy or to determine fetal position before delivery,
and all three evaluations found an association between
prenatal x-ray exposures and childhood cancer. Controlling
for maternal illness and drugs taken during pregnancy in
the Oxford survey of childhood cancers did not change
appreciably the estimates of relative risk [M22].

141.  Arguments against a causal association between
low dose, obstetric x rays and childhood cancer have been
raised. Jn utero exposure to the atomic bombings in Japan
(mean uterine dose: 0.18 Gy [Y2]) were not linked to an
increase in childhood cancer. During the first 14 years of
lile, no leukacmias occurred in the in wero group, and
only two cancers were diagnosed: one case of liver cancer
at age 6 years and one casc of Wilms’ tumour at age 14
years [J2]. The sample, however, is not large. Most studies
of prenatal x-ray exposures found the relative risk of
leukaemia to be 1.4 and the relative risk of all the major
groups of solid wmours also to be 1.4. The similarity
between these relative risks is strange, because these
cancers are known to have dissimilar origins and very
different excess rclative risks following postnatal
exposures. Such a correspondence is uncharacteristic of
any other human or experimental animal exposure, raising
questions about biological plausibility [M25, M33].
Furthermore, while Japanese children who were less than
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10 years old when exposed to the atomic bombings were
at a very high risk of developing childhood leukaemia (14
cases occurred), they did not develop any other childhood
cancers in excess [Y1]. Finally, it is noteworthy that
excess relative risks have been found only in case-control
studies. No cohort study has detected a significant increase
in childhood cancer following prenatal irradiation [C15,
D16, 115, J2, 05, R13]; indeed, relative risks of about 1.0
or less have been found. The cohort studies can be
criticized, however, because of the small numbers of
childhood cases and associated low statistical power to
detect an excess. Furthermore, one author later concluded
that there was a strong possibility that ascertainment was
incomplete in his investigation [D25] Despite the
presumed higher frequency of prenatal x-ray exposure
among twins than among singletons, cohort studies of
twins in Sweden, Norway, Finland, Califomia and
Connecticut have also failed to find an increase in
childhood cancer, compared with the general population,
and several studics report significant deficits 115, R13].
The exact values of prenatal exposurc in the twin studies,
however, were not known, and the proportion irradiated
may not have been as high as believed. Furthermore, it is
not necessarily correct to expect twins to be at the same
risk of childbood cancer as singletons. Nevertheless, on the
basis of the above discussion the possibility of a causal
association must be recognized, although quantification of
the risk remains uncertain.

142, If it is assumed that fetal doses from medical
prenatal exposures were about 10 mSv, then the estimated
excess relative risk per sievert derived from the various
case-control studies is roughly 40 for leukaemia and 40 for
other cancers. This is in marked contrast to the prenatal or
postnatal risk in children derived from the atomic bomb
survivor studics. As noted above, there were no
leukaemias in the prenatal group. Averaged over the first
35 years of follow-up (1950-1985), the life span study
mortality data suggest that the cxcess rclative risks
per sievert in survivors of the atomic bombings who were
less than 10 years old when exposed are approximately 17
for leukaemia and 2 for other cancers [S7]. Other studies
of childhood irradiation find excess relative risks
per sievert for leukaemia that are generally smaller than
seen in survivors of the atomic bombings (Table 8, Part

X1I) [H21, RS).

143.  Despitc the considerable uncertainty about the
mean fetal dose per obsletric examination, estimates of
risk have been made by UNSCEAR [U2, U4, U6] and
others [B6, K6, M22, M30, M32, S37]. Thesc estimates
vary widely. Some estimates [K6] failed to account for the
decrease in fetal dose per obstetric examination that
occurred over the years [M22]. Others relicd upon the
concept of dose per film [U2] rather than the more
appropriate dosc per examination, since more than one
film may be taken per examination [M30, M32]. Some
considered only fatal and not incident cancers; some were

computed for the first 10 years of life and others for the
first 15 years. One recent analysis of the Oxford survey of
childhood cancers with adjustments for many of the
previous inadequacies in former computation indicates a
decrease with year of birth in the excess absolute risk of
incident cancers over ages 0-14 ycars, perhaps corres-
ponding, at least in part, to a decrease in fetal dose [M22].
The results are summarized in Table 15. Based on these
more recent analyses of the Oxford survey of childhood
cancers, the excess absolute risk of mortality of all cancers
for the first 14 years is about 5 10 Sv'! [M30}.

144.  In the only study that has evaluated adult onset
cancers following prenatal exposure, Yoshimoto et al. [Y2,
Y3] reported a statistically significant increased risk of
adult cancer among 1,630 prenatally exposed survivors of
the atomic bombings followed through 1984. However, no
additional cancers occurred in the most recent follow-up
interval (1985-1989), and although the point estimate of
the excess relative risk per unit dose remains quite high
(0.9), it is no longer statistically significant [Y1] (95% CI:
-0.12-3.81). The small number of cancer deaths (24) and
the limited follow-up during adult life contribute to the
uncertainties in the result. Further follow-up will clearly be
important.

145.  Studies of in wtero exposure have thus given a
wide range of risk estimates, from rclatively high risk to
essentially small undetectable risk, including (possibly)
none at all. Since there is no biological reason to assume
that the embryo or fetus is resistant to the effects of
jonizing radiation, and in particular to leukacmogenesis,
the finding of a positive risk after appreciable doses is to
be expected. However, on the basis of present data the
exact quantification of effects is subject to much
uncertainty.

6. Temporal pattern of radiation-induced
risk

146.  The temporal pattern of radiation-related excess
cancer risks is a central issuc in radiation effects studies.
1t is clear that temporal patterns for leukaemia and solid
cancers differ greatly. Excess absolute risks for leukaemia
generally peak 3-10 years following exposure and decline
thereafter. Excess absolute risks for solid tumours increase
more gradually, possibly increasing monotonically for the
entire lifetime following exposure. In the life span study
data, for a given age at exposure and sex, this increase
with time in excess absolute risk for solid tumours is
remarkably proportional to the increase with age in the
background cancer ratc for a given sex and age at
exposure. The data are most usefully and simply described
by time-constant excess relative risk models, at lcast over
limited follow-up periods. This should not, however, be
interpreted to mean that there is something fundamentally
and biologically true about such a model. In particular, it
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should not be uncritically assumed that the model can be
used to project beyond current follow-up for the life span
study or other studics. For the life span study this is
mainly an issue for those exposed as children, who are
only now attaining ages at which the background rates of
cancer become large. Indeed, in the absence of complete
lifetime follow-up, the strong dependence of excess
relative risks on age at exposure may raise questions about
the adequacy of time-constant excess relative risk models.
It is important to realize that even if excess relative risk
decreased substantially with time, the excess absolute risk
would stll increase, since background cancer risks
increase very rapidly with age. As has been noted in
recent papers [K12, P20], reasonably simple time-
increasing excess absolute risk models can describe the life
span study data as well as constant excess relative risk
models. These absolute risk models often predict relative
risks that decrease with increasing time since exposure,
and they predict smaller differences in attained-age-specific
relative risks than are predicted by time-constant relative
risk modcls with age-at-exposure effects. However, time-
constant absolute risk models, which were widely
considered in the past, do not fit current data and are no
longer uscful for projection purposes.

147.  There is convincing evidence of an excess risk of
leukaemia among survivors of the atomic bombings in
Japan as carly as 1948 [F4] (all major subtypes except
chronic lymphocytic leukacmia), but formal description of
the risks is possible only from late 1950, when follow-up
of the fixed life span study cohort began. When the life
span study data for all age groups are considered together,
the relative risk was greater during the first five years of
follow-up than during later periods, and the subscquent
decline in relative risk is slatistically significant [P33, S§7].
However, the temporal pattern of the excess leukaemia
risk depends on both age at exposure and sex and on the
type of leukacmia induced. In particular, as noted earlier
and illustrated in Figure HI, leukacmia excess absolute
risks have a higher initial peak and decline more rapidly
for those exposed as children than do the excess risks for
those exposed as adults, For a given age at exposure, the
life span study results also suggest that the initial peak
value for excess absolute risk is lower and the decline less
rapid for women than for men. Indeed, the pooled
leukaemia model described in [P33] indicates a slight
increase in excess absolute risk estimates with time since
exposure for women over age 40 at exposure. [t is also
noted in [P33] that a statistically significant leukaemia risk
was seen between 30 and 40 years after exposure.

148.  Studies of the effects of medical irradiation on the
induction of leukaemia generally support the picture
emerging from the life span study data. The relatively
short interval between irradiation and the maximum
relative risk of radiation-induced leukaemia has been
confirmed in several studics. For example, in the studies
of women irradiated for cervical cancer [B12], patients

irradiated for ankylosing spondylitis [D6] and children in
Isracl given radiotherapy for tinea capitis [RS), the relative
risk of leukaemia was at its highest within the first five
years after irradiation. In the study of women irradiated for
metropathia haemorrhagica [D23, S12], the maximum
relative risk occurred 6-10 years after irradiation. The
study of ankylosing spondylitis paticnts is also consistent
with the life span study cohort in finding a continuved risk
of radiogenic leukaemia more than 25 years after
irradiation, although the relative risk was considerably
lower than at earlier periods (an excess relative risk of 1
for the period from 1 to 14 years after irradiation and 0.2
for 15 or more years after irradiation [D6]).

149.  Although it is often stated that radiation-induced
solid cancers arc not seen for 10 or more years after
exposure [D23, S12], a radiation-related increase in solid
tumour mortality is apparent in the life span study cohort
during the first five years of follow-up, that is at 5-10
years after exposurc (excess relative risk per gray shielded
kerma: 0.24 (90% CI: 0.05-0.5) in 1950-1955 [S7]). This
small relative risk for all cancers, involving a total number
of excess cases of about 15, cannot be further subdivided
into meaningful risks for individual cancers. A more
detailed study of the types of cancer involved in these
carly deaths might be useful, however. These excess
cancers were evident 5-10 years after the exposure in prior
evaluations of the life span study, and early excess deaths
are also evident in the study of the ankylosing spondylitis
patients in the United Kingdom. Attention has not pre-
viously been drawn to this period because the number of
cases and the excess risks are small. They are pointed out
now merely to indicate that the 10-15 year latency period
sometimes quoted should be interpreted with caution. At
present, the Committee continues to use a 10-year latency
period for solid tumours.

150.  With increasing time since exposure, the excess
absolute risk in the lifc span study cohort following a
given dose and within a given age-at-cxposure category
has increased dramatically: by factors of 9, 3 and 10 for
age-at-exposure groups 0-19, 20-34 and 35 years or more,
respectively, between the periods 1956-1965 and 1976-
1985 (see Table 16). In contrast, the relative risk of
mortality from all cancers other than leukaemia has
remained relatively stable, so that when {ollow-up to 1985
is considered, models that allow the excess relative risk to
depend on age at exposure and sex but not on time since
exposurc are often used to describe the data [P3, P4, 57,
T15]. However, as noted earlier, there are alternative
models in which the excess relative risk is not constrained
1o be constant in time that describe the data at least as
well as time-constant excess relative risk models with sex
and age-at-exposure cffects [K12].

151.  Although models in which the relative risk is
constant with increasing time since exposure are used to
summarize the data on mortality from all cancers other
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than leukaemia in the life span study cohort up to 1985,
such models conceal some differences in the temporal
patterns of the radiation-related increase among different
age-at-exposure groups. The rcport on life span study
cancer mortality through 1982 [P4] noted statistically
significant differcnces in temporal patterns for survivors
with different ages at exposure. In particular, it was found
that the excess relative risk tended to decrease in time for
those who were younger at exposure and to be constant or
perhaps increase slightly for those who were older at
exposure. Pierce et al. {P23] carried out an extensive
examination of the more recent life span study mortality
data and concluded that the evidence for a decrease with
time in the non-lcukacmia cancer mortality was based on
the experience of the youngest survivors. A similar con-
clusion was reached in the life span study solid tumour
incidence analysis [T15]. Figurc V illustrates age-at-
exposure-specific relative and absolute risks based on the
life span study incidence data for 1950-1987 [T15]. The
excess relative risk model is linear in weighted dose (RBE
for neutrons = 10) and allows for sex-, age-at-exposure
and time-since-exposure dependencies with different slopes
for those over and under age 20 years at the time of
exposurc. While the relative risks differ significantly with
age at exposure, the decrease in the excess relative risk
with time is not statistically significant overall or for either
age group. Excess absolute risks were computed as the
product of the fitted cxcess relative risks and the fitted
background mortality rates. While the excess relative risks
for females are about 40% greater than those for males,
the excess absolute risks for males and females are
similar. From this figure it can be seen that despite a large
estimated decreasc in the excess relative risk for survivors
who were less than 20 years old at the time of exposure,
excess absolute risks have risen at about the same rate as
those for other age groups. The plots suggest that as the
youngest survivors reach the ages at which there arc rapid
increases in background cancer incidence, excess relative
risks may decline 1o those seen for older life span study
survivors.

152 A number of studies have paid attention to
differences in temporal patterns of the excess relative risk
for specific non-leukaemia cancers. The life span study
mortality and incidence reports [R23, S7, T15] provide
trend tests for most types considered. A statistically
significant increasc in the risk with time (without
allowance for age-at-exposure effects) is reported for all
cancers other than leukaemia. Statistically significant time
trends were noted for one or two specific cancer types;
however, in view of the large number of tests carricd out
and the relatively small number of cases at a particular
site, these tests fail 1o provide convincing evidence of a
significant variation between sites with respect to temporal
patterns of the excess relative risk. The BEIR V Com-
mittee [C12] developed separate models for cancers of the
digestive system, the respiratory system, the female breast
and other non-leukacmia tumours and clected to base risk

projections for cancers of the respiratory system and breast
on models in which the excess relative risk decreases with
increasing time since exposure. However, a recent joint
analysis of the life span study data [P20] using the three
non-sex-specific, non-leukaemia categories considered by
the BEIR V Committee [C12] found that no evidence of
significant differences between these categories with
respect 1o age-at-exposure or temporal patterns. It also
found that the category-specific, time-dependent excess
relative risk models used by the BEIR V Committee [C12]
did not provide a statistically significant improvement in
fit relative to a simple, two-parameter, age-al-exposure-
dependent, constant excess relative risk model. As
described in the life span study cancer incidence report
[T15], point estimates of a time trend for the breast cancer
data were negative, indicating a decreasing excess relative
risk with time, but the decreases were not statistically
significant [P20].

153.  In the study of ankylosing spondylitis patients the
relative risk for all cancers other than leukacmia or colon
cancer (40% of which are lung cancers) decreases
significantly with increasing time since exposure, with the
estimated excess relative risk (0.07) for the period 25 or
more years after exposure being only about 20% of the
average excess relative risk (0.38) during the preceding 20
years [D6]. Only for cancers of the oesophagus, liver,
larynx, bladder and skin and for multiple myeloma were
the relative risks 25 or more years after exposure greater
than those seen during the 5-25 year period, and only for
cancer of the oesophagus was the excess relative risk in
the later period statistically significant. The overall decline
in relative risk could not be attributed to the variation with
time in the types of cancer observed or to effects of age
at exposure or to inadequate ascertainment of death in the
oldest age groups in the study. There was no evidence that
patients who survived and remained in the study for 25
years after the initial treatment received doses that were
lower than those who did not (D6} A decrease in the
relative risk for all cancers other than lcukaemia with
increasing time following exposure has also been seen in
three groups of children given medical irradiation [L18].
In contrast, results from the cervical cancer case-control
study suggest that relative risks for heavily irradiated sites,
which do not include the lung or the breast, tended to be
highest 20 or more years after cxposure [B21], aithough
there were few cases beyond 30 years after exposure.

154.  Temporal wvariation in excess relative risk
estimates has been considered in a number of other recent
studies of medically irradiated populations. In the most
recent analysis of the data on breast cancer incidence
among women given frequent chest x-ray fluoroscopy in
Massachusetts, it was found that the risk remains high for
more than 50 years [B31]. The relative risk of thyroid
tumours following thymus irradiation among infants in
New York appears to decrease smoothly with increasing
time since exposure 15 or more years after cxposure, with
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the relative risks for the periods 5-14, 15-24, 25-34 and
>34 years since exposure estimated to be 11.0, 4.8, 2.0
and 1.8, respectively [S10]. There is also a reduction in
relative risk with time in the tinea capitis study in New
York [L18]. In contrast, the extended follow-up of subjects
in the tinea capitis study in Israel has found that the
relative risk remains approximately constant for 30 years
after exposure [R15]. Apparent differences such as these
require reconciliation. Additional statistical analyses of all
the available data may be helpful.

155.  Instudies of the effects of exposure in childhood,
no increase is seen in some types of cancer until the
population has reached an age when such tumours begin
to appear in the absence of unusual exposure to radiation.
For cxample, in the study of infants imradiated for
supposedly enlarged thymus, the first breast cancer was
diagnosed 28 years after imadiation [H22). Similarly, in
the study of children in New York irradiated for tinea
capitis the minimum latency period for radiation-induced
skin cancer was about 20 ycars [S8]. However, the
interval between irradiation and the subsequent cxcess is
not always greater in children than in adults, especially for
tumours that are common in childhood and early adult life.
For example, in the study of children imradiated for tinea
capitis in Israel, tumours of the brain and nervous system
began to appear only 6 years after irradiation [R10].

7. Dose response

156.  In any discussion of the dose response, the dose
itself is of paramount importance, and because the life span
study is so important, the dosimetry of the survivors of the
atomic bombings of Hiroshima and Nagasaki is especially
relevant. The formal dosimetry scheme DS86 has been
uscd as the basis of risk cstimation in the life span study
since 1986. It has generally been regarded as satisfactory,
but recently some important questions have been raised
about a potentially larger contribution to the dose from fast
neutrons than was specified in DS86. This may have come
about either because the RBEs for neutrons are very high
at low doses, as has been suggested [R26, S33], or because
the presence of thermal neutrons [S56] is an indication of
greater numbers of fast neutrons, especially at distances in
Hiroshima, than were allowed for in DS86.

157. When the DS86 was adopted (and even before
that) physicists were aware of some discrepancies for both
Hiroshima and Nagasaki between thermal neutron fluxes
based on activation mcasurements and values derived from
the fast neutron transport equations. These discrepancies
have become morc cvident for Hiroshima (but not
a farem]y, for Nagasaki [S72]) with the measurements of
L2Ey and Eu in soil and measurements of 3C1 in
concrete, both activated by thermal neutrons and reported
in [S56]. The ratio of measured thermal neutron activation
to that derived by calculation increases from less than 1 at

800 m or less from ground zero to about 2 at 1,000 m and
about 10 at 1,600 m. (The average DS86 fast ncutron
organ absorbed doses for survivors at those distances are
1%-2% of the gamma ray absorbed doses.) The origin of
these cxtra thermal neutrons that seemed to have been
present at Hiroshima is not known. If they come from fast
neutrons not accounted for, presumably in the source term
for Hiroshima, the total equivalent dose at greater
distances would need to be increased. The matter is still
under investigation. In the meantime some calculations
have been made of the possible maximum impact of poten-
tially increased numbers of fast neutrons on risk estimates.
The increased equivalent dose would probably reduce the
risk estimates by perbaps 10%-20%, reflecting the fact that
the change could not be large at dose categories that
contribute most to risk [P15]. The fact that risk estimates
based on the incidence for all cancers at Nagasaki alone
differ very litlle from estimates based on that at Hiroshima
and Nagasaki together would appear to confirm that the
impact cannot be large. It should also be noted that adding
more neutrons at greater distances in Hiroshima will tend
to increasc the disagreement between the two cities, which
DS86 improved over TDGS. On the other hand, measure-
ments of chromosome aberration frequencies (which do
not necessarily relate to cancer induction) induced by
gamma rays and a range of neutron energies were recently
used to rcanalyse aberration data for the survivors of the
atomic bombings. A neutron component of about 5% of
the absorbed dose was derived for Hiroshima, compared
with about 2% in DS86 [S53]. Yet another recent reanaly-
sis of stable chromosome aberrations among the atomic
bomb survivors at Hiroshima and Nagasaki examined the
differences between the two cities. It concluded that, in
DS86, the RBE for neutrons is very high or the neutrons
at Hiroshima have been underestimated or the gamma rays
at Nagasaki have been ovcrestimated [S33]. The last-
mentioned reason seems unlikely, since TLD (thermo-
luminescent dosimetry) measurements of the gamma rays
at Nagasaki confirm calculations.

158.  Thus, evidence appears to be mounting that DS86
does not fully account for the neutrons that were probably
present at Hiroshima, especially at the greater distances.
Present indications arc that in analyses based on linear or
lincar-quadratic modcls, the overall reduction in risk
estimates resulting from increases in neutron doses would
not be large [P15]. There are also other features of DS86
that may, in time, requirc amendment. These include
comrection for biases in risk estimates resulting from
random crrors in individual dose estimates (paragraph 35)
and for the effect of misclassification of cancer on death
certificatcs (paragraph 26), both of which would tend to
increase risk estimates [S1).

159.  There are a number of other important issucs
related to the shape of the dose-response function for
radiation-induced cancer. These issues revolve around the
degrec of curvature in the cancer dose-response function
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at low doses and the impact of cell-killing on the response,
especially at high doses. In a recent monograph, Kondo
[K25] summarizes much of the experimental and epi-
demiological data on low-dose effects and offers a
criticism of the lincar no-threshold model of dose
response. The question of the shape of the dose-response
function at low doses is important since the doses of
interest in radiation protection are often much lower than
the doses in the epidemiological studies that contribute
most of the information to risk estimates. Another issue,
which arises in part because of the neutron component of
the life span study exposurcs at Hiroshima, involves
description of the RBE of neutrons for cancer induction.
Experiments and epidemiological studies involving the
direct effects of low-LET radiation, e.g. the induction of
chromosome abermrations in lymphocytes, have generally
found that a linear-quadratic model describes the low-LET
radiation dose response better than a simple lincar model.
These experiments also indicate that cell-killing leads to a
flattening of the dose-response function following high-
dosc-ratc exposures to high doses. While these
experiments are crucial to an understanding of radiation
effects, it is important to remember that cancer induction
is a lengthy, multi-step process, and it is not clear that the
results for specific, obscrvable cellular events should apply
directly 1o radiation-induced cancer risks (see UNSCEAR
1993 Report [U1], Annex E).

160.  Without a better understanding of the issues
involved in transferring risk estimates from one population
to another, comparison of risks for populations cxposed to
diffcrent doses is of litde use in clarifying the shape of the
dose-response function. Thus, the most useful information
on dose response, especially at low doses, comes from
studies of a given population with a range of cxposures
and individual dose estimates. The lack of individual dose
estimates limits the usefulness of several large studies,
including the ankylosing spondylitis study in the United
Kingdom and the cervical cancer cohort study. There are,
however, a number of important studies that do have
individual estimates. These include the life span study, the
cervical cancer case-control study, the various tuberculosis
fluoroscopy cohorts, the benign gynaecological study and
the Israeli tinea capitis study.

161.  As was discussed in Chapter I, errors in indivi-
dual dose estimates affect the nature of observed dose-
responsc relationships. As has been well documented [G4,
J1, P3, P9], random crrors in individual dose estimates
lead to a downward bias in the estimated risk per unit
dose. These crrors also distort the shape of the observed
dose-response curve, If, as is ofien the case in radiation
effects studies, errors in individual doses are roughly
proportional to dose, the apparent dose response will tend
to bave less upward curvature than the true response.

162 Because of the interest in effects at low dose, the
radiation effects literature is replete with two-group

comparisons involving low-dose groups and unexposed
groups; these comparisons are used to address the question
of the lowest dose for which effects can be detected. Such
tests should be interpreted with caution, since in most
cases the failure to detect effects is more likely to be a
consequence of the lack of power of the test than an
indication of the absence of an effect. Furthermore,
positive results can occur by chance only. While such
comparisons should not be ignored completely, once a
dose effect has been found, emphasis should be placed on
tests for departures from lincarity (based on linear-
quadratic or spline models) rather than on specific dose-
ZToup Comparisons.

163.  Figure VI illustrates the relationship between
excess relative risk and weighted dose to the bone marrow
or large intestine for mortality up to 1987 from lecukaemia
and cancers other than leukaemia, respectively, in the life
span study cohort, using the DS86 dosimetry [P11, P13,
R23]. For leukacmia, the estimates of excess relative risk
were derived from data for both sexes and all ages at
exposure. For cancers other than leukacmia, the estimates
of risk illustrated are those for a male aged 30 years at the
time of exposure; the risks for females in the life span
study cohort were roughly twice those for males. There is
an apparent non-linearity in the dose responses for
leukaemia over the range of doses, while the dose
response for solid tumours exhibits less curvature. The
issue of the non-linearity of dose-response curves from the
life span study for cancer mortality (and for incidence)
will be discussed further below.

164.  Because of concerns about the role of cell-killing
and the impact of errors in individual dose eslimates on
the shape of the dose-response curves at high doses, and
because the life span study risk estimates are primarily
used for effects at low doses, recent analyses of the life
span study data have often focused on individuals with
shiclded kerma of less than 4 Gy. Even when the analyses
are restricted to survivors with less than 4 Gy shielded
kerma, the risk estimates from the life span study are
biased by dosimetry errors. Calculations presented in [P9]
suggest that bias corrections based on an assumption of
35% emors in individual dose estimates increase linear risk
estimates by about 6% for leukacmia and 9% for cancers
other than leukaemia [P9].

165.  Statistically significant risks for solid tumours in
the life span study (see Table 7) are presently scen only
above 0.2 Sv, i.e. the relative risks for solid tumours in the
lower dose categories, namely 0.01-0.05, 0.06-0.09 and
0.10-0.19 Sv, arc not significantly different from unity.
However, these dose categorics all have positive nominal
risk estimates, and the slope of the dose response for
doses lower than 0.5 Sv, while lower than the slope for all
doses up to 4.0 Sv, docs not differ significantly from it
[S65] (see also Table 17). For some specific cancer sites,
point estimates of the excess risk are negative in some
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low-dose categories, although not significantly so.
However, while a lincar relationship with dose for solid
tumours is consistent with the life span study data, other
dose-response models that exhibit curvature in the low-
dose region cannot be ruled out.

166.  The shape of the life span study cancer mortality
dose-response curve has been studied in detail by Pierce
and Vacth [P11, P13] for individuals whose shiclded
kerma was 0-4 Gy. Separate calculations were made for
leukaemia and for all other cancers, with and without an
adjustment for the effect of errors on the estimated risks.
The fitted models are of the form

ERR = (Bag,d.,) x (D+6D%) (12)

where D is the weighted dose assuming a neutron RBE of
10, a , and d, represent possible sex- and age-at-
exposure-dependent modifications in the linear risk per
unit dose f§, and O represents the degree of curvature in
the dose-response relationship. The reciprocal of 0 is the
weighted dose at which the linear and quadratic parts of
the dose-response rclationship intersect and is often
referred to as the crossover dose. For cancers other than
leukaemia, 0 is estimated to be 0.1 svl or 02 Sv’l,
depending on whether or not the doses are adjusted for the
effect of errors. These values are not significantly different
from zero. (A value of zero comesponds to a linear dose
response.) For leukaemia, O is significantly greater than
zero, with estimated values of 0.4 Sv! for unadjusted
doses and 0.8 Sv'! for adjusted doses.

167.  The quantity 0 can be related to the dose-
reduction factor, which is the factor by which the slope of
a linear model should be divided to give the slope at low
doses, i.e. the linear term in a linear-quadratic dose-
response modcl. The valuc of the dose-reduction factor is
equal to 1 + ODO, where DO, which depends on the dis-
tribution of doses in the data under analysis, takes the
value 1.5 for the life span study data [P11, P13} The
dose-reduction factor for montality from cancers other than
leukaemia is estimated to be 1.2 or 1.3, depending on
whether dosimetry errors are taken into account These
values are not significantly different from unity. The best
estimate of the dose-reduction factor for mortality from
leukaemia is 1.6 if errors in the doses are ignored. This
estimate increascs to 2.2 after allowance for the effect of
dosimetry errors. In addition to carrying out significance
tests, Pierce and Vacth [P11, P13] calculated confidence
intervals for both 0 and the dose-reduction factor. The
95% upper confidence limits (one-sided) for the dosc-
reduction factor for cancers other than leukaemia are 2.4
and 3.6 before and after adjustment for dosimetry errors,
respectively. The lower confidence limits were not given
explicilly but were less than 1.0 in both cases. The
comresponding upper 95% limits for leukaemia are 3.6 and
6.0. Without adjustment for dosimetry errors the lower
bound is less than 1.0, but after adjustment for dosimetry
errors the lower bound is 1.1,

168.  In the analysis of the life span study solid tumour
incidence data [T15], the dosc response was found to be
approximately linear for survivors with DS86 weighted
doses between 0.2 Sv and 4 Sv, as can be seen in
Figurcs VI and VII. Below 0.2 Sv, limitations of sample
size etc., discussed clsewhere, render quantification
difficult. The pooled lcukaemia data (Figure VI) [P33]
were best described by a lincar-quadratic model with
upward curvature. Although subtype-specific leukaemia
analyses failed to find evidence against lincarity for acute
lymphocytic or chronic myelogenous leukaemia, a joint
analysis that included these two subtypes along with acute
myelogenous leukaemia failed to find statistically
significant differences in the curvature for the three
subtypes. For all leukacmias considered as a single group
and for acute myeclogenous leukaemia and chronic
myelogenous leukaemia considered separately, statistically
significant excess risks were scen at doses below 0.5 Sv.
For chronic myelogenous leukaemia and acute lympho-
cytic leukacmia, the slope of the dose-response function
below 0.5 Sv did not differ significantly from that for
survivors with larger doses. Vacth et al. [V14] presented
preliminary results of an analysis of cancer incidence data
on the shape of the lifc span study dose response for
cancer incidence similar to that carried out for the
mortality data. The results of this analysis generally
parallel those for mortality described above [P11, P13] and
are shown graphically in Figure VIIL. The difference in
curvature between the solid tumour and the leukaemia
dose-response functions is significant, and with a bias
correction for dosimetry crrors, the estimated value of the
low-dose reduction factor for solid tumours is about 1.05
with a 90% confidence interval of 0.6-1.6. The corre-
sponding leukaemia point estimate is 2.5 with a 90% con-
fidence interval of 1.3-8.4. Figure VIII summarizes the
results for low-dose extrapolation factors for leukaemia and
for solid tumours for both adjusted and unadjusted doses.

169.  Dose-response relationships have been considered
in several studies of the cffects of medical irradiation.
Table 18 summarizes the results of an analysis of the
dose-response relationship for cancers and benign tumours
of the thyroid in the tinea capitis study in Israel [R15].
Relative risks incrcased appreciably even within the
limited range of thyroid doses received by study subjects.
After adjustment for sex, cthnic origin and attained age,
the relative risk for cancers rose from 3.3 at the lowest
dose category (mean dose: 0.062 Gy) to 6.1 at the highest
dose category (mean dosc: .214 Gy), while in a linear fit
the relative risks rose from 3.0 to 8.0 for the same dosc
categorics. For benign tumours, the dose-response curve
was not as steep. However, the adjusted relative risks still
increased from 1.1 to 4.5, while the fitted risks increased
from 1.9 to 4.0. It should be noted that while some aspects
of the dosimetry in the tinea capitis study in Israel seem
to be sound, the values of the doses to the thyroid gland
and to the breast may have greater uncertainties than those
of the doscs to organs dircctly in the x-ray ficld. In addi-
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tion, it is possible that the irradiation of the pituitary gland
may influence the response of the thyroid, and in the tinea
capitis study in Israel the pituitary doses were high.

170.  Dose-response relationships for breast cancer
incidence have also been examined in several tuberculosis
fluoroscopy studies. In neither the Massachusetts incidence
study [B31] nor the Canadian mortality study [M19] was
there any evidence of significant non-linearity in the dose
response. The data in Tables 19 and 20 describe the dose
response seen in the Massachusetls data. The original
Canadian tuberculosis fluoroscopy data set included only
women treated in Nova Scotia. The most recent report
{M19] included data on women treated in other provinces
as well. Both the average doses and the estimated excess
relative risk at 1 Sv were lower for women treated in
other provinces than for those treated in Nova Scotia. This
finding had been interpreted as suggesting a non-lincar
dose response. However, results described in [M19]
indicate that a linear dose-response model that allows for
a region-dependent slope fits significanly better than a
linear-quadratic model that does not allow for regional
differences. Adding a quadratic term to the linear modcl
did not improve the fit, however, and a pure quadratic
model was found to fit significantly worse than either the
linear or linear-quadratic alternatives.

171.  If one examines the studies at higher doses in the
risk comparison tables presented earlier in this Chapter, the
comparisons often suggest that estimates of the risk per
unit dose at higher doses are low. These apparent lower
risks are consistent with the idea that cell-killing at high
doses reduces the pool of cells at risk of developing
cancer. As noted earlier, it is difficult to separate cell-
killing from the effects of errors in individual dose
estimatcs in the life span study data when both probably
contribute to a levelling off or downturn at higher doses
(Figure VI). However, a number of studies of medically
exposed populations can provide information on the effect
of high doses. Extensive analysis of data on leukaemia
following exposure to high doses has been carried out
using the cervical cancer paticnt data [B8, B12). For this
population, in which the average total bone marrow dose
was about 7.5 Gy, it was found that relative risks
increased with dose for doses up 1o about 4 Gy but
decreased at higher doses. The breast cancer data from the
acute post-partum mastitis study in New York [S9]
suggest that relative risks levelled off at doses in excess of
3 Gy and appeared to decrease after about 5 Gy (see
Figure IX). In the study of patients treated with x rays for
ankylosing spondylitis in the United Kingdom, the excess
absolute risk of leukaemia was found to vary erratically
with radiation dose over a range of mean marrow doses
up to about 7 Gy [S13], but a model with linear and
quadratic terms for the leukaemia induction rate and
exponential cell-killing at higher doses fitted the data
reasonably well. In a case-control study of cancers
following radiotherapy for childhood cancer, it was found

that exposures as high as 60 Gy were associated with a
high risk of thyroid cancer [TS]. While there was no
downturn in the risk at high doses, the results are not
inconsistent with a hypothesis that the slope of the dose
response is Jower at high doses than at low doses (relative
risks in the dose ranges <2, 2-10, 10-30, 30-60 and
>60 Gy were 1.0, 7.5, 7.6, 9.2 and 12.0, respectively) [BS,
T5]. The first cancers in this study were neuroblastoma
(seven cases), Hodgkin’s discase (five cases), Wilms’
wmour (four cases), non-Hodgkin’s lymphoma (four
cases), brain cancer (two cases) and other cancers (three
cases). Finally, the excess relative risks of Icukaemia
derived from high-dose studies (7 Gy or more) such as
those involving breast radiotherapy [C24] tend to yield
lower values of cxcess relative risk per unit dose than for
the survivors of the atomic bombings, indicating a
probable effect of cell-killing. Thus the evidence for cell-
killing effects varies, but it is probably a factor in most
higher dose responses and may even have an impact at
lower doses [S1]. Furthermore, cell-killing effects may
vary according to the site of cancer considered.

172.  The life span study is the only important epi-
demiological study in which peopie were exposed to both
gamma rays and neutrons. It is not possible to compute
uscful estimates of the neutron RBE from the life span
study data because of the high correlation between gamma
and neutron doses. However, it has been shown [P3] that
risk estimates are not greatly affected by changes in the
assumed (constant) value of the neutron RBE for RBEs in
the range 1-20 because the necutron doses are small.
Although the life span study data do not allow precisc
estimation of the RBE, it has been demonstrated [T15]
that RBE values developed on the basis of experimental
data on chromosome aberrations [D20, S53] do not fit
with those derived from the data for solid tumours of the
life span study. This lack of fit is not related to the value
of the limiting RBE of neutrons; instead, it results from
the fact that there is curvature in the gamma dose response
in the experimentally derived chromosome aberration
dose-response  models but not in the solid tumour
incidence or mortality data.

8. Fractionation

173. In many situations of interest in radiation
protection and risk estimation, such as those involving
occupational or diagnostic exposures, the risk associated
with any given total dose to a particular organ may
depend on the dose ratc and on the number of fractions in
which it is delivered. Exposurcs in almost all of the
studies considered in Section II.A were received at high
dose rates. However, the degree of fractionation varied
from a single fraction for the survivors of the atomic
bombings in Japan to a few fractions for patients given
thymus irradiation to large numbers of fractions for the
exposure of radiologists and patients with pulmonary
tuberculosis receiving air lung collapse treatment.
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174.  Some tuberculosis patients were monitored with
chest fluoroscopy every two weeks for five years or
longer. Their exposures are thus much more comparable
fo current occupational or diagnostic medical exposures
than the experience of persons exposed to high single
doses. Two major studics of tuberculosis patients have
been carried out. One included 4,940 women who were
treated in Massachusetts between 1925 and 1954 and
followed for an average of 30 years [B31]. Among 2,573
women who were examined an average of 88 times, the
mean breast dose was 0.79 Gy; 142 breast cancers were
observed compared to 107.6 expected based on incidence
rates for the general population used as controls. In
contrast, no excess was found for 2,367 women treated by
other means and not regularly irradiated (87 observed
versus 100.9 expected). The relation between dose and
relative risk of breast cancer was consistent with linearity
up to 4 Gy, and for those aged 20 years at exposure the
excess relative risk at 1 Gy was 0.70. This is lower than
the valuc scen for breast cancer incidence in the life span
study, which is about 2 (Table 11). However, much of the
difference in these excess relative risks may be due to the
large differences between background breast cancer
incidence rates in the United States and those in Japan.
After allowing for these it is likely that the excess absolute
rates in the Massachusetts tuberculosis fluoroscopy cohorts
and the life span study are quite similar. The variation in
excess relative risk with age at exposure and time since
exposure was also consistent with that seen in the life span
study (see Table 11).

175.  The second study of tuberculosis patients given
fluoroscopies included 31,710 women treated at sanatoria
in Canada between 1930 and 1952 [M19]. About a quarter
of these women received doses of 0.10 Gy or more, and
their relative risk of death from breast cancer as compared
with those exposed to less than 0.10 Gy was 1.36 (95%
Cl: 1.11-1.67). Women in Nova Scotia experienced excess
relative risks per unit dosc that were approximately three
times higher than women in other provinces. The data are
consistent with a lincar dose-response model, and the
relative risk appeared to decrease with increasing age at
exposure. The BEIR V Committee [C12] reported that the
temporal pattern of the relative risks was similar to that
seen in the life span study. However, recent analyses of
the life span study incidence data with five to seven
additional years of follow-up [T15] suggest that relative
risks have remained fairly constant in the survivor cohort
This seems to differ from the findings reported in [M19]
and [C12]. Within the Canadian cobort, differences in the
slopes of the dose-response curve for women treated in
Nova Scotia and in the other provinces is puzzling. Al-
though the mean numbers of fluoroscopic exposures were
similar, the dose ratc was more than an order of magni-
tude greater in Nova Scotia than elsewhere [M19], and a
possible explanation suggested by the authors is that this
might be a dose-rate effect. While this may be the case,
the estimated relative and absolute risks are much higher

than those in other populations of women with similar
background rates, e.g. the acute post-partum mastitis series
in New York, whose radiation exposures involved rela-
tively high dose rates and little fractionation. Another
possible factor is that of better ascertainment in the well-
studied Nova Scotia population as well as more precise
dosimetry because all the patients faced the x-ray tube.

176.  The breast is not the only organ for which there are
human data on the effect of dose fractionation. There has
also been an opportunity to cxamine fractionation effects in
patients irradiated in infancy for supposedly enlarged
thymuses [S10]. Patients treated with x rays in Rochester,
New York, from 1926 to 1957 and their unirradiated
siblings were contacted by mail questionnaire and pertinent
medical conditions were veriied with the doctor or the
hospital noted on the questionnaire. To eliminate the
possibility that cell inactivation at high doses might mask
any sparing effect of dose fractionation, the fractionation
analyses were limited to the 2,358 subjects with total thyroid
doses less than 6 Gy. Analyses were carried out of the dose
per fraction, the number of fractions and the interval
between fractions; the results are summarized in Table 21.
The excess absolute risk of thyroid cancer per gray was
numerically greater in the group with the lowest dose per
fraction, but there was no significant trend in excess
absolute risk with increasing number of fractions or with a
greater interval between fractions. A Cox regression analysis
considering relative risk also revealed no evidence of a
sparing effect of any of the three fractionation variables.

177.  The effect of fractionation on subscquent lung
cancer risk has also been examined in patients with
tuberculosis [D14, H43]. In an extension of the Massachu-
selts study, 6,285 patients examined by x-ray fluoroscopy an
average of 77 times during lung collapse therapy were
followed for an average of 25 years. The average dose to
the lung was 0.84 Gy. Based on United States national
mortality rates, there was no evidence of increased montality
from lung cancer (SMR: 0.8, based on 69 deaths). It & by
no means clear that national rates in the United States for
lung cancer form an appropriate basis for calculating
expected numbers for patients who are undergoing lung
collapse therapy. In addition there was no evidence of a
dose-response relationship despite a wide range of doses to
the lung. Lung cancer risk did not vary with time since
exposure or age at exposure, and adjustment for smoking
habits and the amount of lung tissue at risk did not
appreciably modify these findings. The authors interpreied
these data as suggesting that, in contrast to breast cancer,
fractionated cxposures as expericnced by this cobort may be
less effective in causing lung cancer than a single exposure
of the same total dose. This interpretation is supported by a
recent study on the Canadian fluoroscopy experiences, in
which no excess of lung cancer was detected after
fractionated exposures averaging about 1 Gy [H43]
However, a small risk of lung cancer was found after
radiotherapy to the breast [120, N8J.
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178.  Another group who received highly fractionated
high-dose-rate x-ray exposurcs is formed by radiologists
and other medical x-ray workers. The results of studies of
individuals in these groups were rcviewed recenty by
Carpenter [C25] and arc summarized in Table 22. For
many of the studies, dosimetry information is very limited.
However, although many of the early radiologists had
occasional single doses that were high enough to cause
overt radiation effects (M24], those joining the profession
after the introduction of radiation protection guidelines
would have been exposcd repeatedly only to low-dose x
or gamma rays. For most of the groups listed in Table 22,
guidelines were introduced during the 1920s (for example
in 1921 in the United Kingdom), although they were not
issued until the late 1950s in China [W14]. Thus, the
increase in mortality with increasing time sirice entry into
the profession seen in the United Kingdom study for
radiologists entering the profession after 1920; the excesses
in the study in the United States for those entering in
1940-1969; and the results obtained for recent follow-up
periods in the studies in Japan and Denmark provide
strong evidence of the carcinogenicity of very highly
fractionated exposures to low-dose low-LET radiation.
However, there are reasons to interpret these studies with
some caution. In particular, the dose estimates are crude,
and it is possible that some workers, especially those
employed before radiation protection guidelines had been
introduced, might have received high doses. In addition,
since there is no internal comparison group, results are
based on comparison with national rates. Furthermore,
some of the differences may reflect factors other than
radiation, such as alcohol or tobacco.

179. A tendency for higher relative risks among those
exposed at younger ages is also apparent among diagnostic
X-ray workers in China [W14], who received highly
fractionated exposures. In this group the relative risks for
leukaemia and thyroid cancer decreased with increasing
age at first employment (see Table 23). The relative risks
for all cancers combined, exclusive of lcukacmia, was
highest among workers first employed before the age of
20 years, but otherwise the data suggest little variation in
relative risks across age-at-employment categories. The
highest relative risks for breast cancer were secn among
those aged 25-29 years at [{irst employment. Some of the
variation in relative risks by age at first employment may
be attributable to the varying length of follow-up or the
different total doses accumulated to date for the different
groups. (Average observation times ranged from 19.9
years among workers who were less than 20 years old
when they started work to 11.7 years among those who
were 40 years old or over.)

9. Joint effects of radiation and other agents

180.  The effects of joint exposure to more than one
carcinogen can be studied in depth only if detailed infor-
mation can be obtained on the extent of exposure to each

of them. There are relatively few examples where such
information is available for human populations. However,
detailed studies have been carried out of cigarette smoking
and asbestos exposure in relation to lung cancer among
insulation workers, and also of cigaretie smoking and
alcohol consumption in relation to cancers of the oral
cavity, pharynx, ocsophagus and larynx, and these have
been summarized by the International Agency for Research
on Cancer [[9]. In these examples, it was clear that the two
carcinogens did not act independently and that the relative
risks among those exposed to both were similar to the
product of the relative risks observed among individuals
exposed to only one or the other. Further evidence that
different carcinogens do not act in isolation from one
another is provided by the increase in excess absolute risks
with increasing age seen in many populations exposed to
radiation in adult life, presumably the result of cumulative
causative factors (see Section I1.AL4).

181.  The topic of joint effects was last reviewed by
UNSCEAR in 1982 [U4]. Since then, a number of addi-
tional studies have been published. Several epidemiological
surveys, conducted between 1963 and 1970, ascertained
cigarette smoking status for various subscts of the lifc span
study cohort. In interpreting the results of analyses based
on these studies it should be noted that current cigarette
smoking status, rather than smoking status at the time of
the bombings, was ascertained and that cigarettes were
very scarce in Japan towards the end of the Second World
War. Prentice et al. [P12] examined cancer mortality
among 40,498 such individuals in relation to total T&SDR
radiation dose and cigarette smoking habits at the time of
the survey. Thirty-three per cent of lightly exposed persons
(<0.10 Gy) were cigarette smokers as compared with 41%
of heavily exposed persons (>1.00 Gy). There thus appears
to be some potential for cigarette smoking habits to
confound and distort the relationship between radiation
dose and cancer mortality in the life span study cohort. In
the analysis of Prentice et al. [P12], the at-risk period for
each individual extended from the month of the first
survey in which the individual took part to the end of
1978 or to death, if this occurred earlier. Cancer mortality
for sites reported at that time to be related to radiation
exposure [K9] was found to be still significantly related
even after taking into account cigarette smoking status. An
cxception was multiple myeloma mortality, where therc
were not enough cases to allow study. Further analyses
using relative risk models that were either multiplicative or
additive in the two exposures (smoking and radiation) or
models that took more general forms were also carried out
for some sites of cancer. Persons heavily exposed to both
cigarette smoke and radiation were found to have
significantly lower cancer mortality than multiplicative
relative risk models would suggest for all non-haemato-
logic cancer, stomach cancer and digestive cancer other
than stomach cancer. Surprisingly, the relative risk
function for those cancers appeared not only to be
submultiplicative (i.e. the excess relative risks were lower
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than those predicted by the multiplicative relative risk
model) but also to be subadditive (i.c. the excess relative
risks were less than those predicted by an additive model).
The lung cancer relative risk function, on the other hand,
could not be said to be either multiplicative or additive,
but there was no suggestion that it was subadditive.

182. A further study of the joint effects of radiation
exposure (T65DR) and cigaretie smoking status during the
1960s in relation to lung cancer incidence up to the end of
1980 was carried out by Kopecky ct al. [K8] in a subset
of the life span study cohort. The data were found to be
well fitted by a model in which the excess relative risk
was the sum of two components:

(a) aradiation-related term that increased with decreasing
age at the time of the bombing;

(b) a smoking-telated term that increased with daily
cigarette consumption, as measured at the beginning
of follow-up, and with attained age.

In this model there was no significant synergism between
the effects of radiation exposure and smoking, suggesting
that the two factors might combine to increase the relative
risk of lung cancer in an additive rather than a
multiplicative fashion. The data are illustrated in Figure X.
One consequence of this is that the radiation-related
relative risk is greatest among non-smokers and decreases
with increasing tobacco consumption. Adjustment for the
effect of smoking by means of this additive relative risk
model substantially reduced the apparent sex differences
in the radiation-related relative risk of lung cancer, since
few women and most men were smokers. Thus, differences
in smoking habits between men and women may largely
account for the generally higher relative risks seen for
women than men in the lifc span study cohort for cancers
other than leukaemia (sec Section [[.A.3 and Table 9).

183.  The interplay between risk of radiation-induced
skin cancer and degree of skin pigmentation was discussed
in Section II.A.3. In the study of children in New York
irradiated for tinea capitis [S8], the skin cancer risk was
particularly pronounced on exposed arcas such as the face.
The excess skin cancers occurring on the fringe arcas of
the face were estimated to yield a risk about 4.6 times
greater than that estimated for skin cancers on the hairy
scalp [H46]. This strongly suggests that exposure to
ultraviolet radiation has increased the carcinogenic effect
of the x rays on the face, relative to their effect on the
scalp, which is protected from ultraviolet rays.

184.  Another factor that alters the risk from radiation
was obscrved in women given radiotherapy for breast
inflammations/infections associated with childbirth or
lactation [S9, S46). Even after controlling for age at
treatment, women who were irradiated shortly after their
first childbirth subsequently had a greater excess risk of
breast cancer per gray than women who were irradiated
after their second or later pregnancies. This finding
complements those of other epidemiological studies and

confirms that age at first childbith seems to be an
important risk-modifying factor for breast cancer [L11].

185.  Patients with cancer treated with radiation and
chemicals provide an opportunity to evaluate whether the
two exposures interact in causing secondary leukaemias and,
possibly, other cancers. In the largest series to date [C24],
patients with breast cancer who were treated with radio-
therapy and alkylating agents were found to have a signifi-
canily higher risk (RR = 17.4) of developing leukacmia than
wonicn receiving radiotherapy alone (RR = 2.4, mean dose
to bone marrow: 7.5 Gy) or alkylating agents alone (RR =
10.0). Ninety secondary leukaemias were evaluated in a
cohort of 82,700 women. High doses to bone marrow in the
chest wall appeared to add appreciably to the risk of
leukaemia after chemotherapy. Other smaller studies
disagree regarding the risk of leukaemia after combined
therapy. Two studies of Hodgkin’s disease [K16, T8]
concluded that the leukaemogenic effect of chemotherapy
was not affected by concomitant radiotherapy; another
reported the opposite [V8]. Breast cancer risk following
Hodgkin’s disease treatment with radiation may have been
enhanced due to chemotherapy with alkylating agents [H2].
Evaluations of paticnts with ovarian cancer have consistendy
reported that combined chemotherapy and radiation is not
associated with a greater risk of leukaemia than chemo-
therapy alone [G6, K15). Previous studics, however, were
somewhat limited by small numbers of leukaemia cases in
cach treatment category and by the absence of a large
comparison group of patients who received neither radiation
nor chemotherapy. In the peptic ulcer study [G11] it was
noted that radiotherapy in combination with surgery greatly
enhanced stomach cancer risks. The authors, while acknow-
ledging that this may have been a chance finding, hypo-
thesized that the joint effect might be due to radiation
damage to the stomach mucosa.

186.  The possible joint effects of oncogenic virus
infection and radiation exposure are of increasing interest.
As discussed in paragraph 120, recent incidence data on
adult T-cell leukaemia (ATL) in the survivors of the atomic
bombings show no association between ATL and radiation
cxposure [P33], providing evidence for a lack of joint
cffects between radiation exposure and HTLV-1 infection,
which is endemic in Nagasaki. Those liver cancers found to
be incrcased as a result of radiation exposure from the
atomic bombings are largely hepato-cellular carcinomas, for
which hepatitis-B, and also recendy hepatitis-C, virus
infections are major risk factors in certain areas, including
Japan. The possible interaction between radiation and hepa-
titis-B virus infection is suggested by findings that hepa-
titis-B surface antigen positivity is increased in persons
exposed to 1 Gy or more, although exposed and non-
exposed individuals scem to be infected by the virus equally
frequently [K24).

187.  Additional interactions of interest involve the
influence of reproductive history, oestrogen levels and other
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known breast cancer risk factors on the risk of radiation-
induced breast cancer. Recent studies [L19] found no
evidence of such interactions. The hypothesis that there
exists a small population of women with a genetic suscepti-
bility to radiation-induced breast cancer (suggested to
explain the large relative risks for early onset breast cancer
among women in the life span study who were ¢ as
children [L20]) should be further investigated.

188.  An excess of leukaemia has been reported among
children who received therapy with pituitary growth
hormone. Of the six cases of leukaemia, five had also
received radiotherapy. Growth hormone is known to stimu-
late proliferations of both normal and leukaemic human
lymphocytes. The authors speculate that growth hormone
might be a promoting agent in the subgroup of children who
had been exposed to therapeutic radiation [F19].

189.  The joint effects of radiation and other factors on
the induction of cancer is an important and intcresting
subject that can only be addressed through epidemiological
studies. Unfortunately, epidemiological studies will rarely
have enough power to provide definitive answers to these
questions.

10. Lifetime risk estimates

190.  Lifetime risk cstimates are often used to

summarize radiation risks. A number of issues must be

considered in the definition and presentation of lifetime

risk estimates. These issues, which were discussed in

Chapter I of this Annex and which are reviewed at length

in [T14] and [P11], include the following:

(2) the model(s) to be used to describe the excess
incidence or mortality for the cancers of interest;

(b) the method of projecting risk beyond the period for
which follow-up data are available;

{c) the background age- and sex-specific death rates for
the reference population;

(d) the definition of lifetime risk to be used;

(¢) the method of transferring risks estimated for one
population to another population.

Lifetime risks have generally been summarized by a single
number that represents the cxperience of a specified
population following a specific type of exposurc. While
baving such a number is convenient, simple summaries
can conceal substantial variation with regard to sex and
age at exposure. Estimates stratificd by age at exposure
and, when necessary, by sex are provided in the analysis
in this Section.

(a) Modebs for lifetime risk estimation
191.  Despite the large number of studies of radiation

and cancer in humans, the life span study remains the
main source for developing models for risk estimation.

While it would be useful to be able to develop models
from other studies for use in lifetime risk estimation, this
is not usually possible owing to insufficient sample size,
the highly non-uniform distribution of doses to different
tissues within an individual, inadequate dosc cstimates in
some cases, short follow-up periods, and, in many cases,
the restrictions on the age and sex distribution. The risk
cstimates to be computed here are based on models that
describe the life span study data.

192.  Since the temporal pattern for radiation-induced
leukaemia differs markedly from that for other cancers, it
is appropriate to consider separate models. One could also
attempt, as was done by the BEIR V Committee [C12], to
develop separate models for specific non-leukaemia cancer
types or categories. While differences in excess risks for
specific cancer types undoubtedly exist, observed
differences in these risk estimates largely reflect sampling
errors because of the relatively small number of excess
cancers of specific types. The results in [P20], discussed
in Section I.LA.7, show that even using the broad
categorics in the report of the BEIR V Committee [C12],
it is difficult to detect statistically significant differences
between the category-specific dose-response models. The
non-leukaemia risk estimates presented below were
computed using a model developed from the pooled life
span study data on solid tumour cancer mortality for 1950-
1987 |R23).

193.  With the exception of the youngest survivors,
excess relative risks for solid tumours in the life span
study have so far been remarkably constant during the
follow-up. Even for those exposed as children, a constant
relative risk model provides a useful summary for the
currcnt follow-up, and the primary question for this group
involves the projection of risks beyond the cument
follow-up period. The much Jarger excess relative risks to
date for those exposed as children compared with adults
may be due to the low background cancer rates for the
younger group thus far, or it may reflect a general increase
in the sensitivity of younger survivors. This uncertainty
suggests that a reasonable approach to the estimation of
age-at-exposure-specific lifetime risks would be to use a
time-constant excess relative risk model for a period
cormresponding to the current follow-up period and to pay
explicit attention to the effects of different methods for
projecting the risks beyond the current follow-up period.
This approach makes clear the extent to which
extrapolation uncertainties vary with age at exposure. In
particular, for those exposed after about 30 years of age
litde extrapolation is currently necessary, while for the
youngest survivors the choice of projection method has an
appreciable impact on lifetime risk estimates. Because it is
based on more adequate summaries of the current data,
this approach to the assessment of sensitivity to modelling
is preferable to comparing lifetime risk estimates based on
models of time-constant excess relative risk and time-
constant excess absolute risk.
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194. While it seems reasonable to use time-constant
excess relative risk models to describe the current life span
study solid tumour data, lifc span study excess relative risk
estimates exhibit statistically significant variation with age
at exposure and sex. Thus, the basic models used in the
lifetime risk computations for solid tumours are excess
relative risk models of the following form:

ERR(D,e) = o De B(e-25) (13)

where o is the sex-specific linear excess relative risk
per sievert, D is the weighted dose, e is the age al
exposure in years and f§ is an age-at-exposure effect
Scparate models were used for cancers of the oesophagus,
stomach, colon, liver, lung, urinary bladder, breast, ovary
and all other sites as a group. Parameter estimates are
based on models fit to the life span study mortality data
for the period 1950-1987 [R23]. These estimates, along with
parameter estimates for a single model as in equation (13),
fitted to the data for all solid cancers as a group are given
in Table 24. Excess relative risks predicted by these models
for selected ages at exposure are given in Table 25.

195.  The solid tumour lifetime risk estimates presented
below were computed using cancer risks obtained by
summing the estimated instantaneous site-specific risks. A
10-year latency period was assumed in the computations
for all solid tumours. This approach differs in two respects
from that used for the primary risk estimates in the
UNSCEAR 1988 Report [U2]. First, the excess risk
models allow explicitly for the effects of sex and age at
exposurc. Sccondly, site-specific risk coefficients were
used for all estimates.

196.  Leukaemia excess risks exhibit substantial sex-
and age-at-exposure-dependent variation with time since
exposure on cither a relative or an absolute scale. In the
computations summarized below, the pooled life span
study excess absolute risk model for leukaemia from 1950
through 1987 [P33] was used. The excess absolute risk
function for this model with units (10'4 PYSv)! is given
by the following equation:

EAR(D,Y) = o, (D + 0D2)eP) (14)

where D is the weighted dose in bone marrow (neutron
RBE = 10), t is the time since exposure (years), 0 is 0.79
Sv'l and o and B arc sex- and age-dependent parameters
(for age at exposure of 0-19 years: a = 0.33 svl, B =
0.17 per year for males and o = 0.66 svl, B = 0.07 per
year for females; for age at exposure of 20-39 years:
a =048 Sv!, B = 0.13 per year for males and o = 0.66
svl, B = 0.03 per year for females; for age at exposure of
240 years: a = 1.31 svl, B = 0.07 per year for males and
a =264 Sv'!, B = 0.03 per year for females). This model
involves a non-linear time-dependent dosc-response
function in which the excess absolute risk depends on
time, scx and age at cxposure. Figure III illustrates the
temporal pattern of the excess risk for men and women of
different ages. Table 26 conlains point estimates of the

excess absolute risk for two doses at several different
times after exposure. This model differs from the model
used in the UNSCEAR 1988 Report [U2] in that it allows
for a non-linear dose response and for temporal variation
in the excess risk. Since chronic lymphocytic leukaemia is
rarc in Japan, this model should be taken as a model for
leukaemia risks excluding chronic lymphocytic leukaemia.

197.  Data on the survivors of the atomic bombings in
Japan and from other exposed populations indicate that
significant increases in deaths from leukaemia can be seen
as carly as two years after exposure. Since follow-up of
the life span study did not begin until slightly more than
five years after exposure and excess risks, especially for
younger survivors, were very high at that time, it is
important to allow for some cxcess leukaemia risk during
the period from two to five years after exposure. For the
main lifetime risk computations (deaths per unit population
per sievert) it was assumed that the excess rate for the
period before 5 years after exposure was equal to half the
fitted excess rate at 7.5 years after exposure.

) Projection methods

198.  Three projection methods were used to examine
the impact of different assurmptions about the future course
of the solid tumour cxcess risk. In all three, the excess
relative risk values predicted by the model given above
were assumed to hold for the period from 10 to 45 years
after exposure. For the first projection method, it was
assumed that the excess relative risk would remain
constant throughout the life of the survivor. The second
and third methods both involved the assumption that for
survivors who were less than 45 years old at exposure the
excess relative risk would decrease linearly starting 45
years after exposure. Under the second method the rate of
decrease was defined so that when the survivor reached
age 90 years the excess relative risk would be equal to the
average excess relative risk for a survivor who was 50
years old at exposure. For the third method, the rate of
decrease in the excess relative risk was defined so that
when the survivor reached age 90 years the excess relative
risk would be zero. Figure XI illustrates the projection
procedures for survivors aged 10, 30 and S0 years at the
time of exposure. Life span study leukacmia risks are
small and appear to be decreasing for the youngest life
span study survivors. Thus, there appears to be no need to
consider alternative projection methods for leukaemia
risks. :

(©) Transfer of risk estimates
between populations

199.  Despite the relatively large quantity of data on
radiation risks, the question of how to apply risk estimates
derived for one population to a different population
remains unanswered. The data that are available suggest
that there is no simple solution to this problem. For
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example, the limited data (Table 8, Part II) on stomach
cancer following radiation exposure in different
populations suggest, albeit weakly, that relative risks may
be more similar than excess absolute risks in populations
with disparate background stomach cancer rates. The
BEIR V Commitiee [C12] concluded that for breast cancer
the excess relative risks are more similar than the excess
absolute risks. However, although no ncw parallel analysis
of the various breast cancer data scts has been reported,
based on the data presented here (Table 8, Part VIII), the
current evidence for such a conclusion secems less
compelling than it appeared to be five years ago. In
particular, the updated life span study breast cancer data
do not suggest that age-specific rclative risks are
decreasing with time. Also, the time-averaged excess
relative risk per sievert for women exposed at any age at
exposurc is larger than that in most of the other breast
cancer cohorts. The observation that sex differences in
solid tumour excess relative risks are generally offset by
differences in sex-specific background cancer rates might
suggest that absolute risks are more similar than excess
relative risks.

200.  Since current data provide no clear evidence of
how risks estimated for the life span study should be
applied to another population, lifetime risk estimates
presented in this Annex are calculated only for a specific
Japanese population, which in itself requires a transfer
from the actual population exposed in 1945. Age- and sex-
specific national death rates in Japan in 1985 [JS] from all
causes, all cancers except leukacmia and leukaemia arc
given in Table 27. Although age-at-exposure-specific
estimates are emphasized, population average lifctime risks
were computed using age- and sex-weighting based on the
1985 Japanese population. It should be noted that calcula-
tions of risk in other populations have been made in the
UNSCEAR 1988 Report [U2] for the populations of
Puerto Rico and the United Kingdom using a multipli-
cative transfer, and the results for lifctime risk based on
multiplicative projection were quite similar for all three
countries, differing by only 20% overall. ICRP [110],
in a more extensive comparison of five populations
(including the Chinese population) with rather differ-
ent demographic characteristics, used both a multipli-
cative and an additive transfer [L12]. Lifetime risks
varied at most by a factor of 2 for the multiplicative
transfer (less for additive transfers) and by only 30%
if the Chinese population was not included. Thus the
effects of transfer between populations, while very
important, are not so large for total cancer risk. For
the transfer of risk in individual organs, as ICRP
points out, some much larger differences can arise
[[10]. Results presented in paragraph 212 indicate that
sex-specific risks for individual sites can differ greatly
within a single population, even when there is litile
difference in total excess cancer risk. These results
underscore further the difficulties of transferring risks
between populations.

d) Methods and results

201.  Asnoted in Chapter 1, issues related to the defini-
tion of lifetime risk have received considerable attention in
recent years [M42, P11, T14]). Thomas et al. [T14]
identified three different measures of lifetime risk that
have been used in recent analyses. The lifetime risks
presented later in this Section are estimates of the risk of
exposure-induced death (REID) given as the percentage of
the exposed population (paragraph 51). Since the lifetime
risks given in the UNSCEAR 1988 Report [U2] were
expressed per 1,000 people, they should be divided by 10
to allow comparing them with those given here. When
comparing UNSCEAR lifetime risks with those in the
report of the BEIR V Committee [C12], it is important to
note that the estimates given by the BEIR V Committee
arc based on a different measure, excess lifctime risk.
While risk of cxposure-induced death and excess lifetime
risk estimates are similar for leukaemia, estimates of the
risks of exposurc-induced death for solid tumours are
10%-20% greater than cxcess lifetime risks, as discussed
in Chapter 1. The two risk measures are compared, using
the same underlying population and cancer death rates, in
Table 28.

202.  Another important issue regarding lifetime risks
concemns the lack of lincarity in dose. Even if the
underlying risk modecl is linear in dose, the risk of
exposure-induced death is a non-linear function of dose.
Because of the non-linearity, simple linear extrapolation
from values at 1 Sv underestimates the value at 0.2 Sv by
about 15% for the young but less at older ages. The
results at both doses are given in Tables 29 and 30.

203.  Loss of life expectancy is an important supple-
ment to nisk of exposure-induced death or excess lifetime
risk, since ncither of the last two measures adequately
reflects the time at which the excess cancers occur. In
other reports, the loss of life expectancy has been defined
as the expected life-shortening per exposed individual.
This is ordinarily a very small number, since it reflects
both the life-shortening among those dying of radiation-
induced disease and the small chance of this occurring. In
this Annex loss of life expectancy is expressed as the
average years lost per exposure-induced case (YLC),
which is calculated as the average years lost per exposed
individual divided by the risk of exposure-induced death.
The UNSCEAR 1988 Report [U2] provided estimates of
the years lost per 1,000 exposed individuals. The years lost
per exposure-induced case corresponds to those cstimates
divided by 1,000 multiplied by the risk of cxposure-
induced death, which is the expected number of cxposure-
induced deaths per 1,000 persons.

204.  Tables 29 and 30 present the age-at-cxposure-
specific risk of exposurc-induced death and years lost per
exposure-induced case for leukaemia and solid tumours,
respectively, following acute cxposures of 0.2 Sv and
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1 Sv. These lifetime estimates were calculated using the
sex- and age-at-exposure-specific model described carlier.
Since sex differences between the estimates of risk of
exposure-induced death and years lost per exposure-
induced case for solid tumours were small, single averaged
values are given for cach age at exposure. For example,
under the assumption of constant relative risk, the lifetime
risk of exposure-induced death from solid tumours for a
person exposed to 0.2 Sv at birth are 5.4% and 6.2% for
males and females, respectively, for an average of 5.8%
(Table 30). Comresponding estimates of sex-specific years
lost per exposure-induced case are 12.5 and 16.3 years for
an average of 14.3 years (Table 30). Sex differences are
even smaller for those cxposed later in life. Table 31
contains estimates for each of the three projection methods
outlined above. As can be seen, risk estimates for the
alternative projection methods are 20%-30% lower than
those given for the constant relative risk projection. For
the lifetime risk of leukaemia (Table 29). no projection is
needed (scc paragraph 198).

205.  The constant relative risk projection predicts that
6% of those exposed at carly ages to 0.2 Sv will die from
radiation-induced solid tumours, with an average of about
14 ycars of life lost per case (Table 30). Estimates of risk
of exposure-induced death and years lost per exposure-
induced case decrease with increasing age at exposure,
falling by age 60 years to about 13% and about 8 years,
respectively. Comparison of the estimates for the three
projection methods shows that the values of the risk of
exposurc-induced death based on declining relative risk
projections for those exposed early in life arc about half
those predicted by a constant relative risk projection and
that the cffect of the projection method decreases for those
who were older at exposure. In contrast to risk of expo-
sure-induced death, the years lost per exposure-induced
case increase when declining risk projections are used.
This is to be expected, since the number of exposure-
induced cases later in life is reduced by the declining risks.

206.  The estimates of leukacmia risk are given
scparately in Table 29 for males and females. The
estimates of risk of exposure-induced death for those
exposed t0 0.2 Sv early in life are about 0.2% for males
and about half of that for females. The large values of
years lost per exposure-induced case are a consequence of
the short latency period and the generally decreasing risk
with time since exposure. Because of the interaction of
age al exposure with sex and with time in the leukaemia
risk model, estimates of the risk of exposure-induced death
for persons aged 40 ycars at cxposure are higher than
those for persons exposcd at age 35 years. Risks of
exposure-induced death at 1 Sv are greater than would be
predicted by proportionality with 0.2 Sv risks because of
the non-linearity in the leukacmia dose-response function
used for these projections. As is the case for solid
tmours, estimates of years lost per exposure-induced case
are relatively independent of dose.

207.  Population-weighted risks of exposure-induced
death and years lost per exposure-induced case have been
calculated for comparison with the estimates given in the
UNSCEAR 1988 Report. The comparisons arc given in
Table 31. For a 0.2 Sv exposure, the risk estimate of
exposure-induced death and the years lost per exposure-
induced case for solid tumours are 24% and 11.2 years,
respectively. The corresponding estimates for a 1 Sv
exposure for solid tumours are 10.9% and 11.6 years. The
age distribution of the 1985 Japanecse population was used
to provide weights for averaging the age-at-exposure-
specific risks. The most relevant estimates from the
UNSCEAR 1988 Report [U2] are those calculated using
the multiplicative risk projection model with age-specific
risk coefficients. The 1 Sv estimates (from Table 62 of
Annex F of the UNSCEAR 1988 Report [U2]) are 9.7%
and 11.4 years,

208. A non-linear dose-response model is used for the
pooled leukaemia data. Fora 0.2 Sv exposure, the estimate
of risk of exposure-induced death from leukaemia and
years lost per exposure-induced case are 0.16% and 34
years for men and 0.11% and 27 ycars for women. The
corresponding estimates of risk of exposurc-induced death
for a 1 Sv exposure are 1.3% for men and 09% for
women. The estimates of years lost per exposure-induced
case are unchanged from the values at 0.2 Sv. The sex-
averaged estimates in the UNSCEAR 1988 Report [U2] for
an exposure of 1 Sv arc 1% and 26 years. The estimated
number of years lost per exposure-induced case in the
UNSCEAR 1988 Report is less than the number given in
this Annex, because the carlier estimates did not adequately
allow for time-dependence in the leukaemia risks.

209, For all cancers, solid tumours plus leukaemia, the
risk of exposurc-induced death is 2.5% afier exposure to
0.2 Sv and 12.0% after exposurc to 1 Sv. The latier
number compares with the value of 10.7% determined for
the risk of exposure-induced death after exposure to 1 Gy
(organ absorbed dose) in the UNSCEAR 1988 Report [U2]
(sce Table 31).

210. The solid tumour risk model used for the
calculations presented above is for fatal cancers. An excess
relative risk model for first primary tumours in the life
span study is also available [R23). With this model it
would be possible, in principle, to calculate lifetime
incidence risks based on methods similar to those used
above. In particular, solid tumour incidence rates could be
substituted for the mortality estimates and used togcther
with death rates for all causes other than solid tumours in
the basic calculations, The main practical problem in
carrying out such computations is the need for appropriate
age- and sex-specific cancer incidence rates. In many
countries, such rates arc not readily available.

211. As has been noted several times in the Annex,
models for site-specific risks have large uncertaintics, and
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the differences in site-specific risks that are scen are
greatly affected by sampling errors in the data as well as
by details of the models chosen. With these caveats in
mind, a number of site-specific risk estimates have been
determined and are listed in Table 32. The non-leukacmia
estimates were calculated using site-specific time-constant
relative risk models for the life span study data in which
risks were allowed to depend on age at exposure and sex.
As with the carlier estimates in this Annex, these models
were applied to 1985 Japanese site-specific cancer
mortality rates. Age-at-exposure-specific REID estimates
were averaged using weights determined from the
Japanesc population. The life-table computations for
lifetime risk estimation involve decrements in the
population at risk at any age that are due to the exposure.
Thus, the lifetime risk for a given site depends on whether
other sites have been exposed. For example, the lifetime
risk for lung cancer will differ according to whether the
exposure is to the lung only or to the whole body. The
results presented here (Table 32) assume that only the
target organ was exposed to 1 Sv weighted dose.

212, Table 32 provides sex-specific and averaged
estimates of the REID for several sites and also values of
the average years lost per exposure-induced case (YLC).
Although specific values in this Table should be
interpreted with caution, it is interesting that while the total
risks for each sex are similar, there are striking differences
in the distribution of the site-specific excess risks for men
and women. The differences for liver and stomach scem
particularly noteworthy. The large liver cancer risk for
men reflects the unusual sex difference in the relative risk
for this site. Ovenll, however, given the uncertainties in
the data and some arbitrary aspects of choice of models,
the site-specific risks of Table 32 should be regarded as
representative of a given choice of models and data rather
than as definitive of the relative values of risks for
different sites.

11. Summary

213.  Studies of the carcinogenic effects in humans of
external exposures to low-LET radiation delivered at high
dose rates, even though varying widely in scope and
quality, provide convincing evidence that these exposures
increase the risk of cancer in many organs and tissues of
the body. In particular, for some cancers other than
leukaemia, lymphomas and multiple myeloma, it seems
reasonable to conclude that excess risks occur within about
5-10 years after exposure and that the elevated risks
continue to increase. on an absolute scale, for most or all
of the remaining lifetime. This must be qualificd by the
fact that virtually no lifetime follow-up data are yet
available on populations of persons exposed before the age
of 20 years. Analyses of data on radiation carcinogenesis
in humans, including the analyses presented in this
Chapter, often focus on results for specific solid tumour

types. Indeed, site-specific analyses are all that can be
carried out for many studies. There is strong evidence for
an association between radiation exposures and many solid
tumours, especially for the most common solid tumour
types such as those of the lung, stomach and female
breast. However, there is little or no evidence of radiation
induction for such cancers as those of the cervix, uterus
and gall-bladder or for chronic lymphocytic leukaemia. In
between these two extremes is a middle group of tumour
end-points for which indications of excess risk occur in
some studies, possibly or even probably suggesting an
association with radiation exposure, but the results fall
short of statistical significance. In those epidemiological
studies of solid tumours in which adequate dosimetric data
are available, the dosec-response function for all solid
tumours taken together is consistent with linearity at
weighted doses between 0.2 to 4 Sv.

214.  The pattern of excess leukaemia risks differs from
that seen for solid tumours in several respects. First,
excess risks are seen within 2-3 years of cxposure.
Secondly, leukaemia excess risks (relative or absolute),
especially in those exposed as children, appear to peak and
then decline with the passage of time. Despite the decrease
in risk with time, current data do not indicate that excess
leukaemia risks ever disappcar completely. Again, as with
the solid tumours, it is important to note that there is
virtually no lifetime follow-up data on persons exposed
under the age of 20 years. Although investigated in
numerous studies, there is no evidence that radiation
exposure increases the risk of chronic lymphocytic
leukaemia.

215.  Results for malignant lymphomas and multiple
myeloma are less clear than those for leukaemia or solid
tumours. Studies of Hodgkin's lymphoma following
radiation exposure have consistently failed to demonstrate
an excess. The data on non-Hodgkin’s lymphoma
incidence in the life span study [P33] provide no clear
evidence of an effect, although some evidence of an
excess is seen in the monrtality data of the ankylosing
spondylitis study [D6] and the peptic ulcer study [G11]
based on comparisons with population rates. Recent data
from the life span study [P33] suggest that evidence of an
excess of multiple myeloma is not as strong as had been
suggested in earlier analyses of the montality data. At this
time there is no conclusive evidence of an increased
incidence of lymphoma and myeloma following high-dose
low-LET radiation exposures.

216. In this Annex site-specific risk estimates for a
number of sites and for leukaemia from a number of
studies have been presented in a common format. It has
been emphasized that direct comparisons of the simple
summary estimates must be interpreted with caution
because of differences in the nature of the exposures, the
quality of the dose estimates, the demographic
characteristics and the length of follow-up time. However,
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some overall impressions can be formed based on the risk
estimates provided in Table 8, These estimates highlight
the central role of survivors of the atomic bombings in
risk estimation. The lifc span study is the most compre-
hensive single source of data on the effects of external
exposure o high-dose-ratc low-LET radiation and one of
the few studies that has cnough excess cases along with a
broad range of doscs and individual dosimetry and with
variability in age, age at exposure and sex to support
efforts to model dose response, cffect modification and
temporal pattems of risk. Despite the importance of the
survivors of the atomic bombings in the characterization
of the risk of radiation exposure, studies of other radiation-
exposed populations help to clarify, confirm or qualify the
findings of life span study. More importantly, they provide
information on issucs that cannot be addressed directly by
the Japanese data, in particular the effect of chronic low-
dose and highly fractionated exposures and the variability
of risk in different populations. Also there are a few
cancers, including leukacmia and breast and thyroid
cancer, for which a number of uscful results from studies
other than the life span study arc available. For most
cancers, including such important ones as the stomach and
the lung, the number of useful results is more limited. For
some other cancers, such as- cancers of the prostate,
pancreas, cervix and testes, as well as Hodgkin’s discase
and chronic lymphocytic leukacmia, no estimates of
radiation risk exist because no study has convincingly
related these sites to radiation exposures. While the resulls
that arc available do not suggest great disparities between
risks in the lifc span study and those in other studics,
questions of the comparability of risk estimates have not
and, unfortunately for most sites, cannot be addressed in
detail using current epidemiological data.

217.  The Committec has attempted to derive roughly
comparable risk estimates of excess relative and absolute
risks per unit dose for a broad range of studies. Although
there are many problems with the calculation, interpreta-
tion and comparison of the simple summary measures
used here, the Committee feels that presenting estimates in
this way is useful because it moves away from an over-
emphasis on the results of statistical tests of the hypotheses
of no effect and examines instead the differences and
similarities of risk cstimates for different cancer types in
various studics.

218.  The Committee has derived lifetime estimates of
the risk of mortality from all solid tumours and from
leukacmia from the data of the life span study for the
period 1950-1987 using threc different projection pro-
cedures. Although the methodology differs somewhat from
that used for the lifetime risk estimates of mortality
presented in the UNSCEAR 1988 Report [U2], which
were based on data for the period 1950-1985, comparison
is possible for the constant relative risk (or multiplicative)
model. The risk of mortality from all radiation-induced
cancers is slightly higher in this Annex: 12.0% following
exposure of 1 Sv, compared with 10.7% in the UNSCEAR

1988 Report [U2]. Using altcmmative projection methods that
allow for uncertaintics in the projection for those exposed at
younger ages, the lifetime risk estimates are 20%-30%
lower. Lifetime risks are also derived for induced cancer in
individual organs and tissucs, but since these depend on
many assumptions, some of them arbitrary, they are much
less precise than the total lifctime risk of fatal cancer.

B. LOW-DOSE-RATE EXPOSURES

219.  For more than 30 years, estimates of the number
of radiation-induced cancers that might be expected to
occur among populations exposed to external low-LET
radiation received at low dose rates have been based on
risk coefficients derived from data on populations
irradiated at high dose rates. Usually these studics have
also been at high doscs, although some, such as the
survivors of the atomic bombings, cover a very broad
range of doses with many persons exposed at low doses
as well. In general, low-dose studies have been less useful
for risk estimation becausc they are of low statistical
power, and many of the published studics have severe
limitations. Uncertainties in cpidemiological low-dose
studies can be due to several factors, including inadequate
dosimetry, narrow dose rangcs, inadequate or inappropriate
controls and extrancous effects from confounders that are
potentially more troublesome when the effect being
detected is expected to be small. However, by far the most
consistent problem in low-dose studies is their lack of
power, i.e. the number of persons involved, the length of
the follow-up and the doses to which they were exposed
may collectively be too small to have any chance of
detecting a radiation effect.

220.  In recent years, scveral reports have appeared
from which some estimates of risk may be extracted.
These reports, which present data on persons
occupationally exposed to radiation at low dose rates, on
the effect of varying levels of terrestrial gamma-ray
exposures and on the effect of exposure to environmental
releases, are summarized below. In order to have
reasonable power to detect any radiation-related effects,
such studies must be very large. However, even if these
low-dose studies are not sufficienly large, they may be
indicative of an effect and perhaps even able to provide
crude risk estimates, but with wide confidence limits. It
seems quite unlikely, however, that studies of low-dose-
rate exposures to low-LET radiation will be able to
provide a means of examining detailed patterns of risk,
such as variations with age at exposure, time since
exposurc and other relevant parameters.

1. Occupational studies

221, For the purposc of quantifying risk, occupational
studics offer the most promise of providing informative
results because of the large number of subjects who have
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been exposed occupationally in many countries and whose
exposures have been individually monitored and recorded.
By far the most important occupational data come from
detailed observations on radiation workers in the nuclear
energy industry who have received cumulative doses
varying from less than 1 mSv to over 1 Sv in the course
of many years. Observations have thus far been published
on about 20 groups of workers, totalling well over 100,000
subjects, mostly men, in the United Kingdom, the United
States, Canada, India and the former USSR [A10, B4, BS,
B27, B30, C3, C16, C22, D10, D22, D26, F11, F16, G3,
GS, G9, G16, G17, G19, H17, H32, H45, K20, K21, K23,
MI15, M41, N1, N2, N3, N4, N6, P24, R1, S14, W3, W7,
W20, W21, W22, W23, W24]. Total mortality in these
groups was generally less than that in the general
population for all men in the same ages over the same
period in the country in which they worked (see
Table 33). This establishes that they did not suffer a gross
hazard, such as has been observed in coal miners and
asbestos workers, but it does not exclude the possibility
that a small or moderate number of radiation-induced
deaths have occurred in these groups. As noted in
paragraph 27, it is quite common for mortality rates in
selected populations to differ from general population
rates, and in such situations it is important to make use of
internal comparisons to the extent possible and to try to
understand and explain any differences between the
exposed cohort of interest and the population from which
the rates were drawn. In occupational studies, working
populations are often observed to have lower age-specific
death rates for all causes and for cancer than the general
population. This is known colloquially as the healthy
worker effect. An important source of uncertainty in some
worker studies is possible confounding due to exposure to
other workplace agents, such as chemicals, that may
elevate the cancer risks.

222, To assess the effects of radiation exposures in
these occupational groups, it is necessary to make
comparisons within the industry, comparing the mortality
of workers (mainly men) by level of occupational radiation
exposure. This has been done in the United States for
workers at the Hanford plant [GS, G16], the Rocky Flats
nuclear weapons plant [W7] and the Oak Ridge National
Laboratory [C3, W21], the Mound facility [W23, W24],
the Oak Ridge Y-12 plant [C22] and the United Nuclear
Corporation [H32}; in the United Kingdom for workers at
the Sellaficld plant [S14], the Atomic Energy Authority
[B4, F11], the Atomic Weapons Establishment [BS] and
the National Registry of Radiation Workers [K20}; and in
Canada for workers at Atomic Energy of Canada Ltd.
[G3, H4S]. Results of studies that have provided risk
estimates are summarized in Table 34. It should be noted
that in most of these studies a large number of
associations were examined. Some of the significant
observations may therefore have been due to chance. Tt
should also be noted that in these studies risks are
presented with different lag intervals in the associations of

doses and effects that may represent subjective decisions
based on posterior views of the data. The results should
thus be interpreted cautiously.

223.  The study of workers at the Sellafield plant [S14]
included 10,000 monitored workers with an average
cumulative recorded dosc from external exposure of
124 mSv. The average length of follow-up was 22 years.
When exposures were lagged by 15 years (but not
necessarily for other lag periods), there were significant
associations between dose and mortality from leukaemia
(p = 0.04), cancer of the bladder (p = 0.02), multiple
myeloma (p = 0.01) and all lymphatic and haematopoietic
cancers (p = 0.03).

224.  The study of workers at United Kingdom Atomic
Energy Authority plants included 22,000 workers with a
radiation record, who were followed for an average of 23
years [F11]. The average cumulative recorded dose from
external exposure was 40 mSv. When exposures were
lagged by 10 years, there was a significant trend in
mortality with radiation dose for cancer of the uterus (p <
0.05) and cancer of the prostate (p = 0.01). A case-control
study of cancer of the prostate was camried out in the
Atomic Energy Authority workforce [R25]. Although the
risk of prostate cancer in that study increased significantly
with increasing level of external exposure, this association
was limited to subjects who were probably contaminated
with radionuclides.

225.  The study of United Kingdom Atomic Weapons
Establishment workers included 9,000 employees with a
radiation record, who were followed for an average of 18.3
years [BS]. The average recorded cumulative whole-body
dose was 8 mSv. When exposures were lagged by 10 years,
there was a significant association between mortality and
dose for all malignant neoplasms (p < 0.05), as well as for
cancer of the lung. A significant association between
radiation dose and cancer of the prostate was also observed
among workers monitored for exposure to radionuclides.
The trend for all cancer mortality was particularly strong in
workers monitored for radionuclide exposure (p < 0.001)
and was mainly attributable to the dose-rclated increase in
lung and prostate cancer mortality.

226. The study of workers at the Chalk River
Laboratories of Atomic Energy of Canada Ltd. in Canada
[G3, H45] covered 8,977 male workers who were moni-
tored for extemal radiation and who had an average
cumulative dose of 52 mSv. The most recent publication
evaluates mortality in 1956-1985. When exposures were
lagged by 10 years, there was a significant association (p
= 0.06, based on four deaths) between cumulative
radiation dose and mortality from leukaemia, excluding
chronic lymphocytic leukaemia.

227.  For the Hanford study, the intemal analyses are
based on data from 33,000 monitored workers employed
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for six months or longer, with an average cumulative dose
of 26 mSv above background. The most recent report on
mortality was for the period 1945-1986 [G16]. Of the 24
specific cancer categories cvaluated, only cancer of the
pancreas and Hodgkin’s discase, which do not seem to be
associated with radiation in other studies, showed
significant positive correlations with radiation dose, with
onc-tailed p values of 0.03 and 0.04, respectively. In
previous analyses of the Hanford data, multiple myeloma
was the cancer most strongly linked with radiation dose
[GS). However the findings have changed with additional
follow-up, and the one-tailed p value obtained in the most
recent analysis was 0.10. In addition to the analyses
described above by Gilbert et al., the Hanford data have
also been analysed by other authors (see, for example,
[KS]). These authors have rcached conclusions very
different from those of Gilbent et al., primarily owing to
their use of non-standard and inappropriate statistical
methods, which failed, among other things, to allow
properly for age at death, calendar year of death,
occupation and length of employment. They will not,
therefore, be discussed further here.

228 The study of workers at the Rocky Flats plant
[W7] included 5,000 whitc males employed for at least
two years and followed for an average of 14 years. The
average recorded cumulative dose from external exposure
was 40 mSv. No overall association with external radiation
exposure was found.

229.  The studies of workers at Oak Ridge National
Laboratory included 8,000 whitc male workers hired
between 1943 and 1972. Their mean cumulative dose
from external exposure was 17 mSv. In an initial report,
which included mortality to the end of 1977 [C3], no
consistent gradients of cause-specific mortality were
detected for radiation exposure. However, in a subsequent
report, which included mortality to the end of 1984 [W21],
a significant association was found between mortality from
all cancers combined when exposures were lagged by 10
years (p = 0.01) and 20 years (p = 0.001). It is noted that
these results are based on non-standard statistical methods
in which, for example, a group of men with an unusually
low mortality from cancer were included in the unexposed
groups. A further analysis of these data [G9], using
methods similar to those applied to the Hanford data,
derived estimates of excess relative risk per sievert for all
cancer mortality similar to those given in [W21] but with
much wider confidence intervals. The excess relative risks
were 2.9 (90% Cl: 0.4-6.5) based on a 10-year lag and 6.1
(%0% CI: 15-12.0) based on a 20-year lag [G9]. In a
further analysis in the same report [G9] it was shown that
the significant associations were largely due to smoking-
related cancers. In addition it was shown that there were
significant positive cormrclations of non-cancer mortality
with radiation dosc for discases known to be related to
smoking. It thus scems likely that confounding by
smoking may have contributed to the significant positive

corrclations for cancer mortality seen in this study,
although the original authors disputed this and pointed to
other complexities [W20].

230.  Although the significant trends noted above may
represent specific hazards peculiar to those cohorts, there
is of course the danger of chance results appearing when
many types of cancer arc studied scparately in many
cohorts, and overall conclusions may be strengthened if
the available data can be grouped in one or more ways.
Two partial groupings have so far been carried out The
first is a joint analysis of combined mortality data on
workers at three installations in the United States (the
Hanford site, Oak Ridge National Laboratory and the
Rocky Flats nuclear weapons plant) [G17). The second is
based on the United Kingdom National Registry for
Radiation Workers, which comprises workers at sites
operated by British Nuclear Fuels Ltd., the Ministry of
Defence, the United Kingdom Atomic Energy Authority,
and Nuclear Electric [K20]. Table 35 shows estimates of
excess relative risks with 90% confidence limits, as
calculated in these two comprebensive analyses. In the
combincd analysis of data from the United States, no
significant association was scen between radiation
exposure and all cancer or lcukaemia mortality, but it was
seen for multiple myeloma (p = 0.04) [G19]. Since the
maximum likelihood estimate for leukaemia occurred at a
valuc that would have led to negative excess relative risks
for workers with the largest doses, the estimate has been
reported as negative without assigning a value. Estimates
based on a further analysis of risk cstimates from data of
the combined studies in the United States and of the
United Kingdom registry have also been calculated [K21]
and are also given in Table 35. For comparison, risk
estimates based on analyses of an appropriate subsection
of the survivors of the atomic bombings in Japan are
shown as well. The studies of nuclear workers covered
only individuals exposed in adulthood, they included very
few women and the follow-up period after exposure was
shorter for nuclear workers than for survivors of the
atomic bombings in Japan, so that risk estimates for the
entire life span study are not directly comparable with
those based on the nuclear workers. In addition, dose
estimates for the workers tend to be estimates of whole-
body dose and are not directly comparable with the organ
dose estimates in the cohort of survivors of the atomic
bombings. Another uncertainty arises from the possible
confounding by carcinogenic chemical exposures in
nuclear facilities, particularly in reprocessing facilities such
as Sellafield, one of the main sources of leukaemia risk.
A low-dose-rate reduction factor bas not been included in
the figures for the life span study. For all cancers, the
point estimate from the combined workers studics is close
to the cstimatc from the Japanese data, with the 90%
confidence interval extending from less than zero to about
twice the upper confidence limit for the Japanesc data. For
leukacmia, the point estimate from the combined workers
studies is about the same as the estimate based on the
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Japanese data, without a low-dosc-rate reduction factor
applied. The confidence intervals extend from less than
zero to several times the upper confidence limit from the
Japanese data. Results from the three studies are
summarized in Table 36.

231.  Most of the studies of workers in the nuclear
industry have not been able to take account of data on
smoking habits, a serious problem if tobacco use is
somehow related to radiation dose. It was possible to carry
out a case-cohort study of lung cancer among white male
radiation workers at the Hanford plant in which data on
tobacco use were obtained from occupational medical
records [P25]. The analysis took account both of the
case-cohort design and changes over time in the quality of
the data on tobacco usc. Tobacco use was not strongly
related to the level of radiation exposure, and adjustment
for tobacco use did not greatly modify the results. With or
without adjustment for tobacco use, the estimated risks per
unit of cumulative equivalent dose were negative, and the
95% confidence intervals were wide and included values
several times those estimated from populations at higher
doses and higher dose rates. A cross-sectional survey of
tobacco habits has also been carried out within the
workforce of the United Kingdom Atomic Energy
Authority [C32}. There was little evidence for an
association between level of tobacco smoking and
cumulative radiation dose.

232, It is noted that formal combined analyses of
updated mortality data from Sellaficld, the Atomic Energy
Authority and the Atomic Weapons Establishment in the
United Kingdom as well as formal combined analyses of
the data from Canada, the United Kingdom and the United
States have recently been completed; the data were not,
however, available for the Committee to review at this time.
In addition, an international collaborative study of cancer
risk among nudclear industry workers in 14 countries is
under way, using a common core protocol, under the
auspices of the International Agency for Research on Cancer
{C33). This study should result in more precise direct
estimates of cancer risk associated with low-dose-rate
external radiation exposures in the future.

233.  Information has recently become available con-
cerning the radiation doses and mortality of workers at the
reactor and reprocessing plants at the Mayak nuclear
weapons facility in the Russian Federation [B27, B30,
N4|. In the initial period of intensive activity, during
start-up and the early years of operation, average radiation
doses to the staff were substantially higher than would
now be permissible. The average annual doses reccived by
workers in the nuclear reactor (plant A) for the years
1948-1956 are estimated to be have been 0.20, 0.40, 0.31,
0.18, 0.15, 0.20, 0.09, 0.10 and 0.05 Sv. From 1949-1962,
the average annual doscs received by workers in the radio-
chemical processing piant (plant B) were 0.48, 0.94, 1.13,
0.66, 0.31, 0.20, 0.21, 0.16, 0.18, 0.11, 0.15, 0.15, 0.11

and 0.08 Sv. The proportion of workers with an annual
dose >0.25 Sv in 1949 and 1950 was 50%-80% in plant A
and 35%-90% in plant B. From 1968 onwards in plant A
and 1974 onwards in plant B, the annual radiation doses
to staff did not exceed 0.05 Sv on average.

234, So far, the health of more than 80% of the
workers who began working in these unfavourable condi-
tions has been followed for over 40 years. During the
carly years, chronic radiation sickness (defined as chronic
fatigue, depression and an altered blood picture [B30]) was
common, and the mean total dose among affected cases
was about 3 Sv. It was subsequently determined that such
cases rarely occurred in persons whose annual dose
remained below 0.25 Sv or whose total dose remained
below 1 Sv. The cessation of exposure or the reduction of
its intensity to lcvels close to those more recently regarded
as permissible limits (<0.05 Sv al) led to a recovery
process that resulted in the normalization of the blood
count for 80% of the individuals affected by chronic
radiation sickness. Also, persons transferred, for
prophylactic reasons, away from contact with radiation
once their total doses of gamma-radiation had reached a
certain level did not subsequently develop radiation
sickness. At both plants, workers whose total external
gamma dose exceeded 1 Sv and those who received over
0.25 Sv in any one year had substantially higher cancer
mortality than other workers (Table 37). The cancer
mortality in other workers with lower doses was shown to
be similar to that of the population as a whole.

235.  Individual film-badge dosimetry data are available
for 3,098 men and 1,453 women who started work at the
two installations between 1948 and 1953 and for an
additional 1,987 men and 362 women who started work
between 1954 and 1958 [K23]. The average cumulative
doses for the men in these four groups vary from 0.49 to
2.45 Sv, and the doses for the women are also thought to
be high. Data on total cancer and leukaemia mortality in
men to the end of 1989 are shown in Table 38. When
compared with national rates in the former Soviet Union
for 1970-1986, an elevated risk is apparent for all cancer
mortality in the subgroup with the highest average expo-
sures, This effect appears to be primarily due to a large
excess of leukacmias (sce Table 38). The excess relative
risk of leukaemia per gray has been calculated only for the
subgroup in which there was a significantly increased risk;
it is cstimated to be 1.4 Gy'l. The death rate in this
subgroup was 25 per 100,000 person-years compared with
5.5 per 100,000 person-ycars expected from national rates.
The paper states that these results agree well with the data
on the survivors of the atomic bombings if a low-dose-rate
reduction factor of 2.7 is applied to the survivor data. In
interpreting these figures it should be noted that expected
values are basced on general population rates, which may
not be appropriate in this selected population. In addition,
the national rates for 1970-1986 may be inappropriate for
years before 1970. The relevant data for earlier periods are
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often not available. No data on women are available at
present.

236.  In a separate analysis [D26], mortality patterns
during a 40-year period have been analysed for 931
persons who worked at the first Soviet nuclear facility
during 1949-1953 and were exposed to radiation under the
most unfavourable conditions. The average accumulated
dose from gamma-radiation was 3.26 * 0.13 Gy. All
individuals were subject to individual dosimetric control
and systematic medical monitoring. The total number of
deaths during 1952-1989 was 177, of which 22.6% were
due to malignant tumours and 6.2% to leukaemia. The
proportion of deaths from diffcrent causes and the average
age of deaths varied over the decades. During the first
decade, seven persons dicd of leukaemia (26.9% of
deaths), two persons of aplastic anaemia and nine of
accidents (30.8% of deaths). During the second decade the
proportion and frequency of solid tumours rose from 18%
to 23%. As would be expected in an ageing population,
the beginning of the final decade saw the rclative and
absolute number of deaths from cardiovascular causes rise
(the average age of death was about 60 years). Therefore,
the carcinogenic effect has been detected only for acute
leukaemia, which developed in the first 5-10 years after
the first exposure at high total doses (>3 Gy).

237.  In another Russian occupational study, the
frequency of lung cancer was investigated among 2,346
workers in the Mayak radiochemical plant who were
exposed both externally and internaily to plutonium [H17].
External exposures were determined by film-badge dosi-
metry, and lung doses from inhaled plutonium were deter-
mined for all individuals using measurements of the
excretion of radionuclides in urine and a lung clearance
model. The relative biological effectiveness of plutonium
alpha particles was taken to be 16. Mortality was studied
during 1970-1989, at the end of which time the total
collective combined dose to the lung in the group of 2,346
workers was 4,812 Sv. Of that combined dose, 3,327 Sv
was from external exposure and 1,485 Sv from inhaled
plutonium (RBE for alpha particles = 16). The number of
deaths observed and the number expected from national
rates in the former Soviet Union are shown in Table 39.
The risk of mortality increased with increasing equivalent
dose and was significant among workers in the highest
dose group. Overall, the relative risk was 1.8 sv
compared with 1.63 Sv'! for the survivors of the atomic
bombings ([S7], Table 4: both sexes). The authors also
compared their estimate of the lifetime risk for lung cancer
in these workers, 0,033 Sv'l, using an internal control and
applying a low-dose-rate reduction factor of 2, with the
ICRP-derived value from the survivors of the atomic
bombings, 0.0068 svl, They pointed out that against
national statistics the result would be 0.014 Sv'!, closer to
the ICRP-derived value. Even better agreement with the
ICRP value would have resulted if the low-dose-rate
reduction factor had not been applied (equivalent 10 a

reduction factor of 1). It should be noted that a substantial
part of the occupational exposure (about 25%) is from
plutonium alpha particles, and for these a low-dose-rate
reduction factor would not be expected to be applicable.
Also, the contribution from the alpha particle portion
depends on the value of RBE selected (16 was used). A
more complete study of these workers would include
information on the smoking habits of the workers, on the
possible influence of the healthy worker effect and on the
precision of the dosimetry.

238,  Some information on the effects of low-dose-rate
exposure to external gamma-radiation on subsequcnt breast
cancer risk is available from a study of about 1,200
women who worked from 1939 to 1961 in the United
Kingdom with paint containing radium [B26, B35}. The
study is fully described in Section III.B.2. These women
accumulated small body contents of 26Ra. However, they
also received external irradiation to the breast at a rate of
0.05-0.2 Gy a”l, resulting in accumulated doses up to more
than 1 Gy (average 0.4 Gy). The breast cancer mortality
in these women to 1 January 1986 was greater than in the
controls (28 deaths compared with 20.5 expected) but was
not statistically significant (Table 40). The women were
subdivided into two groups, aged <30 and 230 years at the
start of their luminizing work, and in both groups the ratio
of observed to expected deaths among those with gamma-
ray absorbed doses <0.2 Gy was higher than that for
women with gamma-ray absorbed doses of at least 0.2 Gy
(Table 40). For women less than 30 years of age, the time
distribution of these deaths as a function of years of
employment shows a significant increase in excess deaths
from breast cancer only after 30-40 years of exposure.
While this timing is consistent with an effect of radiation,
the numbers are too small to draw conclusions. No
leukaemias were observed in this population. In analysis
of dial painters from the United States, Stebbings et al.
[S42] did not find excess breast cancer that could be
attributed to the radiation exposure.

239.  Additional studies of radiation workers were
cammied out in India, where there are two studies: one of
workers in the atomic energy community and their
familics in Bombay [N3] and the other in Tarapur [N2].
In both cascs the numbers involved are small, about 5,000
people, and the length of follow-up is short (1975-1988 in
Bombay, 1971-1988 in Tarapur). In Bombay the
standardized montality ratios were 80 and 65 for male
employces and female family members compared to
national statistics, and there was no evidence of a radiation
cffect. In Tarapur the standardized mortality ratio for
employces and their families was 160 for all cancer, which
was not significantly different from 100. The standardized
mortality ratios for leukaemia were 238 for employees and
222 for families, but again neither was significant. These
Indian studics are not at this point able to make any
contribution to risk estimation, but they may provide a
bascline for more comprehensive studies in the future.
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2. Exposure to natural background radiation

240.  External exposure of the population to natural
sources, such as cosmic rays and terrestrial gamma rays,
varies with geographical location, and several authors have
attempted to examine the risk following low-dose-rate
exposures by comparing cancer mortality or incidence
rates in different geographical areas. Despite the obvious
attraction of having large populations available for study,
such attempts arc fraught with difficulties. These include
uncertainties in the doses actually received by individuals,
geographic variability in the accuracy of cancer diagnoses,
and confounding with the numerous other environmental
factors that may well have a much greater influence on
cancer risk. Furthermore, when geographical areas are
compared, exact matching of control groups is difficult Tt
is not surprising, therefore, that studics that have attempted
to correlate exposure to background gamma-radiation with
cancer mortality or incidence without carefully considering
these other factors have at times produced erratic and
implausible results.

241. Recent calculations have been made of the pro-
portion of deaths from various cancers caused by natural
background radiation [D7]. These calculations used the
models of the BEIR V Commitice [C12] for leukaemia and
for solid tumours, which were derived from data on the
survivors of the atomic bombings in Japan. They predict
that about 11% of deaths from leukacmia might be caused
by postnatal exposure to natural background sources other
than radon, while for other fatal cancers the figure is about
4% or less [D7]. In addition to the higher relative risk from
leukaemia, the nfluence of other environmental risk factors
on subsequent leukacmia risk is less than for many other
types of cancer risk, and the interval between exposure and
any subsequent risk is generally much less for leukaemia
than for other types of cancer. Thus the effect of exposure
1o background radiation is much more likely to be assess-
able for leukaemia than for most other fatal cancers.
However, studics in Connecticut [W2], Japan [12, 111, S47],
France {T12], the United States [H34, J3), Sweden [E1] and
China [H3S, W8, W15, W16] found no significant associa-
tion betwecn leukaemia and background radiation. An early
study in Scotland found a significant association between
natural background radiation and leukaemia (excluding
chronic lymphocytic leukaemia) but concluded that even for
leukaemia a proper interpretation of geographical variations
can be made only when the effect of social and economic
factors can also be taken into account [C27). A later study
in the United Kingdom on childhood cancers also reported
a statistically significant effect [K7), but the statistical
methods used were obscurc; the result is not only difficult
to interpret, but it was not confirmed in a subsequent report

M13].

242, Few of the above studies have attempted to relate
the observed ieukaemia rates to realistic estimates of dose,
taking into account migration and differences between

indoor and outdoor exposure rates. One exception is a
Chinese study, in which two neighbouring regions having
different levels of cxposure to background radiation
(owing to the high thorium content of the monazite sands
in one of them) were sclected for study [H35, W8, W15,
W16]. In both regions the overwhelming majority of the
inhabitants had lived in the area for their entire lives.
Exposures were determined by measurements not only at
fixed locations indoors and outdoors but also in a sample
of individuals in each area who wore personal dosimeters
for two months. The average annual dose in the red bone
marrow was estimated to be 1.96 mSv in the high
background arca and 0.72 mSv in the control area. During
1970-1985 the age-adjusted mortality rates for leukaemia
in males were 3.32 and 3.8210° PY'! in the high
background and control arcas, respectively (16 and 17
deaths), while in females the rates were 221 and
356 10° PY! in the high background and control areas,
respectively (10 and 16 deaths), and consequently not
significant. This study thus provides no evidence for a
radiation effect following low-dose protracted exposure
throughout life, since leukaemia rates were lower in the
population with higher exposure living on radiocactive
monazite sands. However, the low doses and small
numbers of cases are such that the study had low statisti-
cal power to detect an excess risk, given that one existed.
For example, a typical individual in the high background
area would, by age 50 years, have received a red bone
marrow dose about 60 mSv greater than one living in the
low dose arca. Based on estimates from the life span study
cohort (Table 8, Part XII), doses of this magnitude would
be expected to result in a relative risk of leukaemia of the
order of 1.2. Relative risks of this magnitude arc very
difficult to detect epidemiologically, so even if observation
is extended over a lifetime it will be difficult to obtain a
definitive result. Similar considerations apply to many of
the smaller occupational studies, although some of these
low-dose studies can be expected to provide an upper limit
to the risk and therefore make a useful contribution to
radiation-induced cancer risk evaluation.

243.  Thyroid disease was also examined in a Chinese
study of high background radiation [W17]. Cumulative
thyroid doses at age 50 years were estimated to be about
0.14 Gy among those living in the high background area
and 0.05 Gy among those living in the control area, a
difference of 0.09 Gy. Approximately 35% of the
accumulated exposure was received during childhood,
which appears to be a sensitive time for thyroid
carcinogenesis (Table 8, Part XI). Physical examinations
were catried out on approximately 1,000 women from
each area in the age group 50-65 years [W17]. For all
nodular thyroid discase, the relative risk for residents of
the high background area compared with that of residents
of the control area was 1.02 (95% CI: 0.76-1.35), while
for single nodules it was 1.13 (95% CI: 0.82-1.55), and
the differcnce, while positive, was not significant. The
authors concluded that an excess thyroidal exposure
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totalling about 0.1 Gy dclivered over a lifetime, much of it
during the adult years of life, did not result in a significantly
increased risk of dinically detectable thyroid tumours.
Chromosome aberration frequencies were also studied and
found to be significantly higher in the high background
region than in the low background region [W17].

244.  Where the use of different building materials
results in differences in the rates of exposurc to back-
ground gamma-radiation within a single geographical area,
the case-control study provides an altemnative method of
investigation. This approach has been adopted in two
studies of acute myeloid leukaemia in Sweden [F7, F8,
F18]. In both studies the exposure to background gamma-
radiation was assessed using an index that took into
account the time spent indoors and outdoors and the
building material (stone, wood etc.) in the bomes and
workplaces of the subjects. In cach study there was a
marginally significant association between their risk of
myeloid leukaemia and exposure to higher background
radiation (0.04 Gy in 20 years compared to 0.02 Gy in 20
years) after adjusting for confounders, with relative risks
of 22 (95% Cl: 1.0-4.9) in onc study and 2.0 (95% CI:
0.9-4.3) in the other. However, the index of exposure was
crude, and in a casc-control study of multiple myeloma by
the same authors, using a similar design, significandy
fewer cases were found in the high exposure category of
background gamma-radiation than in controls [F17].

3. Exposures from environmental releases

245.  Several geographical studics have reporied an
association between the amount of fallout in southwestern
Utah from nuclear tests in 1952-1958 and subsequent
leukaemia rates (see, for example, [M1]). Accordingly, a
case-control study with 1,177 individuals who died of
leukaemia and 5,330 who died of other causes (controls)
was conducted using estimates of dose to bone marrow
determined from fallout deposition rates and the location
of the individual’s dwelling [S48). For all leukaemias
other than chronic lymphocytic leukaemia, when all ages
and all time periods after exposure were combined, there
was a weak association with bone marrow dose that was
not statistically significant. However, a significant
association was seen for those individuals who died when
they were less than 20 years old (p = 0.02), in the period
of highest exposure, 1952-1957 (p = 0.04), and for those
individuals who died of acutc leukaemia, especially acute
lymphocytic levkacmia (p = 0.009) (see Table 41).
Subgroups combining the modifying factors shown in
Table 41 were defined before the analysis. In addition to
the results given in Table 41, a significant association with
dose was found for acute leukacmia discovered from 1952
to 1963 among individuals who were younger than 20
years at exposure, with odds ratios of 1.33 (95% CI:
0.64-2.74) in the 3.0-5.9 mGy dose category and 7.82
(95% CI: 1.90-32.2) in the 6-30 mGy dose category. A

non-significant association with dose was also found for
chronic lymphocytic leukacmia. The dose was
predominantly from external low-LET radiation. No
significant associations werc scen in other a priori defined
subgroups, including those in wtero during the fallout
exposure period. The observed risks in this study were
approximately double those predicted by the estimates
based on the life span study cohort, but the difference was
not statistically significant.

246. A series of releases and accidents occurred at the
Mayak nuclcar weapons facility at Chelyabinsk-65 in the
southern Urals. In the early 1950s, liquid wastes with a
total activity of 100 PBq (in beta emitters) were
discharged into the Techa River. As a result, the 124,000
people living along the Techa and Iset Rivers received
internal and external radiation exposures. The long-term
consequences of this exposure are being investigated in the
most heavily exposed portion of this population, consisting
of 28,000 people who lived on the banks of the Techa, of
whom about a quarter were Tartars or Bashkirs and the
remainder were Russians. Efforts have been made to
reconstruct internal and external doses for this cohort
Individual extemal dose eslimates are not available for
cohort members; however, average extemal doses have
been estimated on a village by village basis, while internal
contamination has been measured using a whole-body
counter on over 12,000 individuals {D27, K26]. Another
issue of concern is the possibility of confounding effects
from other liquid wastes containing toxic chemicals. The
cohort was defined as all people living in the defined area
surrounding the Techa River on 1 January 1950. It was
assembled in 1968 using taxation and medical records,
supplemented by lists of persons compensated during
evacuation. Data arc available on the vital status of the
cohort up to 1983, by which time about 8,000 people were
known to have died and 6,000 to bave moved away.
Emigration is clearly a special problem as is the variable
quality of the data. Although cfforts are being made to
determine vital status for all cohort members, death
certificates are routinely available only for those deaths
occurring in the local area, so information on the cause of
death is available for only about two thirds of the known
deaths. Of those for whom the cause of death is known,
about 15% had cancer indicated as the underlying cause of
death, Special cfforts have been made to collect data on
cases of leukaemia, and ascertainment is believed to be
high. Data on morbidity from other types of cancer has
been obtained from cancer centres in the Chelyabinsk
region; these data include about 17,000 of the most
heavily exposed members of the cohort. Results to date
indicate an increasing risk of leukaemia, especially in
high-dose groups, and of total cancer mortality with
increasing dose (Figure XII). Analyses of data for several
cancers other than leukaemia have shown excess risks that
are not significant [K18]. Table 42 summarizes data for
several site-specific analyses, while Table 43 provides
more detailed data on the leukacmia dose response.
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247.  In 1957 a radioactive waste storage tank at the
Mayak facility exploded. The explosion, called the Kyshtym
accident, contaminated a large arca of the southeastern
Utals, known as the East Urals radioactive trace [K19].
The resuspension of activity from a storage pond at the
Mayak facility in 1967 resulted in small exposures in an
arca largely included within the East Urals radioactive
trace. More than 270,000 pcople were living in the area at
the time of the 1957 accident. Marrow dose estimates for
the 20,000 most heavily exposed people are estimated to
bave ranged from 0.03 to 025 Gy. Mortality and
morbidity in this group arc being monitored. Little
information is currently available on the cohort.

248.  Since the cohorts of environmentally exposed
individuals in the southern Urals are a valuable source of
information and potentially important with respect to low-
dose radiation risks, efforts should be made to improve the
quality of the individual exposurc estimates. In addition,
the lack of detailed information on data collection methods
and the incompleteness of the mortality data continue to
limit the interpretation of risk estimates derived from
currently available data.

249.  To investigate the effects of the accident at the
Chemobyl nuclear power station in 1986, a detailed study
was carried out of cancers diagnosed in the period 1981-
1990 in residents of the three districts of Ukrainc that were
most heavily contaminated with radioactive cacsium and
that had not been evacuated [P34]. This involved a search
of oncology, haematology and other records in the
regional and district hospitals and in specialist institutes.
Annual age-specific incidence rales for leukaemia and for
all other cancers, excluding thyroid cancer, are shown in
Table 44. The numbers are small, but at ages 0-14, 15-44
and 45-64 ycars, the age-specific incidence rates are
broadly similar before and after 1986. At ages =65 years,
the observed incidence of leukaemia increased abruptly in
1987 and in subsequent years remained two or three times
higher than the pre-accident rates, while the incidence of
all other cancers, excluding thyroid cancer, increased in
the year after the accident by about one third and
remained at about that higher leve!l in subsequent years.
These increases do not follow the usual pattemn for
radiation-induced cancers, in that they are confined to the
oldest group and, for cancers other than leukaemia,
appeared before the usual latency period. It scems likely
that they are attributable to local concern about cancer
after the accident, which led to a more thorough investiga-
tion of clderly patients for cancer. Before 1985, the
incidence rates of leukacmia and of all cancers combined
were lower at ages 265 ycars than in other castern
European countries. Since 1986, the rates have been more
in linc with those in other countries, suggesting under-
diagnosis in the ciderly before the accident. This survey
also included data on thyroid cancer, and these are
discussed in Section III.A.1. It should be noted here that
the international Chernobyl project [I3] did not find any

evidence that the incidence of leukacmia, thyroid cancer
or other cancers had increased in the short period up to
late 1990 in people living in contaminated zones compared
to those living in uncontaminated zones in Ukraine,
Belarus or the Russian Federation. Also, cancer registry
studies to daic have not linked increases in childhood
leukaemia with the Chernobyl accident [P38] although the
follow-up may not yet be sufficicnt for an effect to be
detectable [L22].

4. Summary

250.  The risks of low-dose-rate external exposure to
low-LET radiation are currently obtained by extrapolation
from high-dose-rate data. The quantitative observations
already available for workers at nuclear plants in the
United States and the United Kingdom now provide some
direct evidence that these estimates of risk may be
reasonable. The study of workers in the United Kingdom
shows a trend with dose for leukacmia; however, taken
together, these studies bave such broad confidence
intervals that they could also be consistent with no risk at
all. Firmer conclusions should be possible once the
international overviews of these occupational data that are
under way have been completed. The implications of the
available results for dose-response relationships and the
effect of protraction of exposure were discussed in the
UNSCEAR 1993 Report [Ul], Annex F, "Influence of
dose and dosc rate on stochastic cffects of radiation”.

251.  The current observations on Russian workers at
the Mayak plant demonstrate a carcinogenic effect of
exposures to high doses of cxtemal gamma-radiation
delivered at low dose rates and are also broadly consistent
with the results derived from the survivors of the atomic
bombings. The data are indicative of a dose response for
groups of workers with different exposure levels. It is
hoped that further study of these workers and, possibly, of
additional cohorts will improve the estimates of risk from
these potentially important data.

252.  The study of radioactive fallout from the Nevada
test site provides some indication of the ability of external
doses of low-LET radiation in the range 6-30 mGy
delivered at low dose rate to cause leukaemia, especially
in persons exposed in childhood. The risks derived from
the association scen in this study are somewhat higher
than, but consistent with, the risks derived from exposures
delivered at high dose rate. The great uncertainty in
estimating exposures 30 years later, however, renders any
conclusions doubtful.

253,  The data on the populations exposed to radiation
as a conscquence of releases into the Techa River and the
Kyshtym accident are also potentially important scurces of
risk estimates, especially for leukacmia, and of information
on the nature of risks in different cthnic groups. As with
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the studies of the Mayak workers, the interpretation of risk
estimates in these populations is complicated by the
presence of both internal and external exposures as well as
by possible exposure to other carcinogenic substances that
may be highly correlated with radiation dose. The
Committee recognizes the potential importance of data on
the exposed populations in the southern Urals, It hopes
that efforts will be made to make available more informa-
tion on these populations and to support improvements in
the quality of dose estimates and follow-up data, which
might lead to more reliable risk estimates. In the
meantime, it can be said that quoted risk estimates are in
broad agreement with those derived from high-dose-rate
studies.

254. At present there is no evidence that external
low-LET radiation from the Chernobyl accident has
increased cancer rates in the populations living in the three

most heavily contaminated districts of the former Soviet
Union that were not evacuated [I3, M21]. Studies of the
workers ("liquidators™) engaged in the clean-up at
Chernobyl are potentially valuable for risk estimation
because the numbers are large (several hundred thousand)
and the doses appreciable (0.1-0.4 Gy or more).

255.  The study of thyroid nodularity in women in
areas of high background radiation in China has provided
evidence that external exposure to low-LET background
radiation of about 0.1 Gy in adult life does not cause an
appreciable risk of nodular thyroid disease. Overall, studies
of cancer risk in arcas of high background radiation have
yet to provide definitive information on radiation effects,
in large part because of the very low exposures involved
and the lack of statistical power to detect small effects.
These same limitations apply also to many occupational
and environmental exposures.

IIIl. CARCINOGENIC EFFECTS OF INTERNAL RADIATION EXPOSURES

256.  Intemal radiation exposurcs are of primary
importance in considering risks to the specific organs in
which ingested or inhaled radionuclides predominantly
deposit. Studics of such exposures include effects in the
thyroid and other organs from BI} effects in the bone and
liver from isotopes of radium and thorium and effects in
the lungs from radon. Exposures from a few other
radionuclides, such as polonium, uranium and plutonium,
have been considered in more limited studies.

A. LOW-LET RADIATION EXPOSURES
1. TJodine-131

257.  lodine-131 as sodium iodide has been used
medically in three ways., Very large amounts of By
usually 2,000-5,000 MBq, have been given for the
treatment of thyroid cancer, with the aim of destroying the
thyroid gland and/or metastatic tissue. Somewhat smaller
amounts, 200-400 MBq, have been given to treat hyper-
thyroidism; the resulting radiation doses are sufficient to
impair thyroid function, and the majority of patients
treated in this way eventually became hypothyroid. Much
smaller amounts, 0.4-4 MBgq, have been given to diagnose
thyroid discases. Exposure to B has also occurred as a
result of fallout following explosions of nuclear weapons,
and nuclear installations have discharged BIL jnto the
atmosphere, especially during accidents.

258.  Follow-up of patients treated for thyroid cancer
has been reported in Sweden [H31], the United Kingdom
[E6], Denmark [B24], Finland [T11] and Connecticut

[T13]. The most detailed study is from Sweden, where
second cancer risks have been reported in 834 thyroid
cancer palients given B, The mean total administered
amount was 4,550 MBq, and the mcan observation period
was 14 years. A total of 99 new cancers developed in the
patients treated with iodine therapy, and when compared
with national data the standardized incidence ratio was
1.43 (95% CI: 1.17-1.75). Therc were significant increases
for cancers of the salivary glands, female genital organs,
kidney and endocrine glands other than the thyroid. When
organs were grouped by estimated radiation dose, the
standardized incidence ratio was raised for organs
receiving <0.1 Gy (SIR = 1.57; 95% CI: 1.07-2.21), lower
for organs receiving doses 0.1-0.6 Gy (SIR = 1.18; 95%
CI: 0.87-1.56) and raiscd among organs that had received
doses of at least 1 Gy (salivary glands, stomach, small
intestine and bladder) (SIR = 259; 95% CI: 1.53-4.09).
The bladder and stomach received on average 2.1 Gy and
the salivary glands and small intestine 1.9 and 1.3 Gy,
respectively. For the bone marrow and the breast, organ
doses were estimated to be between 0.1 and 0.6 Gy, and
the standardized incidence ratio for leukaemia was 2.44
(95% CI: 0.66-6.25) based on four cases, while the
standardized incidence ratio for breast cancer was 0.74
(95% CI: 0.34-1.40). Although some of these SIRs
appeared significant, they did not increase after 10 years
of exposure. In addition, second cancers were increased in
patients not treated with 131I, suggesting that the general
population may not be an appropriate comparison group.

259.  In the United Kingdom, Edmonds and Smith [E6)
followed 258 patients who were treated with an initial
ablation amount of 2,900 MBq of 1311’ followed, when
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necessary, by further wreatment with one or more
5,500 MBq amounts at intervals of a few months. The
mean follow-up time was just over 10 years. A total of 20
incident cancers was observed compared with 13.2
expected (p = 0.05), and there were significant excesses
for leukaemia (3 observed, 0.25 expected; p = 0.002),
breast cancer (6 observed, 2.53 expected; p = 0.04) and
bladder cancer (3 observed, 0.46 expected; p = 0.01).
There were no cases of cancer of the central nervous
system. The mecan dose to the bone marrow for those
developing leukacmia was 3.5 Gy, while for patients with
breast and bladder cancer the mean doses to the relevant
organs were 2.1 Gy and 22.9 Gy, respectively.

260. Some evidence of an cxcess of leukaemia
following B treatment for thyroid cancer has also been
scen in Denmark, where 2 cases of myeloid leukaemia
were found compared with 0.097 expected (0.05 > p >
0.01) in a series of 194 patients, representing all patients
with thyroid cancer treated with BI[in Denmark between
1948 and 1972 [B24]. Record linkage studies of cancer
registry data have shown an increased incidence of
leukacmia following thyroid cancer in Finland, Connecticut
and Denmark [O1, T11, T13}, although treatment with
134y exclusively was not evaluated.

261.  Several studies have been carried out of patients
treated with 2! for hyperthyroidism. One of the most
recent studies included about 10,500 patients treated
between 1950 and 1975 at seven hospitals in Sweden
[H11, H40]. The patients received a mean total amount of
approximately 500 MBq of 131, and radiation doses to the
thyroid were between 60 and 100 Gy. Doses to organs
other than the thyroid were relatively low. An average
dose of less than 0.1 Gy was cstimated for the colon,
liver, pancreas, lungs, breast, uterus, ovaries, testis, kidneys
and bone marrow. The dose to the bladder was 0.14 Gy,
to the salivary glands 0.20 Gy and to the stomach about
0.25 Gy. The follow-up was continued for a mean time of
15 years and was very complete. Cancer incidence data
were obtained from the Swedish Cancer Registry. Overall,
the number of tumours occurring onc or more years after
therapy (1,543) was almost exactly cqual to the number
expected (RR = 1.06). When the data were subdivided
into 20 different sites of cancer, there were significant
increases of tumours of the lung (RR = 1.32; number of
cases = 105), kidney (RR = 1.39; n = 66) and parathyroid
gland (RR = 1.78; n =30). In contrast, there was no
increase in leukaemia (RR = 0.94; 95% CI: 0.65-1.31;
n = 34), and the increase in thyroid cancer was not
significant (RR =1.29; 95% CI: 0.76-2.03; n = 18).
Among 10-year survivors, significantly clevated risks were
seen for cancers of the stomach (RR =1.33; n = 58),
kidney (RR =151; n=37) and brain (RR = 1.63;
n = 30). Only the risk for stomach cancer increased over
time (p < 0.05), and it tended to increase with increasing
amount administered, although the tend was not
statistically significant.

262.  The cooperative thyrotoxicosis therapy follow-up
study in the United States involved evaluating patients
with hyperthyroidism for subsequent cancers. The original
study included 36,000 paticnts, about 19,200 of whom
were exposed to 11 and the radiation dose to the thyroid
was always more than 20 Gy (mean 90 Gy). They were
followed for an average of 8 years, but no increase in
leukaemia or thyroid cancer was seen [D9, S2]. The
follow-up of about 1,000 of these patients (all female)
who attended the Mayo Clinic was extended to an average
of 15 years. When their mortality was compared with that
in a similar sized control group of women treated
surgically, no increase in cancer risk was observed [HS8].
An initial analysis of cancer incidence in the same
population reported an elevated risk of cancer (RR = 1.8;
95% CI: 1.1-3.2) of organs that concentrate BI (salivary
glands, digestive tract, kidncy and bladder) [H9), but a
later report that ranked organs according to the estimated
doses received concluded that no clear patterns had
emerged [H7]. When cancer incidence in the 31 treated
patients was compared directly with that in surgically
treated patients, adjusting for differences in age at
treatment and duration of follow-up, relative risks were 1.0
for all malignant neoplasms, 0.6 for leukaemia, 9.1 for
cancer of the thyroid, 0.8 for cancer of the breast, 3.4 for
cancer of the kidney and bladder and 0.3 for cancers of
the central nervous system. Only the relative risk for
thyroid cancer was significantly increased. It is likely that
this was becausc the surgery group was at exceplionally
low risk Smuch of the thyroid had been removed) and not
that the 13!I-treated patients were at an increased risk.
However, when compared with thyroid cancer incidence
rates in Connecticut, the standardized incidence ratio for
thyroid cancer was 3.8 (3 cases observed compared with
0.8 expected).

263.  Follow-up has also been carried out for 1,762
hyperthyroid women who were treated at the
Massachusetts General Hospital thyroid unit, many of
whom were in the original study. These women have now
been followed for an average of 17.2 years [G7)
Comparison was based on age- and calendar-time-specific
incidence rates for Connecticut white women; the
standardized incidence ratios for all malignant neoplasms
in women never treated with ' and in those receiving
B amounts of 4-240, 240-369 and >370 MBq were 1.0,
0.9, 0.9 and 1.0, respectively (sec Table 45). There was an
excess of brain cancer among those receiving at least
370 MBq of B but there was no consistent trend with
increasing dose. The excess reported in the initial analysis
of the Mayo clinic series [H9] for organs that concentrate
13y (salivary glands, digestive tract, kidney and bladder)
was not repeated in this group (SIR =0.9; 95% CIL:
0.7-1.2). After stratification for age and year of treatment
for hyperthyroidism, the standardized incidence ratio for
developing breast cancer for women treated with B was
1.9 (95% CI: 0.9-4.1) compared with women never treated
with P11,



62 UNSCEAR 1994 REPORT

264.  The effects of the diagnostic use of BIY pave
been evaluated by Holm et al. [H12, H27, H41]. A total
of 35074 patients examined for suspected thyroid
disorders between 1951 and 1969 in Sweden were
followed for an average of 20 years. The mean age at the
time of examination was 44 ycars. The average amount of
B administered to the patients was 2 MBq, and the
radiation dose to the thyroid gland was approximately
0.5 Gy, while for other organs the dose was <10 mGy.
Record linkage with the Swedish Cancer Register
identified 3,746 cancers occurring five or more years after
the initial 131 examination, and the standardized incidence
ratio for all malignant neoplasms, based on general
population rates, was 1.01 (95% CI: 0.98-1.04). There
were 50 cases of thyroid cancer, and the standardized
incidence ratio was initially estimated as 1.27 (95% CI:
0.94-1.67) [H12], but this was reduced to 1.18 (95% CI:
0.88-1.56) after adjustment for region of residence [H27}.
There was a significant excess of thyroid cancer 5-9 years
following irradiation (SIR: 1.95, based on 23 cases; 95%
ClI: 1.24-2.92). However, women and thosc observed for
10 years or more showed no evidence of an excess or of
a dose response, so it was concluded that the increase
during years 5-9 was probably due to a high level of
medical surveillance, which led to an increased level of
detection of indolent tumours. Furthermore, a portion of
this early excess may have becn related to the underlying
conditions being evaluated. Also, among 2,000 patients
less than 20 years old, no increased risk of thyroid cancer
was observed. For the other cancers, there were significant
excesses of leukaemia (SIR: 1.34, based on 119 cases;
95% CI: 1.11-1.60), but only after 15 ycars, and both
chronic lymphocytic leukaemia and non-chronic lympho-
cytic leukaemia showed similar significant excesses.
Endocrine tumours other than the thyroid (SIR: 1.93,
based on 130 cases; 95% CI: 1.62-2.29) and cancers of
the nervous system (SIR: 1.19, based on 135 cases; 95%
Cl: 1.00-1.41) also showed significant risks. For breast
cancer and cancers of the kidney and bladder there was no
evidence of any increase (breast cancer SIR: 0.98, based
on 739 cases; 95% CIL: 0.91-1.06; kidney and bladder
cancers SIR: 1.08, based on 259 cases; 95% CI: 0.95-1.22).

265. A combined analysis of the nearly 47000
Swedish patients given Bl for thyroid cancer, for
hyperthyroidism or for diagnostic purposes and included
in the studies above has also been reported. Interpretation
of this analysis is complicated by differences in the
demographic characteristics of the populations studied and
the non-overlapping dose ranges. Bone marrow doses were
estimated for individual paticnts based on total
administered 131 activity, 24-hour thyroid uptake and
ICRP tables [H26]. Standardized incidence ratios for all
leukaemias, all leukaemias excluding chronic lymphocytic
lcukaemia, and chronic lymphocytic lcukaemia are shown
by sex, absorbed dose in bone marrow, age at exposure
and years after exposure in Table 46. The administration
of 1311 did not appear to influence the subsequent risk of

leukaemia in either males or females. Nor was there
evidence for a higher risk among those exposed at age
<40 ycars or in years 2-9 after exposure. The risk of
chronic lymphocytic leukaemia, which has not been
associated with ionizing radiation, was similar to that of
other types of leukacmia. For the whole population (mean
absorbed bone marrow dose: 14 mGy), the standardized
incidence ratio of all leukaemia, excluding chronic
lymphocytic leukaemia, was 1.09 (95% CI: 0.91-1.29); for
those in the <100 mGy dose group (mean marrow dose:
48 mGy) it was 1.09 (95% CI: 0.91-1.30) and for those in
the >100 mGy dose group (mean absorbed bone marrow
dose: 221 mGy) it was 1.04 (95% Cl: 0.28-2.67). Thus,
although the combination of these three cohorts is not
without difficultics, no clear association of cancer
induction by radiation was evident in this analysis.

266.  Several studies have been carmried out of the
effects of radioiodine in fallout Over 200 inhabitants of
the Marshall Islands were ex to a mixture of
radioiodines (1311, 1321 1331 1341 apd 135[), tellurium and
gamma-radiation in fallout from the 1954 Bravo
thermonuclear test [C28, R21}). The whole-body gamma-
ray dose was estimated to be 0.11-1.9Gy to the
Marshallese on three atolls. The mean thyroid dosc from
gamma rays and radioiodines was estimated to be 3-52 Gy
in children and 1.6-12 Gy in adults. Many of these
individuals subsequently received anti-thyroid drugs or had
thyroid surgery. Thyroid cancer appeared in 7 of 130
women and in 2 of 113 men over a follow-up period of -
32 years. The carliest thyroid lesion appeared 9 years afier
exposure in a girl who was 3 years of age at the time of
the exposure. The calculated risk coefficient for thyroid
cancer was 1.4 107 Gy’l, but this estimate is uncertain for
several reasons. The high thyroid doses may have resulted
in cell-killing and decreased the number of cells at risk for
cancer development. Frequent thyroid surgery may have
reduced the tissue at risk, and prophylactic thyroid
hormone medication might have influenced the risk.
Furthermore, the effects of gamma-ray exposures could
not be distinguished from those of intemal radioiodines.
The dose to the thyroid from the short-lived and more
energetic radioiodines was 2-3 times greater than that from
1311 ‘and thus the contribution of ' 1o the development
of thyroid cancer could not be determined.

267. The possibility of thyroid effects in people
exposed to radioiodine releases during and afier the
Chernobyl accident has received much attention. In the
international Chernobyl project {I3], nearly 600 children
aged S and 10 years from contaminated and control arcas
were examined in 1990. The children had been between
1 and 6 years old at the time of the accident. The
proportion of children having thyroid nodules was the
same in the exposed and unexposed children [M21]. More
reccently, however, an increase of thyroid cancer in
children living in areas contaminated by radionuclide
deposition from the accident, where doses from short-lived
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radioiodines may have been substantial, has been reported
from the Ukraine [P34] and Belarus [K22] but not from
the Russian Federation. In Belarus an increase was
observed in children only four years after the accident. In
all other studies of thyroid cancer an increased risk has
never been seen until more than five years after radiation
exposure [S61]. No information on the individual thyroid
doses received by these children is available. It is not yet
possible to determine whether the reported increases are
truly associated with radiation exposure or whether they
are a result of increased surveillance for thyroid disease,
which is known to result in apparent increases [B15, B42,
CS, R11, $63, S70).

268. A survey of thyroid discase among children in
Utah and Nevada exposed to fallout radiation from
weapons testing in the 1950s and control groups living in
Utah and Arizona has found no significant differences the
incidence of any type of thyroid disease [R12]. No cases
of thyroid carcinoma were found in 1,378 children thought
to have been exposed, while two cases occurred among
3,443 children who were not living in the primary fallout
arca during infancy. In a recent paper, Kerber et al. [Kl1]
report an association between B exposure and thyroid
neoplasms among a cohort of about 2,500 children
exposed to fallout from nuclear weapons tests in Utah. A
total of 19 cases were observed and about 13 expected
during 20 years of follow-up (1965-1986). The average
thyroid dose, based on individual dose estimates, was
0.17 Gy. The cstimated excess relative risk per gray was
about 7. When the analysis was limited to the eight
thyroid cancers included in this serics, the point estimate
of the excess relative risk per gray was slightly greater
than that for all neoplasms but was not statistically
significant (p = 0.10). As indicated by the authors, factors
related to the study design might have led to biases in this
estimate. These included issues related to selection and
dictary recall used in the dose reconstruction. The authors
concluded that such cffects were unlikely to have had a
large impact on their finding. While this estimate is not
out of line with risks seen in children exposed to cxternal
low-LET radiation, it is substantially higher than risks seen
in other studies of populations cxposed 1o B 1
particular, the risks derived in the Kerber study [K1] are
much larger than those seen in the Swedish study [H12] of
patients, primarily adults, who had received an average
dose of 0.5 Gy for whom the (non-significant) estimated
excess relative risk per gray was 0.4. Based on only two
cases among children in the Swedish study, the non-
significant estimated excess relative risk per gray was 1.4.

269.  The incidence of thyroid cancer has also been
studied in Cumbria, United Kingdom, near the Sellaficld
nuclear site, which has discharged both '*I and B11 into
the sea and atmosphere since the early 1960s [B2S].
Measurements of I were made on 130 thyroid glands
taken opportunistically at necropsy from adults who died
of various causes in Cumbria between November 1984

and September 1987. Levels of activity decreased with the
distance of the paticnts’ homes from Sellafield
(p < 0.001). In contrast, age-standardized thyroid cancer
registration rates for the 288 parishes in Cumbria in
1969-1986 showed a positive correlation with distance
from Sellafield (p < 0.001), with the higher incidence at
greater distances. It was estimated that most of the sample
population received less than 0.67 zSv a’l from 1291, and
none were likely to have received more than an additional
1.5 uSv a’L. Because of its short half-life, 311 could not
be measured in the sampled thyroid glands, but the authors
estimated that total cumulative doses from the two
radionuclides were probably about equal. Such small
exposures would not be expected to result in detectable
effects of any kind, and indeed none were found.

270.  Comparisons between the carcinogenic potential
in the thyroid of external radiation and radioiodines such
as B3] have frequently been attempted. In view of the
scant and uncertain data on increases in cancer risk
following exposure to B outined above, such
comparisons are difficult [C12}]. The National Council for
Radiation Protection and Measurements [NS] found that,
based on human experience, the relative effectivencss of
By compared with external radiation is between zcro and
one half; data from animals suggest a value between one
tenth and one. A valuc of one third was recommended in
the NCRP report. Shore [S61}, in 3 more comprehensive
and recent review of the human data, found only 8.3
observed excess cancer cases from all B! swdics
combined compared with 37.0 cases expected based on
risk estimates for external exposure. The ratio, 0.224, is
about one quarter. Evidenty the protracted dose to the
thyroid that results from B exposure is one reason for
this difference, but the distribution of ! in the thyroid
gland and the resulting non-uniformity of dose may be
another [S68].

2. Other radionuclides

271.  Phosphorus-32 is a high-energy beta emitter that
tends to concentrate in the skeleton. Repeated injections of
32p have commonly been used to treat polycythemia vera,
a discase characterized principally by the overproduction
of red blood celis. In a study of patients with
polycythemia vera diagnosed in 1937-1953 in the United
States and followed to the end of 1961, the cumulative
incidence of leukaemia by 15 years after diagnosis was
20% in the 3P-trcated group but only 2% in the
non-irradiated polycythemia vera patients who had been
treated with phlebotomy, sometimes in combination with
chemotherapy [M34]. Detailed dosimetry calculations have
not been performed, but crude dosimetry suggests that the
average skeletal dose to these patients was about 3 Gy,
which appears to have resulted in an excess cumulative
incidence of leukaemia of 18%. This risk is high
compared to that scen in patients exposed to external
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low-LET radiation. In a randomized, controlled trial,
patients treated with 32p also appeared at high risk: 6% (9
out of 156) patients treated with 32p geveloped leukaemia
compared with only 1% (1 out of 134) treated by phlebo-
tomy [B33]. Extrapolation from these data to other situa-
tions may not be justifiable, however, as patients with
polycythemia vera may be unusually susceptible to radia-
tion-induced leukaemia owing to the nature of their under-
lying disease.

272, Sulphur-35 is a low-energy beta emitter. Treatinent
of chondrosarcoma and chordoma with ¥S injected as
sulphate caused severe marrow damage, as expected, but
it may also have caused the three leukaemia cases that
occurred in the nine subjects who survived at least two
years [M31, M37]. It is possible that the marrow damage
would have materially increased the risk of radiation-
induced leukaemia.

273.  As part of a study of iron metabolism in
pregnancy, the effects of oral administration of FFe (a
beta-gamma emitter) were examined in 679 pregnant
women; 705 control women chosen from the same clinical
population did not receive Fe [H25]. Frequency and type
of malignancy in the next two decades did not differ for
the two groups of women. Among the 634 exposed
children of thesc women, one case of lcukaemia and two
cases of sarcoma were discovered, while no malignancies
occurred in the 655 children in the comparison group,
representing a small but statistically significant increase
(p = 0.03). Among those exposed, the felal doses were
estimated to be 0.05-0.15 Gy.

274.  River water heavily contaminated with fission
products from fuel processing caused large body burdens
of OSr in people living along the upper reaches of the
Techa River in the southern Urals, who were using the
walcr for drinking and irrigation. Tooth and whole-body
counting based on Bremsstrahlung yiclded cumulative
bone marrow doses of up to 3 Gy [D24]. Dose contribu-
tions from other radionuclides were small, but external
dosc rates near the river banks were considerable (up to
1 mGy h‘l) In a cohort of the 28,000 persons most
heavily exposed, an excess risk for leukaemia was

reported (see paragraph 246).

3. Global fallout

275.  Estimates of the average annual absorbed doses
in the bone marrow from low- and high-LET radiation
received from various sources by children bom in Thurso
ncar the Dounreay nuclear installation in northem Scotland
have been published by the National Radiological Protec-
tion Board [D8]. For both low- and high-LET radiation
the annual dose from fallout from atmospheric nuclear
weapons tests peaked sharply in about 1964. For low-LET
radiation the maximum annual dose in the bone marrow

was estimated to be 650 4Gy, mostly from 137¢s and
0sr, while for high-LET radiation the maximum annual
dose in the northern hemisphere was estimated to be much
lower, 2.6 uGy, mostly from 29y but with some Z8pu
[F20]. The dose from strontium would have been entirely
internal from beta radiation, while for caesium about two
thirds of the dose would have been internal from a mix-
ture of beta and gamma-radiation. The temporal pattem of
fallout throughout northwest Europe was similar to that
estimated for Dounreay: doses from high-LET radiation
were similar but doses from low-LET radiation varied
depending on rainfall. In the Nordic countries the
low-LET radiation doses were likely to have been about
twice those cxperienced in Britain. If doses of this
magnitude of either high- or low-LET radiation cause an
appreciable childhood leukacmia risk, the incidence of
leukaemia in northwest Europe should have increased at
about the same time in all affected countrics. Data from
the Nordic countrics have been presented [D2]. Surpris-
ingly, in view of the small doses involved, a small but
statistically significant increase in the relative risk of
leukacmia was noted in children in the period following
the highest fallout as compared with the preceding and
following periods of more moderate fallout.

4. Summary

276.  The data summarized above provide a substantial
amount of information about the effects of 3! on the risk
of thyroid cancer for a very wide range of doses, from the
very high doses delivered in the treatment of hyper-
thyroidism to the low doses received by persons exposed
to diagnostic procedures or to radiation from fallout The
information relates mainly to individuals exposed in adult
life, and it provides litle cvidence that exposure to Blpjs
associated with an increased risk of thyroid cancer,
although in some cases the follow-up periods have been
comparatively short. Significant excesses, all of which
must be qualificd, were reported in four studies, one of
them in children. This lack of a clear effect (when such
effects arc well known to follow external radiation
exposurc of the thyroid) may be due to the lesser
effectiveness of 3T because of dose protraction and
inhomogeneous distribution of the beta emitter in the
thyroid gland. Thyroid cancer risks are dependent on age
at exposure. The risks of childhood exposure to B ape,
however, less well known than those of adult exposure, so
further studies of children are needed.

277.  Comparisons of the carcinogenic effectiveness in
the thyroid of Bl with that of extemal radiation are
difficult. Gross estimates from human expericnce, sup-
ported in part by animal studies, suggest that BI s about
one fifth to one third as effective as extemal radiation.

278. While there have been excesses of cancer of sites
other than the thyroid in cohorts exposed to bigh levels of
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By the findings have not been consistent or reproducible
and may well be due to chance. A large study in the
United States of paticnts with hyperthyroidism did not find
any difference in the risk of leukaemia in patients
receiving B therapy and in those treated surgically. An
extensive study of leukacmia in Swedish patients given
1311 in adult life indicated that the administration of 1311
did not influence the subsequent risk of leukacmia. Doses
were generally low, but even at bone marrow doses
>100 mGy no increased risk of leukaemia was observed.

279.  Few studies have as yet been carriced out of the
effects of intenal exposures to low-LET radiation from
radionuclides of iodine other than 3!, especially short-
lived radioiodines. Such studies could provide valuable
information on the effects of mixtures of radioiodines
released to the environment, and the Committee
recommends that exposed populations should be identified
and studied.

B. HIGH-LET RADIATION EXPOSURES
OTHER THAN RADON

280.  The risk of cancer resulting from the cxposure of
human beings to high-LET radiation must be cstablished
either by studying the direct effects of such radiation in
humans or by knowing, as has becn outlined earlier in this
Annex, the risk of cancer for low-LET radiation and
establishing the relative biological effectiveness (RBE) of
high-LET compared with low-LET radiation in a variety
of other biological systems. There are few direct
measurements of the ability of external high-LET radiation
to induce cancer in human beings. Neutron exposures at
Hiroshima (and Nagasaki) arc largely overwhelmed by the
effects of gamma rays, as assessed in DS86 [R22], and
their impact may not be large in terms of possible
adjustments (paragraphs 156-158). This makes it
impossible to derive either an RBE or scparate risk
estimates for neutron-induced cancers from these studies.
The only distinct human data on the cffects of neutrons
come from two criticality accidents in which the neutron
doses exceeded the gamma-ray doscs substantially. Two
of the seven long-term survivors died from acute myeloid
leukacmia 19 and 33 years later, aller neutron doses of
0.12 Gy aund 0.08 Gy, respectively [H36). Gamma doses
were only 0.04 Gy and 0.001 Gy, respectively. It is
difficult to construct a uscful risk estimate from such a
small sample.

281. In the absence of human information, many
studics comparing high-LET radiation with low-LET
radiation have been undertaken in a wide variety of
biological systems [I4, N7, S67] to determine the relative
biological effectiveness. These have allowed the calcula-
tion of values of quality factors or radiation weighting
factors for high-LET radiation [110] (see Table 47). The

application of these factors to derive appropriate high-LET
equivalent doses (in sicvert) enables the risks for low-LET
radiation to be applied to high-LET radiation. End-points
involving tumour induction, life-shortening and cell trans-
formation are of special relevance, particularly if the RBEs
arc determined at low doses of both the high-LET and the
low-LET radiation, where responses are linear and a maxi-
mum value of the RBE, namely RBE), results [I4, N7,
S67). Throughout this Section, absorbed doses of high-
LET radiation are quoted in gray wherever possible.
Equivalent doses are obtained by applying the radiation
weighting factors (wp) of Table 47.

282.  There is one type of high-LET radiation to which
human beings have been widely exposed intemally. This
is alpha-particle radiation, mainly from naturally occurring
radionuclides. The large body of data on the exposure of
human beings to alpha particles from radon and its pro-
geny are discussed in Section HII.C. Additional information
on the effects of alpha particles in human beings comes
mainly from studies of paticnts either treated with 24Ra
or injected with the diagnostic contrast agent Thorotrast;
from studies of occupational exposure to 226Ra, 228Ra,
plutonium, or uranium dust; and, to a very small extent,
from studies of radium in the natural environment. Re-
views have been carried out by Mays [M4], the BEIR IV
Committee [C6] and Taylor et al. [T1].

283, It is necessary to examine this material to sec o
what extent an excess of cancer induction has been
observed and whether there are any unusual features of its
induction compared with induction by low-LET radiation.
More importantly, if both the number of excess cancers
per unit population and the dose causing them is
sufficiently well known, a direct measure of risk may be
derived for the specific organ or organs in which the
majority of the alpha-emitting material becomes lodged.
As will be seen below, this is possible for botb bone and
liver cancer; indeed, present knowledge of risk in these
wo organs derives primarily or exclusively from
exposures to high-LET radiation from which or with
which low-LET risks are inferred or compared.

1. Radium-224

284.  After the Second World War, about 2,000
children and adults in the Federal Republic of Germany
were treated for tuberculosis, ankylosing spondylitis or
other diseases with repeated intravenous injections of
24Ra as radium chloride [M3, S39, S40]. Bone is the
principal repository for radium that is incorporated into
the body, but as Z*4Ra has a half-life of 3.6 days, aimost
all the radiation dose is delivered to the bone surface,
before the radium can be incorporated throughout the bone
volume. In beagle dogs, injected 224Ra has been found to
deliver an appreciable alpha-particle dose to the kidneys,
liver and eyes as well [L13].
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285. It was not possible to follow the entire group of
2,000 patients, but a subgroup of about 900 patients was
studied from 1952 onwards. Until 1988, by which time
58% of the patients were known to have died, the average
length of follow-up was 24 years (range 0-43 years) [M4,
M7, S41). The average injected amount of 24Ra was
0.67 MBq kg, Ieading 10 an estimated average skeletal
dose of just over 4 Gy [S40). Those less than 20 years old
at first injection received on average nearly twice the
injected amount per kilogram as those who were at least
20 years old at first injection, and because of the enhanced
uptake of radium by growing bone, their estimated average
endosteal dose was nearly five times that of adults
(10.6 Gy compared with 2.1 Gy). The injections were
given over periods ranging from 1 to 45 months, with
average values of 5.5 months for adults and 10.9 months
for children and juveniles.

286.  The most notable feature of the subsequent health
of these patients is that 54 developed a total of 56 primary
bone sarcomas, mostly osteosarcomas {M4, S41]. Cancer
incidence rates give an expected number of only 0.2, and
there is no evidence that this would have been increased
by the disease for which patients werc being treated, as
neither  ankylosing spondylitis nor tuberculosis s
associated with an increased incidence of bone cancer in
non-irradiated patients. Thus all, or neary all, even
allowing for some possible misdiagnoses, of these bone
sarcomas are likely to have been radiation-induced.

287.  The first bone sarcoma appeared only 3.5 years
after injection, the peak frequency was afier 6-8 years, and
the most recent sarcoma appeared after 33 years, with the
temporal pattern of expression being similar for those first
irradiated in childhood and as adults [MS]. Only one new
tumour appeared in the most recent 10 years of follow-up
(i.e. 30-40 years after treatment), and it seems likely that
most, if not all, of the radiation-induced bone sarcomas
bave already appeared, so that the temporal distribution is
unlikely to be altered much in the future. The excess
absolute risks per gray appear to be roughly equal among
men and women, among those irradiated for tuberculosis
and spondylitis and among those who were irradiated at
less than and more than 20 years of age [M7). However,
the estimated risks are not conclusive, as they depend on
the estimated individuai skeletal doscs, which are not very
accurate.

288.  Initial cxamination of the dose-response
relationship indicated that a simple lincar model did not fit
the data very well and that it might be necessary to
include a quadratic term [C4]. Some evidence was also
noted of a tendency towards an increased risk per gray
when the injection span was increased, causing the period
of irmadiation to be protracted [MS5]. A recent reanalysis of
the data has examined the dose-response relationship and
also taken into account the varying exposure periods of the
individual patients [C17]. This analysis confirmed the

increased risk per gray when the injection span was
increased (p < 0.01). This might be due to an inverse
dose-rate effect (a dose-rate effect is called inverse if
instead of producing a greater effect per unit dose at
higher dose rate it produces a lesser effect), in which, for
cxample, an increased injection span would allow more
ccll division between successive injections, thus
maintaining the number of cells at risk in the endosteum
at a higher level during the course of injections [M26]. It
can also be explained by cell-killing, which reduces the
slope at higher doses [M26]. The lowest average skeletal
dose that was followed by the development of a bone
sarcoma was 0.90 Gy, but the analysis suggested that for
a constant exposure time the data were consistent with a
linear no-threshold dose response. The apparent linear-
quadratic dependence that had earier been inferred was,
in fact, the combined result of a lincar relationship
between bone sarcoma incidence and dose for constant
exposure time and of an increase in the incidence with
longer exposure times for constant dose. The model of
choice was of the following form:

R(D,t) = 0.0055 D(1 +0.181) (15)

where R(D,t) is the cumulative incidence of bone sarcoma
following an average skeletal dose D, in gray, delivered
over a period of t months. There was no indication that
the dependence on delivery period applied only to the
larger doscs.

289. It is possible to derive a lifetime risk estimate for
the induction of bone cancer by alpha particles from these
studies with 2*Ra. In the report of the BEIR IV
Committee ([C6], page 208) juveniles and adults were
treated as slightly different in sensitivity and as risk
estimates for bone sarcomas of 188 1074 Gy™! for juveniles
and 133 10 Gy™! for adults were derived (it is noted that
if dose protraction were taken into account, the difference
between juveniles and adults would disappear, in
agreement with Mays et al. [M7]). The weighted average
yields an absolute risk coefficient of about 150 10 Gy!,
and for fatal cancer (lethality 0.70 [110]) it is about 100
10" Gy™. Thus the low-LET risk derivable for a wg of
20is5 10% Gy'l, and it applies to low dose and low dose
rate. It should be noted that these values are derived from
high-dose information and require extrapolation from high
dosc to low dose and from high-LET to low-LET. It is for
these circumstances that the wp of 20 is presumed to
apply. Stated more generally, for radiation of high-LET
and low-LET, the lifetime risk of fatal bone cancer is
510" Sv'L. This is in very good agreement with the low-
LET value of 0.2 10™ Sv'! annual risk rate (Table 8,
Part VI) for a 25-ycar period at risk.

290. In addition to an increase in bone sarcomas, there
have also been statistically significant increases in breast
cancer in thesc patients (14 cases observed, 4.1-6.1
cxpected; p < 0.005), liver cancer (6 observed, 1.1-1.2
expected; p < 0.002) and leukaemia (6 observed, 2 expected;
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p < 0.05) and a non-significant increase in kidney cancer
(5 observed, 2.4-2.6 expected; p <0.13) [S41]. The
expected values were based on data from cancer registries
in Hamburg and the former German Democratic Republic
[S41]. The calculated organ doses averaged 2.4 Gy for the
kidney and 1.4 Gy for the liver, but doses for the breast or
bone marrow have not been published. The increase of
leukaemia has been attributed to the frequent use of
phenylbutazone by the patients with ankylosing spondyl-
itis, but the evidence that this drug is leukaemogenic is
weak [F14, 16]. In contrast to findings from studies of the
effects of “°Ra, no carcinomas of the paranasal sinuses or
mastoid air cells have been observed [M7].

291. It was shown by Spiess that 24Ra was ineffective
in the treatment of bone tuberculosis [M3}. For ankylosing
spondylitis, however, there was acceptable evidence of its
therapeutic value. The original high-dose treatment was
discontinued after about 1950, but treatment involving
much lower amounts of 2*Ra continued to be used. In
order to monitor the recent 22*Ra therapy for ankylosing
spondylitis, Wick et al. [W4, W5, W18] identified about
1,500 adult patients treated mainly between 1948 and
1975. The majority of the paticnts had received a single
serics of 10 weekly injections, each of 1 MBq of 24Ra,
although some patients reccived more than one series, and
for all the patients the resulting mean endosteal dose was
estimated to be 0.65 Gy. The injection span averaged
about 12 weeks. By 1988, the date of the most rccent
published results, the average length of follow-up was 17
years. By that time only one paticnt had developed a
definite bone tumour: a fibrosarcoma of the ileosacral joint
appearing 11 years after an average skeletal dose of
0.67 Gy. Wick et al. [W5, W18] referred to three tumours,
but two were not bone tumours in the conventional sense.
One was a reticulosarcoma of the bone marrow and might
be more properly described as a lymphoma; the other was
a multiple myeloma. The number of spontaneous bone
tumours expected from national rates is about 0.5, and the
predicted number of radiation-induced bone sarcomas
based on the Spiess series is 6. Thus, there is some
evidence that for a given injection span the cumulative risk
per gray may be lower for this group than for patients
treated with the original high-dose therapy. As mentioned
above, onc patient in this group also developed multiple
myeloma, and six patients developed leukaemia. However,
expected numbers have not yet been published. No car-
cinomas of the paranasal sinuses or mastoid air cells are
known to have occurred so far [W5].

2. Radium-226 and radium-228

292 Populations exposed to skeletal alpha radiation
from internally deposited jong-lived isotopes of radium
have also been studied {B26, E8, R6]. The best known
group comprises over 4,000 dial painters, radium chemists
and patients given 26Ra or 28Ra therapeutically in the

United States before 1950. Treatment with intcrnally
deposited radium isotopes has been discontinued. Some of
thesc individuals were internally contaminated with pure
226Ra and others with various mixtures of “2Ra and
28Ra. Both isotopes have long half-lives (2°Ra: 1,600
years; 28Ra: 5.77 ycars). Some 87 bone sarcomas are
known to have occurred in 85 persons among the 4,775
persons "for whom there has been at least one determina-
tion of vital status” [C6]. Among the 2,403 subjects for
whom there is an estimate of skeletal dose, 66 sarcomas
occurred in 64 subjects (fewer than 2 would be expected
from national rates). In addition, some 35 carcinomas of
the paranasal sinuses and mastoid air cells are known to
have occurred in 31 people for whom estimates of skeletal
dose were made [C6]. In unirradiated populations these
tumours are exceptionally rare. The sinus and mastoid air
cell carcinomas seem to have been caused mainly by
22Rn gas and its progeny. Radon-222, produced by the
decay of 26p,, escapes from bone and collects in the
frontal sinuses and mastoid air cells.

293.  Cancer mortality has also been studied in about
1,200 women who worked in the United Kingdom with
paint containing radium from 1939 to 1961, whose
average level of contamination was much less than that of
the United States group and who received much lower
doses [B2, B26, B35]. By the end of 1985, one fatal bone
sarcoma had occurred, compared with an expected number
of 0.17, and there had been no deaths from head sinus
carcinoma. The 26Ra content of 470 luminizers was
measured about 20 years after they had entered the
industry. Forty-five had more than 0.05 gg, 20 had more
than 0.1 ug (the greatest being 0.6 2), and 264 had less
than 0.01 ug. No person who had luminized after 1941
had more than 0.05 ug. Like the United States dial
painters, each woman was also imradiated externally by
gamma rays cmitted from the container of radioactive
paint that stood beside her as she worked.

294.  In the group in the United States, there is litle
evidence to suggest that age at exposure influcnced
ostcosarcoma risk [P29]. The first bone sarcoma was
diagnosed five years after exposure, and the first tumours
started to appear at about the same time after exposure bad
begun, regardless of the level of exposure gsee
Figure XTII). Owing to the protracted exposurc from 26R,
(half-life: 1,600 years), tumours have continued to appear.
Thus, in contrast to the patients treated with 22"‘Ra, where
the risk appears to be minimal more than about 30 years
after exposure, tumours have continued to appear more
than 60 years after first exposure. Analyses have not yet
been carried out to learn whether the rate of occurrence of
wmours per person-year at risk is increasing with
increasing time since first exposure, remaining constant or
decrcasing. For head sinus carcinomas, the first tumour
appeared nearly 20 years after first exposure, and tumours
have continued to appear untl 60 years after first
exposure. By 1967 no bone sarcomas or head sinus
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carcinomas had occurred in the patients in the United
States who had an estimated average skeletal dose less
than 12 Gy, and it was suggested that a practical threshold
might exist. However, this now seems unlikely, as since
then threc head sinus carcinomas bave occurred in
individuals with estimated doses of 11.8, 7.1 and 1.2 Gy,
while bone sarcomas have occurred in patients with
estimated doses of 8.9 and 4.6 Gy. In addition, a bone
sarcoma occurred in a DBritish dial painter with an
estimated skelctal dose of 0.85 Gy‘JBZ]. In all six cases
the majority of the dose was from ZZ6Ra. There are about
300 dial painters in the United States and United Kingdom
with measured average skeletal doses between 0.8 and
12 Gy, and by this time about 0.2 naturally occurring bone
sarcomas or head sinus carcinomas would be expected to
have occurred among them. Thus it is likely that most or
all of these six cancers can be ascribed to radiation [M4],
and any practical threshold, if it exists at all, cannot be
greater than about 1 Gy. No other bone sarcomas occurred
in the United Kingdom dial painters.

295.  Rowland et al. [R6, R7] studied dose-response
relationships in the United States series. An equation of
the fom [ = (o + BAZ) exp(-YA) was found to provide an
acceptable fit to the osteosarcoma data. 1, the incidence
rate, is the observed number of bone sarcomas per
person-year at risk and A is the activity of radium entering
the blood during the exposure period. In contrast, a linear
form, I=a + PA, fited the head carcinoma data.
Marshall et al. [M38, M39] developed an elaborate
two-target model, proposing that two successive initiating
events and, later, a promoting event are required for
osteosarcoma induction. The initiation events remove the
ability of a ccll to stop dividing; the promotion event is a
signal 1o divide associated with natural remodelling of
bone. The model also allowed for the competitive cffects
of cell-killing. A third model was that developed by Raabe
et al. [R20], which used time to death and average skeletal
dose as the parameters and is relevant to the question of
a practical threshold (sce also [C6]). All these analyses
should, however, be interpreted with caution: the intake of
radium was estimated many years after the event and may
be inaccurate; the distribution of radium in bone is
probably non-uniform, and hot spots capable of extensive
cell-killing may have occurred; the dose responsible for
tumour induction cannot be distinguished from any dose
received after initiation; the relative contribution of the
alpha-particlc emissions cannot be separated from the
other radiations accompanying radium decay; and the
fraction of the total dose reccived by the endosteal cells
cannot be specified precisely [B34].

296.  In the United Kingdom study of the dial painters,
there was an elevated risk of mortality from breast cancer
that was not statistically significant except at one time
after exposure [B26). However, this risk is more likely due
to extemal irradiation by gamma rays than to intemally
deposited 26Ra (Section 11.B.1) [B35, B36]. In the dial

painters in the United States, mortality from breast cancer
was increased when compared with national rates, but the
excess was not significant when compared with local rates
[S42]. There was also an excess of multiple myeloma in
the United States study (6 deaths observed, 2.15 expected;
p = 0.045 [S42]), but it corrclated with duration of
employment (a3 surrogate for gamma-ray exposure) rather
than body content of radium. Fatal brain tumours and
other tumours of the central nervous system in the United
States series, recently reviewed, were not found to be in
cxcess [S50]. Leukaemia may bave occurred in eady
cascs, which were characterized by very high radium
burdens [C6, M27, P1§], but the inadequate diagnosis and
classification of leukacmia in the 1920s and 1930s
prevents any detailed conclusion. A review of leukaemia
incidence in the dial painters in the United States found 10
cases of diagnosed leukacmia compared with 9.24
expected on the basis of rates in the general population
[S15]. No leukaemia was reported in the British dial
painters exposed to relatively low levels of 226Ra, who
averaged 37 years at risk, compared to their natural
expectation of 1.93 leukacmia cases [B35]. Thus, except
perhaps in individuals with very high body burdens, it is
concluded that 226Ra and 28Ra deposition in the skeleton
from dial painting does not result in a risk of leukaemia.

297.  Three studies of the geographical association
between the level of 26Ra in groundwater or drinking
water and cancer incidence or mortality have been
reported. The first study examined mortality between 1950
and 1962 among almost 908,000 residents of 111
communitics in Iowa and lllinois whose water supplies
contained at lcast 0.1 Bq 1! [P19]. Those exposed to more
than 0.1 Bq 1" had a death rate from bone cancer of
1.41 107 per year, not significantly higher than the rate in
control cities (<0.04 Bq l'l) of 114107 per year
(p = 0.08). The second study examined nearly 64,000
residents of 28 towns where water was oblained solely
from deep wells [B3]. The water supplies were divided
into three groups by radium level. Only for bladder cancer
in males was the highest 26Ra Jevel associated with a
cancer rale higher than that observed for the residents of
towns in Iowa with surface water supplies [C6}. The third
study examined the association between leukaemia and
26Ra in groundwater in Florida [L14}. The 2%Ra and
228Ra contents of 50 private wells in 27 selected counties
were measured. In 17 counties classed as high-exposure
counties, leukaemia rates were greater than in the 10
counties classed as low-cxposure counties. An association
with increasing levels of radium concentration was
suggested. A later study carried out over a longer time
also found an apparent excess of leukaemia in these
counties [O2).

298.  The findings of these three studies arc not
convincing and, in fact, arc typical of geographical
correlation studies. The exposure levels were not very
different and were not based on individual exposure
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measurements. In one study there is an indication of a
significant association, but the effect noted is not in
agreement with the results of the occupational studies of
higher levels of Z6Ra. It is noteworthy that none of the
geographic studies found excesses of bone sarcoma,
suggesting that the positive findings for other cancers may
only be a conscquence of the large number of comparisons
and of chance, as indicated in paragraph 31. Further
studies of the effects of low-level exposure to radium
based on individual measurements might be useful. Except
for the bone sarcomas and head sinus carcinomas, no
excess of leukaemia nor of any other type of cancer is
presently ascribed to the internal deposition of long-lived
radium isotopes.

3. Thorium

299, Thorotrast, a 25% colloidal solution of thorium
dioxide, was a commercially prepared contrast agent used
in medical radiography. It was used in several countries
from about 1930 until after the Second World War.
Usually given by intravascular injection it was used
extensively for the radiological diagnosis of war injuries of
servicemen in the Federal Republic of Germany and Japan
and for cercbral angiography, although it was also used for
other purposcs and administered by other routes.

300. Thorotrast is retained in the body more or less
indefinitely, since the excretion rate is very IOWA]‘?] ], and
although some of its decay products (e.g. 4Ra), are
normally mobile within the body they have difficulty in
diffusing out of the deposits of ThO, in which they are
created. The colloidal material injected rapidly becomes
granular, and Thorotrast granules are taken up by
phagocytic cells anywhere in the body, allowing transport
to other sites such as lymph nodes. Alpha imadiation
around phagocytes containing ThO, granules, as in the
liver, is localized to aggregates assumed, for dosimetric
purposcs, to be of spherical shape and to have a radius up
to 100 smn. The average organ dose cannot be easily
specified because of scif-absorption of alpha particles in
the aggregates. It depends, among other things, on the
amount of Thorotrast injected but is not proportional to it
In addition, tissue dosimetry is complicated by the activity
ratios between 22Th and its decay products.

301.  Thorotrast is deposited at various sites in the body
in approximately the following proportions: liver 59%,
spleen 29%, red bone mamrow 9%, calcified bone 2%,
lungs 0.7% and kidneys 0.1% [K3, M48). Thorium-232
has a long half-life (more than 101 years) and decays
through a series of alpha-emitting decay products,
including 2%Th and %*Ra. Persons with burdens of
Thorotrast administered for radiodiagnostic purposes are
thus continuously imadiated by Z“Th and its alpha-
emitting decay products. The estimated typical dose rate
of alpha-radiation following an injection of 25 ml of

Thorotrast in these patients is about 0.25 Gy al in the
liver, 0.09 Gy a’! in the bone marrow, 0.70 Gy a™! in the
spleen, 0.16 Gy al in the endosteal layer of bone,
0.13 Gy a! in the bronchi and 0.004 Gy a”! in the
kidneys. (For further details, see [C6, M48].)

302. A number of epidemiological studies of patients
injected with Thorotrast have been carried out in the
Federal Republic of Germany [V1, V2, V9], Japan [I1,
M10, M11, M12, M36], Portugal [D15, H13], Denmark
[A12, AlS, F1, F2, O3, 0O4] and the United States [F3].
The largest was the German study, which was started in
1968. Slightly more than 5,000 patients known to have
received Thorotrast were identified, as was a similar sized
control group drawn from the same hospitals and with a
similar age- and sex-distribution. To reduce the influence
of any underlying diseases in the patients, Thorotrast
patients and controls known to have died within three
years of injection or hospitalization were excluded from
further study. Foliow-up of the remainder was poor,
chiefly becausc of the disruption caused by the Second
World War, with about 1,100 Thorotrast patients and
2,700 controls untraced. Nevertheless, the results that are
based on the remaining 2,334 exposed and 1,912 control
patients who could be followed until 1988 arc striking.
Among the Thorotrast patients there were 396 deaths from
liver cancer, compared with only 2 in the controls (see
Table 48). These figures correspond to a relative risk of
liver cancer of about 200. The majority of the liver
cancers were carcinomas, primarily of the cholangio-
cellular type, and hacmangiosarcomas. The shortest
interval between injection of Thorotrast and death from
liver cancer was 16 years, and it seems likely that the full
burden of disease in the group has not yet become
apparent, as a substantial number of the liver cancer deaths
occurred in the most recent period of follow-up, with
intervals of more than 40 years between injection and
subsequent death having been observed.

303. In the German study the cumulative rate of
malignant liver tumours did not depend on age at
injection. However, aithough there was no difference
between male and female patients with regard to age at
injection, mean volume of injected Thorotrast or exposure
time, the estimated cumulative rate of liver cancers in
males was about twice that in females, and the difference
was statistically significant Since the amounts of
Thorotrast injected in the patients differed by a factor of
no more than two, no internal dose-response relationship
could be derived. In the Thorotrast patients with liver
cancer, the three lowest doses at 10 years before diagnosis
were 1.88, 1.98 and 2.06 Gy. Risk estimates for the
German study have, however, been calculated by taking
the cumulative number of liver tumours up to 40 years
after injection as the numerator and the cumulative dose of
all patients up to 30 years after injection as the
denominator. Patients who died within the first 15 years of
exposure were, however, excluded from the evaluation, as
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they were not considered to be at risk for Thorotrast-
induced malignant liver tumours. The cumulative risk of
malignant liver tumours was estimated to be about
300 10™ Gy,

304.  The other study of Thorotrast-exposed paticnts for
which detailed results have been presented is from
Denmark [Al12, AlS, F1, F2, O3, O4]. A group of 999
patients exposed for cerebral angiography, mostly between
1935 and 1947, was followed until 1 January 1989 and
numbers of incident cancers determined through linkage of
records with the national cancer registry in Denmark.
Many of the patients had been given angiographies
because they presented symptoms suggestive of intra-
cranial tumours, but even when these tumours were
excluded the cumulative incidence of cancer at all other
sites was estimated to reach 86% S50 years after injection
with Thorotrast. A total of 79 cases of primary liver
cancer had occurred, giving a standardized incidence ratio,
compared with national age-, sex- and calendar-year-
specific rates for Denmark, of 126 (see Table 49). Other
cancer sites for which there was a statistically significant
increase were liver not specified as primary, incuding
baemangiosarcoma (SIR: 30); gall-bladder and extrahepatic
bile ducts (SIR: 14); leukaemia (SIR: 10); nasal cavity
(SIR: 10); peritoneum, i.c. malignant mesothelioma,
(SIR: 8.6); multiple myeloma (SIR: 4.6); ovary (SIR: 2.4);
lung (SIR: 23); breast (SIR: 1.8); metastatic sites
(SIR: 12); and cancer of unspecified site (SIR: 11). Cancer
risks were also increased at most other sites, although the
individual increases were not statistically significant

305.  Inarecent report on the Danish studies [A15]), 16
cascs of acute myelogenous leukaemia (AML) and 7 cases
of myelodysplastic syndrome (MDS) were diagnosed 8-40
years after injection of Thorotrast. A multivariate model
was used to describe the response of these dyscrasias with
dose (mean alpha-particle bone marrow dose, 1-34 Gy). A
risk cstimate of 173 10 Gy! (AML and MDS) or of
248 10 Gy! (all haematological types) was derived.
Compared with low-LET cstimates of leukaemia risk, this
would be consistent with an RBE value closer to 1 than
to 20. It should be noted, however, that in many experi-
mental circumstances, summarized for example in [N7]
and [M43], values of RBE for alpha radiation of about 20
are often found, but not for myeloid leukaemia in mice,
for which low RBE values, around 3, are more ofien
found [U14]. Although explicit risk estimates had been
calculated only for leukaemia [A15], a more recent report
[A16], citing 127 liver cancer cases among 1,003 patients,
derives a risk estimate of about 710 10 Gy, higher than
for other studics.

306.  The standardized incidence ratio for liver cancer
was strongly related to injected volume, time since
injection and cumulative radiation dosc (Table 50). A
positive trend in the standardized incidence ratio with
young age at injection was also seen, although the

cumulative frequency of primary liver tumours showed no
difference between ages 0-25 years and 26-45 years (see
Figure XIV). At older ages the cumulative incidence of
primary liver cancer was lower, although the difference
was not statistically significant. In contrast to the German
study, the cumulative frequency of liver cancer relative to
the cstimated dose in the liver was not different for males
and females (see Figure XIV), and the standardized
incidence ratio for primary liver cancer was higher in
females (SIR: 165; 95% CI: 117-227) than in males
(SIR: 102; 95% CI: 73-139) [A15]. There was a clear
trend for the standardized incidence ratio for leukaemia,
with the estimated cumulative radiation dose to red bone
marrow similar to that observed for liver cancer
(Table 50), and there were suggestions of positive trends
for the standardized incidence ratio for leukaemia with age
at injection, injected volume and time since injection,
although they were not statistically significant (Table 50).
There was no obvious relation between the standardized
incidence ratio and injected volume of Thorotrast or time
since injection for lung cancer or breast cancer, and the
authors concluded that confounding factors were probably
responsible for the increased risk at those sites. No excess
lung or breast cancer was found in the other studies.

307.  The Portuguese Thorotrast study involved about
2500 patients injected with an average of 26 ml of
Thorotrast between 1929 and 1955 and 2,000 controls, all
followed for 30 years [A14, D15, H13]. Of 1,244 traced
Thorotrast-exposed patients, 955 had died, 137 from
malignant tumours (of which 87 were primary liver
tumours), 12 from leukacmia, 8 from stomach carcinoma,
5 from carcinomas of the lung, 2 from carcinoma of the
larynx and 5 from primary bone tumours. For liver
cancers the average latent period was 29-34 years (for
leukaemia, about 20 years), and the risk estimated in the
report of the BEIR IV Committee ([C6], page 269) was
275 10* Gy!, quite similar to the result from the
German study.

308.  The study of Thorotrast expasures in Japan [I16,
117, M10, M11, M12, M36] is smaller (262 cases injected
intravascularly, with an average of 17 ml per injection).
Follow-up has now been extended to 42-50 years post
injection. There have been 56 cases of liver cancer, 6
cases of blood disease, 4 cases of lung cancer, 1
osteosarcoma, 26 other malignant tumours and 18 cases of
liver cirthosis. With a lincar dose-response model, the risk
of liver cancer was estimated to be 330 107 Gy'l. The
findings, time relationships, dosimetry etc. were similar to
those of the German study. The relative risk for lung
cancer is estimated to be 1.7 [116].

309. A much smaller study was undertaken in the
United States [F3] of 26 cases of hepatic angiosarcomas
found between 1964 and 1974 in Thorotrast-exposed
patients. Latent periods ranged from 20 to 40 years. The
hepatic tumour incidence is still increasing. No risk
estimate was derived for this study.
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310.  Exposure to thorium and its daughter products via
inhalation has also occurred in the production of thorium
from monazite sand and its processing for the manufacture
of products such as incandescent gas mantles. The
distribution of thorium is very different from that in
Thorotrast exposure. Polednak et al. [P28] studied a cohort
of men employed at a plant in lllinois between 1940 and
1973. Among 592 men who worked for at least 1 year in
selected jobs indicative of high exposure to thorium and its
decay product thoron, there was a significant increase in
mortality from cancers of all types combined (SMR =
1.75; 95% CI: 1.26-2.39; based on 38 deaths) (sec
Table 51). There was a significant excess of pancreatic
cancer (SMR = 4.13; 95% CI: 1.34-9.63; based on 5
deaths), and for several other sites the number of deaths
observed exceeded that expected, but since the numbers
were small, the individual increases were not statistically
significant.

311.  The cumulative risk of fatal malignant tumours of
the liver induced by the alpha particles from Thorotrast
was estimated in the report of the BEIR IV Committee
([C6], page 269), using the results of the German,
Japanese and Portuguese studies, to be about
300 10 Gy». If this is divided by a wp of 20, the
expected low-LET risk is then 15 10 Sv'!, This figure
compares with estimates in the report of the BEIR V
Committee (JC12], page 304) of all liver cancers in the
life span study of about 18 10% Gy‘1 for 40 years at risk.
However, possibly only a third of these are actually
primary tumours. More recent incidence data and revised
modelling were presented carier in this Annex (Table 8,
Part IV), and they provide improved low-LET risk
estimates. The risk of fatal primary liver cancer (all cases)
was estimated from the life span study mortality data to be
about 1.2 10% (PYSv)! or 48 10% Sv! for 40 years at
risk. The liver dose-response curve for the survivors of the
atomic bombings appears to be linear; however,
non-linearities at doses below 0.2-0.5 Sv cannot be ruled
out. If a low-dose-rate reduction factor of 2 is applied, the
low-LET risk estimate would be 24 10 Sv! for 40 years
at risk. The risk estimate derived from the alpha particles
(using wg = 20) is presumed to be for low-dose-rate
low-LET exposure. Thus, this value 15 10 Sv'! or some
value intermediate between 15 10 and about 40 107 Sv'!
may still be the most reasonable estimate. An additional
complication in the comparison that may be important
concerns the age of the exposed: all ages are included in
the life span study and only adults in the Thorotrast
studies.

312, The above risk estimates must be regarded as
highly tentative, for several reasons. First, the calculations
assume linearity of risk with dose throughout except where
a low-dose-rate reduction factor other than 1 is applied.
Secondly, the dosimetry of thorium in the Thorotrast
material is uncertain. Thirdly, the liver is structurally
abnormal as a consequence of liver damage in virtually all

patients, and it is possible that damage caused by the
chemical or foreign body toxicity of thorium may bave
contributed to the risk of liver cancer. Recent animal
experiments suggest, however, that any such toxic effect
is likely to be small [D17, W11, W12}, although promo-
tional effects cannot be discounted.

313. In addition to the increase in liver cancer, there
also appears 1o be a marked increase in deaths from
myeloid leukacmia in the German study, as well as in the
Danish, Portuguese and Japanese studies, as noted by
Mole [M27, M28]. In the German study 35 deaths were
observed in Thorotrast patients and only 3 among the
controls. There were similar differences in the other
studics. These excess cases have been estimated in the
report of the BEIR IV Committee (JC6], page 272) to lead
to a lifetime excess risk of leukacmia of about
50 107 Gy'l, with a latency period of five ycars. This
estimate, assuming an RBE of 10 or 20, is much less
(2.5-5 10 Gy'!) than the low-LET risk of lcukaemia,
which is also about 50 10 Gy [110], i.c. an RBE of
about 1 would fit better for leukaemia induction from
Thorotrast. However, doses are high in this study, and it
is possible that cell-killing and other factors play a role.
Three cases of erythroleukacmia have been reported
among those exposed to Thorotrast, and it has been
suggested that high-LET radiation might specifically cause
this disease [M40]

314. For cancers other than liver and leukaemia,
elevated risks at a number of sites (see Tables 48 and 49)
have been cited in each of the four main studies. For
example, although relative risks and significance levels
have not been calculated for the German study, there are
possible increases in deaths from cancers of the
extrahepatic bile ducts, pancreas, oesophagus and larynx
and for non-Hodgkin’s lymphoma, bone sarcoma,
plasmacytoma and mesotbelioma of both pleura and
peritoneum. For several other sites of cancer, including
chronic lymphocytic leukacmia, acute lymphocytic
leukacmia, Hodgkin's disease or lung cancer, no increase
was seen (sec Table 49). Risk estimates could not be
derived for any of these sites except bone. For bone, in the
report of the BEIR IV Committee ([C6), page 272) a
lifetime risk of about 100 10# Gy or, using a wy of 20,
510* Gyl was estimated for low-LET radiation
& 10 Sv'! for all radiation), in good agreement with
earlier quoted values.

4. Plutonium

315.  Animal experiments have shown that plutonium
is poorly absorbed by the oral route but slowly dissolved
in the alveolar macrophages after inhalation, which means
that the highest doses arc delivered to the lung. When
plutonium isotopes enter the blood they are concentrated
in the liver and by various mechanisms at the bonc surface
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[V3], but their longer half-lives cause many of the alpha
emissions to be made after the radionuclides are more
widely distributed within the relatively acellular calcified
bulk of the bone.

316.  In two of the studies of nuclear workers exposed
to plutonium and mentioned in Section 11.B.1, a substantial
proportion of the radiation workers was monitored for
plutonium: for workers at the Sellaficld plant [S14],
detailed dose estimates of plutonium are not yet available;
for workers at the Rocky Flats plant, individual plutonium
body contents were estimated from health physics records
based on periodic urine bioassays [W7]. The Rocky Flats
study included 5,413 white males ecmployed for at least
two years, and follow-up was to the end of 1979. The
average external dose (low-LET radiation) for the entire
cohort was 41 mGy, and the average plutonium content of
the body was 65 Bq. Mortality was compared with United
States national rates for the entire group, and no excess
was found for all causes or for all cancers. There were no
deaths from bone cancer. When monality in employees
with body burdens greater than 74 Bq was compared with
that in cmployees with smalier body burdens, using lag
times of 2, 5 and 10 years, elevated rate ratios were found
for all causes of death and for all lymphopoietic tumours.
For all causes of death these increases were not
statistically significant for any of the lag times considcred,
and for lymphopoietic tumours (which included one
mycloid leukaemia) the increase was significant only for
a five-year lag time. Some other cancer sites also showed
elevated rates, but none were significantly elevated. There
were no elevated rate ratios for either bone or liver cancer.
There is no clear evidence of an effect of plutonium in
this study.

317.  Twenty-six men who worked with plutonium
during the Second World War under very crude conditions
at the Los Alamos Laboratory have also been studied [VS,
V7, V11]. Inhalation was the primary mode of plutonium
exposure. Current estimates of the systemic plutonium
depositions in these individuals range from 52 to
3,180 Bq, with a median value of 500 Bq. The last
published follow-up included the period up to 1990. By
that time, seven individuals had died. The causes of death
were lung cancer (two cases), myocardial infarction,
arteriosclerotic heart disease, accidental injury, respiratory
failure due to pneumonia/congestive heart failure and
osteosarcoma of the sacrum. Three men also reported 2
history of skin cancer. The man who died from osteo-
sarcoma did not suffer from Paget’s disease, which is
usually associated with bone sarcoma at older ages. In a
separate study, all workers at the plant who had estimated
plutonium depositions of 370 Bq or more on 1 January
1974 were identified [V6]. Of the 224 white males in the
cohort, 43 had died at the time of the last follow-up
compared with 77 expected based on United States
national rates; 8 men had died from cancer compared with

15 expected.

318.  Workers in a radiochemical plant at Mayak [H17]
reccived exposures from both external gamma-radiation
and plutonium, about one quarter of the total exposure
being from the latter. Those in the highest dose group had
over 4 Sv total (Table 39), and a significant excess of lung
cancer was noled (see paragraph 237).

5. Uranium

319.  Miners of uranium and other ores are exposed to
high concentrations of radon gas and its progeny, and they
are considered separately in Section III.C. Among those
working above ground in the processing of uranium,
exposures to radon gas and its progeny are low, but there
may be exposure to alpha, beta and gamma-radiation from
uranium compounds and progeny. A number of cohort
studies have been carried out of the health of men exposed
to uranjium mainly in the form of UCl, and UOQ; in the
nuclear energy industry [C22, P24]. These studies were
considered togcther with other studies of nuclear energy
workers in Section II.B.1. No hazards specific to uranium
were identified in the cohort studies, apart from a sugges-
tion in the study of workers employed at a uranium
processing plant in Tennessec during the Second World
War that men first exposed to uranium dust at the age of
45 years or older might be at increased risk of developing
lung cancer [P24]. A case-control study of men who had
worked at the plant and subsequenty died of lung cancer
was performed, in which cumulative radiation lung doses
were evaluated in detail and smoking status, x-ray
examinations received during employment, history of lung
discases and potential for diagnostic radiation were
determined from employee medical records [C29]. The
study included 330 cases and 641 controls. When all the
men in the study were included in the analysis, there was
no suggestion of an incrcase in risk with increasing
exposure. However, among those aged over 45 years
when first exposed, the relative risk of lung cancer was
found to increase with increasing level of exposure afier
controlling for age and smoking status. Among men with
high exposures to the lung (0.20-0.75 Gy), for which a
quality factor of 10 was suggested in the paper (mean
cquivalent dosc: 2.75 Sv) [B32], there was a fourfold
increase in lung cancer risk (based on 11 cases and 6
countrols), and this increase was statistically significant. It
is possible that these findings indicate an increased risk of
lung cancer among men exposed to uranium dust. How-
ever, it is also possible that the increase is a chance
finding based on subset analysis or inadequate control for
smoking.

320.  Uranium millers are also exposed to airbomne dust
containing 24U, 28U and Z°Th. Two studies of uranium
millers have been carried out [A11, W19]. In both studies
the number of deaths observed from lung cancer was less
than expected, and neither study reported an excess of
bone cancer. However, both studies reported an excess of
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cancers of lymphocytic and haematopoietic tissue other
than leukaemia (4 observed, 1 expected in the entire
period [A11]; 6 observed, 2.6 expected in the period more
than 20 years after commencement of employment
[W19]). The observed deaths comprised giant follicular
lymphoma (two), multiple myeloma (two),
lymphosarcoma (three), and Hodgkin'’s disease (three).

6. Polonium

321. A cohort study of 4,402 white males employed
by the Mound facility in the United States during the
period when polonium operations were conducted (1944
1972) has been carried out [W13]. Overall, no excess
mortality was observed, but among workers initially hired
during the Second World War, mortality was elevated,
especially for deaths from all cancers, cancers of the lung
and cancers of the rectum. However, these increases did
not appear to be related to exposure to 210p,, Among
workers monitored for 21%o, mortality was significantly
less than expected, although more lung cancers were
observed than expected. In this subcohort, no significant
dose-response trends were identified for all causes
combined, all cancers combined or cause-specific cancers.

7. Summary

322,  There is ove:rwht:lming2 evidence that bone
sarcomas can be induced by both 22*Ra and the long-lived
isotopes of radium incorporated into the body after
injection or ingestion. Because of the short half-life of
Z9Ra (3.6 days) and the relatively short duration of
administration, the study of patients injected with it has
been informative in revealing the time pattern in which the
radiation-induced tumours occur. The excess risk appears
1o start about 3 years after exposure and to last for about
30 years, with the excess absolute risk reaching a
maximum 6-8 years after exposure. Excess absolute risks
per gray do not appear to depend strongly on sex or age
at exposure. Further analyses of the data in terms of the
risk of ostecosarcoma per person-year at risk in conjunction
with dose, treatment period, time since exposure and other
factors would be helpful in enabling comparisons with the
risks seen in other populations following other types of
exposure. The excess absolute lifetime risk of fatal bone
cancer derived from these high-LET exposures is
estimated to be 5 10 Sv'! for both high- and low-LET
radiations.

323,  Studies of dial painters and others who
accumulated bogy burdens of 25Ra and 28Ra confirm the
findings of the 2*Ra series of a relatively short minimum
induction period after first injection or ingestion.
Dose-response relationships have been more difficult to
evaluate than among patients exposed to 24pa, Two-step
models have been invoked to explain the observations.

However, the available data do not appear to have been
fully exploited, and further epidemiological work,
including more refined dosimetry and statistical analysis,
would be informative.

324.  The only other cancers that are clearly attributable
to radium are those of the paranasal sinuses and mastoid
air cells, which occurred 20 and more years after
commencement of exposure in persons with body burdens
of 26Ra and #%Ra in the United States. Further dosimetry
and analyses of the available data would allow the existing
risk to be better described. There is some evidence of an
increase of leukaemia and of breast and liver cancer in
patients treated with 224Ra. Increases of some cancers in
dial painters in the United Kingdom and in the United
States may have resulted from external gamma-radiation.
The further study of these increases and the associated
dosimetry, including the role of external gamma-radiation,
would be informative.

325.  There is overwhelming evidence that injected
Thorotrast causes liver cancer and leukaemia, and it seems
likely that it also causes a variety of other cancers. For
liver cancer the minimum latency period is about 15 years
since first injection, but for leukaemia it is shorter, no
more than about 5 years. Both the excess absolute risk and
the excess relative risk of liver cancer increase as the
amount of Thorotrast injected increases. The excess
relative risk of liver cancer is higher in those injected at
younger ages, but the excess absolute risk does not appear
to depend strongly on age at exposure. For a given
administered amount, males and females have similar
risks. Based on the German, Japanesc and Portuguese
studies, the cumulative risk of liver cancer is estimated to
be about 300 10 Gy'L. This implies a low-LET risk of
15 10 Gy™! (wy = 20), or 15 10™* Sv'! for all radiations,
which is broadly comparable with risk estimates from low-
LET exposures determined from the life span study (Table
5). It should be noted, however, that although these
estimates of liver cancer risk are attributed to the alpha
particles of thorium, the chemical effects of thorium may
also enhance the radiation risk. On the other hand, the
doses are high, and with cell-killing and other factors
potentially involved, the risk estimates may be lower than
those for lower doses. The excess of leukaemia among
patients treated with Thorotrast appears to be concentrated
among tumours of the acute myeloid type (including a
relatively large number of the rare erythroleukaemias); it
is, however, small compared with the low-LET risks
derived from the survivors of the atomic bombings, i.e. it
is compatible with an RBE closer to 1 than to 20 for this
end-point. The risk of osteosarcoma is similar to risks
derived from 2“Ra exposures.

326.  The information contained in the studics of the
effects of Thorotrast has not yet been fully exploited, and
additional analyses would be helpful. For example,
dose-response analyses based on the number of liver
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tumours per person-year at risk, classified by total dose
accumulated up to 10 years previously and other relevant
factors, would allow an examination of the shape of the
dose-response curve in the German study, as well as a
comparison with the results of other studies. In the
Gemnan study, relative risks and significance levels for
cancers other than liver cancer have not been calculated
and would be informative, as would explicit risk estimates
in the Danish, Portuguese and Japanese studics.

327.  The studies of men occupationally exposed to
other radionuclides, e.g. polonjum and uranium, suggest
that these exposures may be associated with increased
risks of specific types of cancer, but the studies are small
in size and at present have only a limited length of
follow-up. Further information is necessary before definite
conclusions can be drawn.

328.  The question of whether high-LET alpha radiation
induces tumours other than those caused by low-LET
radiation or more frequently than would be expected based
on values of RBE or of the radiation weighting factor is
not completely answered by the information available so
far. Liver cancer risks from high-LET and low-LET
radiation appear to be broadly similar in spite of age and
other differences in the populations exposed. The increases
in deaths from myeloid leukaemia in the Thorotrast studies
are clear-cut, but risk estimates are less than expected
from low-LET risk estimates unless an RBE closer to 1
than to 20 is used.

329. Risk estimates for bone cancer induction
(5 10* Sv!) are derived from studies of 2*Ra but
supported also by the Thorotrast studies. Risk estimates for
liver cancer (15 10* Sv'!) from the Thorotrast studies are
broadly similar to risk estimates derived from studies of
low-LET radiation.

C. RADON

330.  Numerous studies of underground miners exposed
to radon and its decay products in the air of uranium and
other hard rock mines have shown an increased risk of
lung cancer in comparison with non-exposed populations.
The subject was reviewed in the UNSCEAR 1977 Report
[US], in which it was estimated that the number of Jung
cancers caused by exposing 1 million people to 1 WM
(equivalent to 5 mSv [118]) would be 200-450, compared
with a natural rate of lung cancer of 10,000-40,000 per
million people in a lifetime. In the UNSCEAR 1988
Report [U2], the range estimated was similar. Radon is
classified as a Group I carcinogen by the International
Agency for Research on Cancer [I19]. The recognition
that hard rock miners face an occupational risk bas
resulted in reduced exposure levels in many such mines.
However, in recent years other important sources of
exposure to radon have been recognized; for example, it

is now established that in places where air exchange with
outdoor air is restricted, especially in homes, offices and
other buildings, radon may accumulate in appreciabie con-
centrations. In responsc to the need to conserve energy
used for heating, construction methods that improve insu-
lation and sharply restrict ventilation have been introduced
in some countries (for example, Sweden), increasing the
radon exposure of the general population. There arc now
a large number of investigations of the risks associated
with non-occupational exposure to radon, as it is a subject
of considerable public concemn in many countries.

1. Occupational exposures

331.  The principal sources of quantitative information
on the effects of exposure 1o radon remain the occupa-
tional studies of miners of uranium and other hard rock.
For some studics (eg. [T3, T10]) detailed exposure
histories arc available, but for many others the exposure
history of individual miners is not known precisely, so the
estimates of individual exposure are subject to consider-
able error. Another difficulty arises when attempts are
made 10 generalize to the population from the results of
these studies: in all of them the exposures are expressed in
terms of working level months (WLM). The dose to the
bronchial epithelium varies somewhat with the fraction of
unattached radon progeny in the air and with the breathing
rate. Mine exposure levels have been reduced over time
and cumulative cxposures in most countries no longer
exceed 100 WLM. Interest now focuses on the possible
effects of lower exposures of more recent workers, but
further results are still expected from study of the bigher
exposures received in the past

332,  Since the last review of the subject by the
Committee in the UNSCEAR 1977 Report [US], a number
of other groups have used data from the studies of
exposed miners to estimate the lifetime risk of lung cancer
mortality following lifetime exposure to radon progeny. In
one study, the BEIR 1V Committee [C6] obtained detailed
tabulations of data from four of the principal cohort
studies and carried out extensive statistical analyses. Data
on individual smoking habits were not available from all
four studies, and the Commiitee made the implicit
assumption that the joint effect of cigarette smoking and
radon was multiplicative. Their findings indicated that the
risk of lung cancer mortality was best explained by a
model in which the excess relative risk was directly
proportional to the cumulative exposure, but modified by
the age at which the risk occurred and by the length of
time since exposure. The excess relative risk decreased
with attained age and declined with increasing time since
exposure.

333.  The BEIR IV Committee [C6] also considered
the distribution of lung cancers by specific histological
type and concluded that the greatest excess was found for
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small-cell carcinomas but that other histological types were
also increased. More recent work includes a study in
China [Y6], in which a significant dose response for
adenocarcinoma was found. However, a different result
has been found in a recent comparison of lung cancer
induced in miners and in survivors of the atomic bomb-
ings [L23]. This study, conducted by a team of Japanese
and American pathologists, found that radiation-induced
cancers were more likely to be small-cell cancers than
adenocarcinomas. A significant dosc response was found
for small-cell cancers for both the miners and the
survivors of the atomic bombings.

334.  Since the publication of the report of the BEIR
IV Committee [C6], a number of new studies of lung
cancer in miners exposed 1o elevated levels of radon have
been carried out [C31, H16, H37,L17, M18, R9, S5, 524,
S57, S58, T3, T9, T10, W1, X1]. Two of these studies,
onc on Chinese tin miners [X1], the other on West
Bohemian uranium miners [S57, T3], each included a
larger number of lung cancers than had been included in
all four datasets available to the BEIR IV Committee for
their review. They have thus enabled the appropriateness
of the model used by the BEIR IV Committce [C6] to be
examined. Both new studies included a substantial amount
of information on the effects of exposures more than 15
years previously, and the findings with respect to variation
in the excess relative risk of lung cancer per unit exposure
with time since exposure are summarized in Table 52.
Both find clear evidence that the cffect of exposures in the
distant past is less than the cffect of more recent
exposures. In both studies, the excess relative risk per unit
cxposure for exposurcs 15-24 years previously is about
half that of exposures 5-14 yecars previously. In both
studies, the effect of exposures received 25-34 years
previously is less than that of cxposures 15-24 years
previously, and exposures more than 35 years previously
have litde effect.

335.  These two studies also find strong evidence that
the excess relative risk per unit cxposure varies with
attained age, as can be scen from Table 33. In the Chinese
study, estimates of the excess relative risk per unit
exposure, including the entire follow-up period, indicatc a
25-fold variation in the excess relative risk per unit
exposure with attained age. In the West Bohemian study,
estimates specific to the period 5-14 years since exposure
indicate that the excess relative risk per unit exposure at
ages 35-44 years is twice the value for attained ages of 55
years and above, and at ages <35 years it is eight times as
great. The two studies, therefore, independenty confirm
two of the conclusions of the BEIR IV Committee [C6],
namely that the effect of radon exposure is concentrated
5-14 years after exposure and that the excess relative risk
of lung cancer per unit exposure decreases with attained age.

336.  Recently a joint analysis of data from 11 studies
of male underground mincrs was conducted [L21]. Over

2,700 lung cancer deaths occurred among 68,000 miners
who provided ncarly 1.2 million person-years for
observation (Table 54). The mines were in Australia,
Canada, China, the former Czechoslovakia, France,
Sweden and United States. The excess relative risk of lung
cancer was linearly related to cumulative exposure to
radon progeny, estimated in WLM. The excess relative
risk per unit exposure in the combined data was
0.49% WLM! (Table 54). As in the analysis carried out
by the BEIR IV Committce [C6], the excess relative risk
per WLM was strongly modified by various factors. It
decreased with attained age, with time since exposure and
with time after cessation of exposure to radon. Among
miners first exposed 1o radon in the mines when they were
less than 20 years old and less than 10 years old, 861 and
110 lung cancer deaths were observed. However, the
excess relative risk per WLM was not related to age at
first exposure. Over a broad range of total cumulative
dose, higher lung cancer risk was associated with
underground exposures received at low rates, suggesting
that cither low exposure rates or long duration of expo-
sure, or both, may be especially hazardous (Figure XV).

337. It is difficult to interpret the data on lung cancer
in miners because of the confounding effects of cigaretic
smoking and exposure to other carcinogens in mine air,
such as arsenic. The joint effects of exposures to radon
and other agents are considered in Section III.C.3. Two
studies, both of uranium miners in the Colorado Platcau,
have demonstrated that exposure to increased levels of
radon gives rise to an elevated risk of lung cancer, even
when few or no cigarettes are smoked.

338.  The first of these studies used data from the New
Mexico tumour registry in a population-based case-control
study of lung cancer in Navajo men [S25]. The 32 cases
of lung cancer included all those occurring among men
between 1969 and 1982 For each case, two deceased con-
trols with non-respiratory cancer were selected. Of the 32
cases, 72% had been employed as uranium miners, where-
as no controls had documented experience in this industry.
The lower 95% confidence limit for the relative risk of
lung cancer associated with uranium mining was 14.4.
Information on cigarette smoking was available for 21 of
the 23 affected uranium miners: 8 were non-smokers, and
the median consumption by the remainder was in the
range 1-3 cigarettes per day.

339,  The sccond study of lung cancer among non-
smoking uranium miners was carried out by the United
States Public Health Service on 516 white men in the
cohort of Colorado Plateau miners who were recorded as
never having smoked cigarettes, pipes or cigars [R9].
Follow-up was carried out from 1950 through 1984. Age-
specific mortality rates for non-smokers from a United
States study of veterans were used for comparison.
Fourtecn deaths from lung cancer were observed among
the non-smoking miners, while 1.1 deaths bad been
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expected, yielding a relative risk of 12.7 (95% CI: 8.0-
20.1). The median exposure in this group was 296 WLM

(mean 720 WLM).

340.  Data on tobacco use were available for 6 of the
11 cohorts analysed by Lubin et al. [L21]. No clear pattern
of nisk for the joint association of smoking and exposure
to radon emerged, although the data were most consistent
with a relationship that was intermediate between
muttiplicative and additive. In cohorts with information on
the use of tobacco, 64 lung cancers occurred among nearly
3,000 non-smoking miners. Analyses revealed a linear
exposure-response trend that was about three times higher
in never-smokers than in smokers. Data on exposure to
arscnic was available for two cohorts. Exposure to arsenic
increased the risk of lung cancer, and adjusting for it
reduced the estimated excess relative risk per WLM.

2. Effect of exposure rate

341.  Substantial evidence has emerged in recent years
that among miners exposed to high concentrations of
radon, higher excess relative risks per unit dose are
associated wilh a lower average exposure rate and/or a
longer duration of exposurc. The effects of these two
factors, exposure rate and exposure duration are often
difficult to disentangle and express separately. The reasons
for a higher risk at lower exposure rate or longer duration
arc unclear. Possible explanations include random or
systematic emors in estimates of exposure rate, a non-
linear relation between exposure and dose to the target
cells at high exposure rates, cell-killing at high exposure
rates, and effects related to the multistage nature of
carcinogenesis.

342 The initial evidence of the exposure rate effect
was put forward by Howe ct al. [H15, H16] in studies of
the workforces of two Canadian uranium mines, both
operated by the former Eldorado Resources Ltd. In the
first study, of workers at the Beaverlodge mine in
Saskatchewan, the excess relative risk per unit exposure
was initially given as 3.28% WLM! (95% CI: 2.08-4.48).
A re-evaluation of a sample of the dosimetry data at the
Beaverlodge mine has indicated, however, that there was
considerable underestimation of the exposures and that the
initial risk estimates should be multiplied by a factor of
0.65 [H23]. A further re-evaluation of exposure historics
in this study is under way. Using the currently available
factor of 0.65 gives an excess relative risk per unit
exposure of 2.13% WLM™! (95% CI: 1.35-291). In the
second study, of workers at the Port Radium mine in the
Northwest Territories, the excess relative risk per unit
exposure was about onc eighth of this value, or
0.27% WLM! (95% CI: 0.11-0.43). When expressed in
terms of excess absolute risks, the contrast between the
findings for the two mines is also striking: the risk was
135 10 PY! WLM! at Beaverlodge (95% Cl1: 7.67-19.4)

after allowing for the revised dosimetry, while it was
310108 PY'! WIM™! at Port Radium (95% CI:
1.89-4.32). The chief difference between the two mines
scems to be in the average exposure rates, which were
estimated to be 8 WLM a™! at Beaverlodge after allowing
for the revised dosimetry and 109 WLM al at Pont
Radium.

343,  The question of an increased carcinogenic effect
per unit cxposure for lower exposure rates or longer
duration times has arisen in connection with other high-
LET exposures and is widely known as the "inverse dose-
rate effect”. The word "inverse” is used because the effect
of dose rate is inverse to that usually found with low-LET
radiations, where higher dose rates are almost always more
effective than lower dose rates. The phenomenon in
cellular transformation systems [H14] and a possible bio-
logical basis for it involving the initiation of carcinogenic
steps at only one brief portion of the cell cycle [R3] have
been widely discussed (see, for example [B13, S30]). The
effect is not seen in all circumstances. The possible
biological basis for the effect has been elaborated in a
model that appears to account for most features of the
effect [B10, U1 (Anncx F)).

344.  Evidence that higher excess relative risks per unit
exposure are associated with lower average exposure rates
in miners has also been reported in three other cohorts.
First, Homung and Meinhardt [H18], in an analysis of
data from the study of uranium miners in the Colorado
Plateau, found statistically significant evidence of an
cxposure rate or duration effect, implying that among
groups of miners receiving equivalent cumulative
exposures, those exposed to lower levels for longer periods
of time wcre at greater risk of lung cancer. They also
found that this effect varied with cumulative exposure
level. Thus a miner with total exposure in the range
0-830 WLM at a rate onc tenth as great as another miner
of the same age, smoking status and cumulative exposure
would have a 58% greater risk of lung cancer. Secondly,
in the cohort of Chinese tin miners the excess relative risk
per WLM declined smoothly with increasing exposure rate
from 1.74% among miners exposed at less than 10
WLM a™! 10 0.48% among those exposed at more than 30
WLM a! [X1), as is summarized in Table 55. When
these risks are adjusted for arsenic exposure, which may
be correlated with radon exposure, there is still a small but
consistent decrease in cxcess relative risk with increasing
exposure rate, Thirdly, Sevc et al. [SS, S57] reported a
similar effect within the cohort of miners in the former
Czechoslovakia. However, it should also be noted that
some studies [T10] do not find that risk increases with a
lower exposure rate.

345. Some additional evidence comes from a
comparison of estimates of risk derived from the four
cohorts of miners studied by the BEIR IV Committee
[C6]. Thesc and other estimates are presented in Table 56.
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Beaverlodge was among the cohorts studied. Results for
workers at the Port Radium mine were not available at
that time, but they are shown in the Table for the sake of
comparison, as arc the recent results for Newfoundland,
Comwall, China, former Czechoslovakia, France and New
Mexico. The estimates of risk calculated by the original
authors are given in Table 56 along with the estimates
calculated by the BEIR IV Committee [C6] in one of their
joint analyses. Values given by the original authors may
not be comparable as the different studies covered
different ages and follow-up periods. The estimates of the
BEIR IV Committee [C6)] are specific to age 55-64 years
and 1o exposure in the preceding 5-14 years and thus take
account of the different age-structures and follow-up
periods in the diffcrent studies. Miners at Malmberget had
exposure rates comparable with those at Beaverlodge and
also experienced high excess relative risks per WLM.
Miners in the Colorado Plateau had exposure rates similar
to those at Port Radium and experienced lower risks per
WLM.

346.  The above evidence suggests that lower exposure
rates, i.c. longer durations, are associated with higher risk
per unit dose. This issue has been investigated further in
a special study of the effect of exposure rate in the cohort
of West Bohemian uranium miners [T3]. Using detailed
information on the dates during which each man in the
cohort worked in the 19 mine shafls involved, together
with 39,000 shaft- and calendar-year-specific radon
measurcments, the exposure rate experienced by cach man
in each month of his employment was calculated. The
effect of variations in exposure rate was then studied using
power transformations of the monthly exposure rates.
‘When data from the entire cohort were considered, models
constructed in this way provided a substantially better fit
10 the data than models based on cumulative exposure in
the usual way, and they confinned that cxposures
delivered at higher exposure rates (i.c. over shorter times)
were associated with lower excess relative risks per unit
exposure. Among the class of models studied, the best-
fiting model was obtained by taking a square-root
transformation of the monthly exposure rates. In this
analysis, miners were enrolled in the study five years after
starting underground work. During those first five years on
the job, some of the men had worked in shafts where
concentrations exceeded 10 WL. However, the high radon
concentrations did not persist more than five years after
the men had started underground work, and thcy now
occur only very cxceptionally, cither occupationally or
environmentally. The analysis was thercfore repeated, this
time including only men who had never worked in shafts
where the radon concentration excecded 10 WL. When
this was done, the excess relative risk per WLM did not
vary with exposure rate or with calendar year, age at start
of underground work or duration of exposure. In addition,
there was no evidence of non-lincarity in the excess
relative risk with time-weighted cumulative exposure. The
excess relative risk per WLM estimated by considering

only men who worked in shafis with radon concentrations
below 10 WL was just over twice that estimated from the
entire cohort [T3]. If this is confirmed in other studies, it
would be more appropriate to base risk predictions for
domestic or modern occupational exposure on the
experience of men exposed only at lower rates of exposurc
(much less than about 10 WL). The variations in excess
relative risk with time since exposure and attained age for
the West Bohemian miners exposed to less than 10 WL
are given in Table 57.

3. Other issues: cigarette smoking,
arsenic and cancer at other sites

347.  The joint effects of exposurc to radon and
tobacco smoke in uranium miners were discussed briefly
in the UNSCEAR 1982 Report [U4] in a general review
of the cffects of exposure to radiation in conjunction with
other carcinogenic agents. Since then a number of addi-
tional reports have become available, and the subject has
been reviewed by Lubin [LS]. The available data, how-
ever, have many limitations. Not only are the histories of
exposure to radon not well known for individuals, but
obtaining accurate cigaretle smoking histories is often
difficult. In addition, the resulting risk may well be
strongly dependent on factors other than the total exposure
to radon or cigarette smoke. For example, laboratory
experiments with rats have shown that radon followed by
smoke is four times more bazardous than the same
exposures given in reverse sequence {G13].

348.  The BEIR IV Committee [C6] analysed the com-
bined effects of exposure to radon and cigaretic
consumption in two populations of uranium miners. For
the first of thesc the Committce obtained access to an
on-going case-control study of lung cancer in a cohort of
New Mexico uranium miners. The cohort included 4,051
subjects with at least one year of documented underground
employment. The cases included all Hispanic and non-
Hispanic white males diagnosed with lung cancer. For
cach of the 69 cases, four controls were sclected. The
number of years of employment was used as thc measure
of exposure to radon, and cigarette smoking histories for
both cases and controls were available from pre-employ-
ment or annual physical examinations. The data were
fitted with models in which the relative risk of lung cancer
was cither multiplicative in the two exposures (relative risk
= (1 + ar) (1 + bs), where r is years employed as a miner
and s is number of cigarettes per day) or additive (relative
sk = 1 + ar + bs). The results suggested that the multipli-
cative relative risk model gave a better fit for the data,
although there was not a statistically significant difference
between the fit of the additive and multiplicative models.
After the publication of the report of the BEIR IV
Committee [C6] the original investigators carried out a full
analysis of the New Mexico data using individual
estimates of exposure to radon progeny rather than years
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of employment [S24, S58]. They did not find cvidence of
a departure from a multiplicative interaction and concluded
that the combined risk of the two agents was adequately
described by the product of the individual relative risks.

349.  The joint effects of cigarettc smoking and radon
in uranium miners in the Colorado Plateau have also been
studied in detail. Whittemore and McMillan [W9], using
data up to 1977, showed that an additive relative risk
model of the form described in the preceding paragraph
gave a poor fit to the data, while a multiplicative model
could not be rejected. The BEIR IV Committee [C6]
extended this analysis and applied it to data up to 1982
Their findings supported the conclusions of Whittemore
and McMillan. The Committee also fitted the data with
some general risk models and found that they were
consistent with a wide range of sub-multiplicative to
supra-multiplicative models. They found no clear reason
except parsimony to accept precisely the multiplicative
model. In another analysis of the Colorado data through
1982, Homung et al. [H18] concluded that the effects of
the two exposures were better modelled using power
functions (using the notation of the previous paragraph,
relative risk = ’s® and rlative risk = r* + s® for multi-
plicative and additive forms, respectively) rather than
linear functions. When this was done, the joint effect of
exposure to radon progeny and cigarette smoking was
greater than additive but slightly less than multiplicative.
The departure from multiplicativity was not quite
significant (p = 0.06), and the authors showed that the
evidence of sub-multiplicativity came chiefly from data in
the most recent follow-up period, 1977-1982.

350.  Seven further studies of miners in Sweden (three
studies), former Czechoslovakia (one study), China (one
study) and Canada (two studies) present data on the joint
effects of cigarette smoking and exposure to radon. Of the
Swedish studies, the first, which presents data from
Hammar, suggested a protective effect of smoking that
might be attributable to smokers having a thickened
mucous layer in critical bronchial regions [A7]. The study,
however, was small (29 cases), and the results may have
been biased, as mine foremen were the source of smoking
status for miners. Moreover, controls may have included
persons who died from tobacco-related causes [C6, LS).
The second Swedish study presented data from
Malmberget and included data on 51 lung cancer deaths
[R8]. After a complex series of assumptions it was
estimated that the relative risk for non-smokers was 10.0,
while that for smokers was 2.9, The authors concluded
that mining- and smoking-related risks combined
additively. However, as noted by both the BEIR IV
Committee [C6] and by Lubin [LS], this conclusion seems
to go beyond the evidence as presented, and the estimated
relative risks appear compatible with a joint model that is
greater than additive but less than multiplicative. The third
Swedish study, from Kiruna and Gallivare, was a
case-control study and included 60 lung cancer deaths

[D13]. Among non-smokers and smokers with lifetime
cigarette consumptions of less than and more than 150,000
cigarettes, the estimated relative risks for those with no
underground mining expericnce were 1.0, 2.4, and 8.4,
respectively, while in the same smoking categories the
relative risks for underground miners were 5.4, 21.7, and
69.7, respectively. Thus the results appear consistent with
a multiplicative relative risk model, although no formal
testing was carried out

351. A nested case-control study has been carried out
within the cohort of Beaverlodge uranium miners to assess
any possible contribution of confounding by smoking and
other mining experience to the risk estimate derived from
the original cohort study [L15] Next of kin were
interviewed for 46 lung cancer cases and 95 controls
enrolled in the original study who had died between 1950
and 1980. Controls were matched to cases by province of
death, year of birth and year of death. The data were
analysed using conditional likelihood methods and linear
logistic models. An initial model included terms
representing cumulative radon exposure lagged by five
years and number of cigarettes smoked per day. When a
third term representing the interaction between these two
effects was included, its estimated coefficient was small
and negative and its 95% confidence interval included
zero. Thus the data showed no significant departure from
a multiplicative effect of radon cxposure and cigaretie
smoking, although the best-fitting model indicated that the
combined risk of the two agents was slightly less than the
product of the individual relative risks.

352.  In the study in former Czechoslovakia [SS5],
smoking data were available only for clay shale miners.
Three dcaths occurred among non-smoking miners
compared with 0.3 cxpected according to national
mortality rates; for miners who smoked, 19 deaths were
observed compared with 11.7 expected. On that basis the
relative risks among non-smokers and smokers were 10.0
and 1.6, respectively, while the attributable risks (excess
decaths) were 166 and 26.1 10° Py WLM'!,
respectively. In the Chinese study [X1], the smoking
information was limited to method of use and there was
a substantial amount of missing data. Nevertheless, the
analyses rejected both additive and multiplicative
relationships but were consistent with a range of models
intermediate between additive and multiplicative. Finally,
in the Canadian study of fluorspar miners [M18], the
excess absolute risk coefficients among those who never
smoked (based on 7 deaths) and among current smokers
(based on 57 dcaths) were very similar at 7.6 and
6.3 10° PY"! WLM™!, respectively. A few of the studies
of non-occupational exposure to radon have presented data
scparately for smokers and non-smokers [E3, L1, S20}.
These suggest that the joint effects of cigaretie smoking
and radon are more than additive. However, they do not
yet provide enough ecvidence to allow a detailed
cxamination of the altcrnatives.
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353.  When all the data on the joint effects of cigarette
smoking and radon are considered, there is ample confir-
mation of the conclusion of the BEIR IV Conmittee (C6],
namely, that the joint effect of the two agents is more than
additive. However, there is a mounting body of evidence
that the cffect is somewhat less than multiplicative. The
strongest evidence for this conclusion comes from the two
studies of non-smoking miners [R9, S25] The relative
risks reported in those studies arc substantially higher than
the risks reported in studies that included smokers.
However, some corroborative evidence of submultiplicati-
vity is also available from the most recent analysis of the
Colorado miners [H18], from the Newfoundland fluorspar
miners [M18], from the clay shale miners in former
Czechoslovakia [S5}and from the Malmberget study [R8].
it should also be noted that for low-LET radiation the joint
effects of smoking and exposure to radiation from the
atomic bombings of Hiroshima and Nagasaki appear to be
less than multiplicative for lung cancer. Recent work in
vitro on the interaction between high-LET radiation and
tobacco smoke condensate also suggests an intcraction for
the end-point of oncogenic transformation that is less than
multiplicative [P26]. The implications of this conclusion
are far-reaching, in so far as predictions based on models
in which multiplicativity between radon and cigarette
smoking is assumed, either implicitly or explicitly, can
generally be assumed to be too low for populations in
which there are substantial numbers of non-smokers,
including many populations of women, and too high for
populations with high proportions of smokers.

354.  In the study of Chinese tin miners [X1], the
arsenic content of the ore averaged about 1.34% by
weight. Thus, many of the miners were exposced to dusts
containing arsenic, which is a known carcinogen [ES, 119].
As can be seen from Table S5, adjustment for arsenic
exposure reduced the estimated relative risk of lung cancer
within cach category of cumulative radon exposure in
these data, and the estimate of the excess relative risk per
unit exposure, averaged over the entire follow-up period,
was reduced from 0.6% WLM™! (95% CI: 0.40.8) to
0.2% WLM! (95% CI: 0.1-0.2). In Ontario gold miners
[K10] an excess lung cancer risk could not be attributed
to radon exposure alone and was associated with exposure
to arsenic in the mines.

355.  The miners of the West Bohemian cohort were
employed in two scparate mines: Jichymov, with arsenic
levels of 0.5% in the dust on average (7.1% maximum),
and Homi Shavkov, in which arsenic was negligible, i.e.
average concentrations of 0.01% in the dust (0.05% maxi-
mum). While no comparison was possible between miners
employed exclusively at onc or the other mine, in miners
who spent less than 20% of their time at Jichymov and
who were 55 years old or more the excess relative risk of
lung cancer was 1.36% WLM! 5-14 years after exposure
(Table 57), similar to the value derived by the BEIR IV
Committee [C6] of 1.5% WLML. However, for similar

miners with more than 20% of their work experience at
Jichymov the excess relative risk was 1.8 times greater,
indicating a clear effect of arsenic exposure (Table 57).

356.  The effects of exposure to other agents in miners
exposed to radon has received little attention in the
literature up to now, but these results suggest that exposure
to arsenic-containing dusts may bave an important
influence on the subsequent risk of lung cancer in some
groups of miners exposed to radon, and further evaluation
of this possibility is required. Mine exposures other than
arsenic might also influence the risk of lung cancer either
direclly or indirectly, possibly via mechanisms related to
cellular irritation and increased tissue proliferation [C21].
The role of dust (silica), diescl and blasting fumes and
other heavy metals has also not been clearly clucidated
and requires additional study.

357.  Significant increascs have been noted for certain
cancer sites other than the lung in miners exposed to
radon. These include salivary gland cancer in Newfound-
land fluorspar miners [M18], laryngeal cancer in French
uranium miners [T10], multiple myeloma, cancer of the
stomach and cancers of the liver and gall-bladder in
Swedish iron-ore miners [R8], basal cell skin carcinoma
in mid-Bohemian uranium miners [S64] and cancers of the
liver and gall-bladder and extrahepatic bile ducts in West
Bohemian uranium miners [T9]. However, no consistency
exists across studies, and many of the reported increases
may not be related to radon exposure. In the West
Bohemian miners [T9] mortality was related to cumulative
radon exposure only for cancers of the gall-bladder and
extrahepatic bile ducts and multiple myeloma, while in the
Chinese tin miners a significant but weak relationship
between mortality and a joint association of exposure to
radon and arsenic was found only for lymphoma [X1].
Neither of these two studies of miners nor a small case-
control study of domestic radon and childhood cancer in
Sweden [S27] found evidence for an increased risk of
leukaemia following radon exposure.

358. It has been suggested from geographical cor-
relation studies that radon in the ambient air may cause
cancers at sites other than the lung [El, E9, H38, L8,
W6]. It has also been suggested that the dose received
from radon by the red marrow is higher than that usually
estimated because radon is very soluble in the fat cells
scattered throughout the marrow [R17]. Other information
on the dose to organs other than the lung is also available
[H47). These corrclation studies are subject to numerous
biases, however. Interpretation is restricted by the fact that
exposurc to individuals, much less dose to tissues, is not
known. Furthermore, attempts to reproduce findings (on
leukaemia, for example) using more refined statistical
methods and smaller geographical areas have not been
productive [M13]. Thus, there is no reproducible evidence
that radon causcs any increase in fatal cancers other than
lung cancer.
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4. Residential exposures

359.  Although the studies of occupational exposure to
radon provide a guide to the likely effect of exposures in
homes and other buildings, there is inevitably a substantial
degrec of uncertainty in extrapolating between the two
environments. One reason for this is simply that the
occupational studics provide data about the effects of
exposure primarily in adult males and give no information
about effects in women, who in many populations have
substantially different smoking habits from men, apart
from intrinsic differences in, for example, breathing rates,
or about the effects of exposure in eary childbood.
Another source of uncertainty arises from differences
between mines and the indoor environment regarding
several factors that affect the dosimetry of radon decay
products, including ventilation patterns; the fraction of
unattached radon decay products and the particle size
distribution in inhaled air; the equilibrium between radon
and its decay products; and differences in the breathing
rates and breathing route (nose versus mouth) of men at
work and at home. As already noted, the effects of mine
exposures are subject to confounding or enhancing from
mine contaminants such as silica, arsenic, diesel exhaust
and blasting fumes [A17).

360. Itis therefore necessary, despite the technical and
methodological difficultics involved, to directly examine
the effects of exposure o radon and its decay products in
the indoor environment. The published results of studies
addressing this issue are summarized in the following
paragraphs, based on a review by Samet [S28]. Many
more studies are currently under way, and much additional
information on this topic should soon become available. In
most studies of indoor radon, the concentrations are
measured in becquerel per cubic meter. The conversion
factor between radon gas concentration in dwellings and
effective dose was considered in Annex A of the
UNSCEAR 1993 Report [U1]. It is noted, however, that
a commitice of the National Academy of Sciences of the
United States [C21] concluded that the dose per unit
exposure tends to be 20%-30% lower in the home
environment than in the mines. Thus, risk estimatcs based
on the experience of miners will tend to overestimate risks
from radon in homes [C21].

361.  Several studies of non-occupational exposure o
radon have been carried out in which lung cancer
incidence or mortality rates in different geographical arcas
have been correlated with measures of exposure of the
inhabitants. Thesc arc summarized in Table 58. In 8 of the
19 studies there was a significant positive association
between radon exposure and lung cancer incidence or
mortality, in 1 study there was a positive correlation that
did not reach statistical significance, in 4 therc was no
relation between lung cancer and radon concentration, and
in 6 there was an inverse relation. As discussed in Section
11.B.2, such geographical studies are always difficult to

interpret. This is cspecially true in the study of diseases
such as lung cancer, for which the major determinant of
risk is smoking habits and the incidence of which varies
geographically. Another recent paper (S26] examined and
reviewed features of 15 of these geographical studies, all
of which are represented in Table 58, and concluded that
their shortcomings rendered them uninformative on the
lung cancer risk associated with indoot radon.

362.  The association between radon exposure and the
development of lung cancer has been tested much more
directly in case-control and cohort studies, and the results
of studies available to date arc summarized in Table 59.
Early studies, e.g. that of Axclson et al. [A3], relied on
surrogate measurces of exposure, such as whether bouses
were constructed of wood or stone and whether the
residents lived on the ground or upper floors. In 10
studies, however, measurements have been made in some
or ali of the houses. In six of these studies (five in Sweden
and one in the United States), a significant increase in
lung cancer was associated with increasing exposure after
adjusting for cigarette smoking. In two of them (in Canada
and the United States), an increase in lung cancer was
observed with increasing exposure, but the result was not
statistically significant. In one (in Sweden) increased
cxposure was associated with increased risk for rural
dwellers but not for urban, and in two (in China and
Canada) therc was no increase in lung cancer risk with
exposure to radon in any catcgory of smokers, despite the
fact that the exposure categories varied from less than
70 Bqm™> to 300 Bqm™ or more. The difficulties of
cvaluating studies of domestic radon exposure are clearly
exemplified by the recent publication of two of the largest
and more carefully conducted studies. One, in Sweden
[P36], shows a clear-cut association between radon
exposure and lung cancer incidence, but the other, in
Canada [L10), finds no such association.

363.  Each of the case-controi studies has limitations
that hinder interpretation of the results, in addition to the
problems previously mentioned of indirect indications of
exposure and variability in sampling with small numbers.
It might be illustrative to mention a few of the problems.
The study in China was the only one that could reject
statistically a risk estimated by extrapolating results from
studies of miners; however, thcre was concern that the
high indoor air pollution from coal combustion products
might have hindered the ability to detect an effect or
measure the exposure. The study in New Jersey had
mainly extremely low exposures, and the suggested excess
was based on a comparison of only six cascs and two
controls who received exposures greater than 150 Bq m‘3;
thus the numbers were too small to provide useful
exposure-response information. The study of women in
Stockholm was difficult to interpret because adjustment for
subject occupancy (that is, the time a woman actually
spent in her home) removed the significance of the
association. The time response, moreover, was inconsistent
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with the miner studies in so far as more recent exposures
bad litde cffect, and it was the exposures many years in
the past, for which the measurements were most uncertain,
that had the greatest influence on risk. Furthermore, the
level of significance of the trend tests was markedly
different depending on whether continuous (actual) or
categorical (grouped) radon concentrations were analysed.
This influence on the choice of trend statistics and
delineation points for grouped analyses points to a lack of
robustness in the data being analysed. The national
Swedish study is important, but it is somewhat peculiar in
that risk scemed concentrated in men and not in women
and few details were given regarding occupancy and time
response [P36]. The Canadian study had generally higher
exposures than the Swedish national survey, but no risk
was evident [L10]. The new study in Missouri was
methodologically sound: exposure measurements were
made close in time to the diagnosis of lung cancer in the
over 500 cases of lung cancer in non-smoking women and
the spouses scrved as controls [A18]. Morcover, the fact
that the women were niot smokers enhanced the probability
of detecting a radon effect by removing the confusing
influence of cigaretie smoking. Despite the many strengths
of this study, an increased risk could not be associated
with residential radon exposure. On the other hand, and
despite the large number of cases, the data were not strong
enough to preclude the possibility that the risk might be
similar to that predicted by extrapolating from high doses
the risks obtained in studies of miners.

364.  The difference seen in the various studies with
regard to the radon effect over categories of cigarette
smoking also point to a lack of robustness in the data
being analysed. Clearly, cigarette smoking was the most
striking cause of lung cancer in these series, with relative
risks almost 14 times as great for persons smoking more
than one pack per day in Stockholm, New Jersey and
Canada, and 3 times as great among heavy smokers in
China. In the study in Stockholm, the steepest gradient in
risk occurred among those smoking more than 20
cigarettes per day, but there was no comparable dose-
response trend for non-smokers [P30]. In the national
Swedish study, radon-associated risks were not
significantly different for different smoking status. In New
Jersey, an increasing dose-response trend was observed in
smokers of less than 25 cigarcttes per day, no dose-
response was seen in non-smokers and there was a nega-
tive dose-response trend in the heaviest smokers [S51]

365.  Itis planned to address the inconsistencies seen
in indoor studies and to provide more precisc information
on the level of risk possibly attributable to residential
cxposures by conducting pooled or combined analyses of
the many series that arc being conducted throughout the
world [S73] The first attempt to pool similar studies was
recently made [L3]. A combined analysis of the studies in
China, Stockholm and New Jersey revealed no evidence
for a radon-related risk, despite the availability of nearly

1,000 lung cancer cases. It was concluded that the lack of
consistency within and across studies for a radon effect
overall and within smoking categories severely limited the
inferences that could be made regarding the risk related to
residential radon. Interestingly, the combined data, which
showed no association between lung cancer and radon
exposure, were not inconsistent in a statistical sense with
extrapolations based on investigations of underground
miners. Because of the wide confidence limits about the
risk cstimates for low exposure categorics in indoor
studies, it cannot be excluded that the level of lung cancer
risk from indoor radon may be less than the level
predicted from studies of miners. Thus, the combining of
the more than 15 studies conducted with generally similar
methodologies will help to resolve the inconsistencics that
currently exist.

5. Summary

366.  Since the publication of the report of the BEIR
IV Committee [C6], two major studies of radon-exposed
miners bave been carmried out, providing much additional
data [T3, X1]. In addition, a detailed analysis of 11 miner
studies involving almost 2,700 lung cancer cases has been
published [L21]. These studies and the comprehensive
analysis strongly support the BEIR IV Committee’s
conclusions that the excess risk of lung cancer following
radon exposure is concentrated 5-14 years following
exposurc and that the excess relative risk of lung cancer
per unit exposure decreases with attained age.

367.  There is now considerable evidence that risk of
lung cancer from radon exposure depends inversely on
exposure rate (or on duration of exposure) at high expo-
sure levels. In any case, to make estimates of the risk of
radon-induced lung cancer applicable to modern occupa-
tional or domestic exposures, they should be based on
those studies in which exposures and work history data are
as complete as possible and the cxposures arc at lower
rates.

368.  In two recent large studies of miners [T3, X1]
estimates of the risk of lung cancer following radon
exposure were substantially reduced when adjustment was
made for the effect of exposure to arsenic-containing
dusts. The possible role of arsenic in causing lung cancer
in radon-exposed miners has received little attention up to
now and requires further evaluation, as does concomitant
exposure to other mine contaminants that might influence
lung cancer induction.

369.  There is now strong evidence to suggest that the
joint effect of exposure to radon and tobacco smoke on
the subsequent relative risk of lung cancer is less than
multiplicative, as was assumed by the BEIR IV Committee
[C6], although it seems likely that it is more than additive.
These findings imply that estimates based on the BEIR IV
Committee’s model will underestimate the risks for
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non-smokers and overestimate the risks for smokers. It is
recommended that all the available data relating to these
two issues should be further analysed so that firm
conclusions can be drawn.

370.  There is little direct evidence on the risks of lung
cancer resulting from residential exposure to radon.
Statistically weak studies are gencrating conflicting results.
For the time being, risk estimates should continue to be

bascd on the studics of occupational exposures, although
without adjustment these are likely to overestimate risks in
the domestic environment. They cannot be based on geo-
graphical studies, which are always difficult to interpret
and which in this case give inconsistent results. However,
the substantial number of case-control and cohort studies
that are under way might provide useful information.
There is no consistent evidence that radon causes cancer
in tissues other than the lung,

IV. OTHER RELEVANT STUDIES OF CARCINOGENIC EFFECTS

371.  In the last 15 years a number of studies have
been carried out of individuals living near nuclear installa-
tions and of participants in atmospheric nuclear tests.
Some of these have recorded unexpected associations
between exposure to radiation and a subsequent increase
in the incidence of or mortality from cancer in either the
exposed persons or their offspring. In addition, persons
suffering from certain types of hereditary disease have
been identified as being highly scnsitive to radiation, and
there is some evidence that there may be other subgroups
of the population who are not overtly affected by such
diseases but who may also be especially sensitive to the
effects of radiation.

A. CANCER NEAR NUCLEAR
INSTALLATIONS

372, Several studies have reported increased incidence
or mortality rates for leukaemia and non-Hodgkin’s
lymphoma in young people living near nuclear installa-
tions. The studies caused public concem and led to much
additional research. The principal findings to date are
summarized below.

373.  First, an excess of leukaemia was reported in
young people in the village of Seascale, four miles south
of Sellafield, which is the site of the principal nuclear fuel
reprocessing plant in the United Kingdom. Opcrations
involving radioactive materials began at Sellafield in 1950.
The excess was reported in a television programme in
November 1983 and was later confirmed by an official
enquiry [B7]. The Seascale cluster might be considered,
from one point of view, to be suspect it was the
occurrence of the cases that determined both the geo-
graphic boundary and the age definition of the cluster.
Television reporters first went to Scllafield, not Seascale,
seeking cxcesses of cancer among adult workers, not
leukacmia among young people in the general population
[M6]. One of the investigations that had been recom-
mended in the report of the enquiry subsequently demon-
strated that by July 1986 therc had been five deaths from

leukacmia in the slightly more than 1,000 children bom to
mothers resident in Seascale in the yecars 1950-1983
compared with an expected number, based on national
rates over the same period, of 0.53 [G1]. The results are
summarized in Table 60. Four of the five deaths were in
children of age 0-4 years. In contrast, there were no deaths
from leukaemia and lymphoma compared with 0.83 expected
over the same period in some 1,500 children who moved
into the arca at some time after their birth [G2]). Although
less marked, the contrast extended to other fatal cancers
and also to non-fatal cancers for the limited time-period
1971-1984, when expected numbers of non-fatal cancers
could be derived from the national cancer register, as is
shown in Table 60. Two of the six other cancers were
non-Hodgkin’s lymphoma. At young ages non-Hodgkin’s
lymphomas consist of a variety of conditions, one of the
most common of which is distinguished from acute
lymphocytic leukaemia only arbitrarily by the number of
lymphoblasts in the blood, and for the study of aetiology
such cases may better be classed with leukaemia than
treated as a separate discase. When all cases of leukaemia
and non-Hodgkin’s lymphoma were studied that
occurred in young people resident in Seascale in the
slightly longer period 1950-1988, the cluster in
Scascale was found not to be limited to children who
bad been born there [K27]). Eleven cases were
diagnosed in this period, and statistically significant
excesses were found in young people not born in
Secascale as well as in those who were born there, the
risks being incrcased by a factor of approximately 10
in cach case (9.9 for those not born in Seascale and
10.2 for those who were).

374.  Estimates of the average annual dose in the red
marrow that one-year-old children living in Seascale are
thought likely to have received from Sellaficld discharges
are given in Table 61. Before 1960, the estimated doses
from Sellafield exceeded those estimated from natural
radiation by about 20%, but afterwards they were much
lower. Doses of this magnitude would not be expected to
causc the observed ninefold increasc in fatal leukacmia in
the children of mothers resident in Seascale.



ANNEX A: EPIDEMIOLOGICAL STUDIES OF RADIATION CARCINOGENESIS &

375.  Further study of the affected young people
resident in Seascale and of those bom and resident in
West Cumbria Health District, in which Scllafield is
situated, has given potentially conflicting results. In one
study [G21] comparisons were made between the charac-
teristics of young people born in the West Cumbria Health
District who developed leukaemia, Hodgkin’s disease or
non-Hodgkin’s lymphoma while still resident in the district
and the characteristics of the up to 16 times more
numerous young people bom in the district, resident in it
and registered in the same birth registers as the affected
young people, half of whom were also matched for
parental residence in the same civil parish. The results
gave no reason to think that the affected young people had
had any more ¢xposure to radioactive contaminants in the
general environment than their controls, as evidenced by
such factors as the frequency of playing on the beach or
eating fish. However, they did suggest that the fathers
were more likely to have been employed at Sellaficld (RR
= 2.82; 95% CI: 1.07-7.40) and to have been exposed to
relatively large doses of external radiation, particularly in
the six months prior to the conception of the children, as
is shown in Table 62. Other findings (some of which were
statistically significant) include two that would have been
expected from previous observations — namely, an
increascd relative risk with a history of maternal exposure
to abdominal radiography during pregnancy and with
maternal age — and some evidence that several other types
of paternal employment might also be associated with an
increase of risk. None, however, suggested as large an
increase as relatively heavy paternal irradiation, and no
other factor scemed capable of accounting for the excess
leukacmias. In a later study [K27] it was shown that
parental exposure before the child’s conception could not
alone account for the Seascale cluster. The results are
surnmarized in Table 63. They show that the cluster was
not limited to young people whosc fathers received
substantial doses of radiation at work. The one boy with
acute lymphocytic leukacmia was not born in Seascale and
his father fell into the sccond lowest dose category in the
Table (0.01-49.9 mSv), having received only 5.5 mSv.
This boy and the four young people whose fathers had not
been exposed would alone have caused a significant
excess in Seascale (RR = 4.5; p < 0.01). It may also be
noted that most of the paternal doses were received
outside Sellaficld [P37]. Another study of the influence of
parental exposure examined the data already collected in
the Oxford survey and found no association between
leukaemia incidence or the incidence of all cancers and
external exposure of fathers [S34). In a recent commentary
[D28] it is concluded that the hypothesis that preconcep-
tion patemal radiation exposure is associated with
leukaemia in children is not supported by known radiation
genetics, or by the body of knowledge about the heredita-
bility of childhood leukacmia or by what is known about
radiation and leukaemia risks in other studies. The authors
conclude that the association between patemal iradiation
and leukaemia is likely to be a chance finding.

376.  Shortly after the Seascale cluster was discovered,
another cluster was reported near Dounreay [H4]. The
results are less impressive, as a highly significant excess
is obtained only by concentrating on an arbitrarily defined
period and a geographic area that bisects the local urban
centre of Thurso (5 cases against 05 expected within
125 km of Dounreay in the period 1979-1984). Extending
the time back 10 years (to 1968) and the distance to
25 kilometres, increases the expected number of cases by
2S5 and the observed number by only 1. Nevertheless,
Dounrcay has the only other plant in the United Kingdom
where nuclear fuel is reprocessed, making the excess diffi-
cult to dismiss. The excess, however, is equally, if not
more difficult, to attribute to nuclear waste from Dounreay
itself and to waste arriving near Dounreay by coastal
current from Sellafield, as the estimated annual radiation
dose 1o the bone marrow from low-LET radiation from
these sources is substantially less than the maximum
annual dose received from fallout nationally following the
atmospheric testing of nuclear weapons that took place in
the early 1960s, with the estimated annual bone marrow
dose from high-LET radiation being no more than the
maximum reccived from fallout Further studies in the
Dounreay area included a case-control study [U13] and a
follow-up study of two cohorts of children, one of which
included those born to local mothers (birth cohort) and the
other of which included those who moved to the area afier
birth and attended school in the area (schools cohort)
[B40]. The case-control study found that the higher
incidence of childhood leukaemia could not be explained
by patemnal occupation at Dounreay or by paternal
cxposure to external ionizing radiation before conception.
There was, however, an association with the use of
beaches within 25 km of Dounreay. The follow-up study
found a non-significantly higher incidence of childhood
leukaemia in the birth cohort and a significantly higher
incidence in the schools cohort, suggesting that place of
birth was not a more important factor than place of
residence in the aetiology of childhood leukaemia in the
Dounreay arca. One possible explanation of this excess is
that it is caused by population mixing linked to the oil
industry in this otherwise rural area of northern Scotland
[K17). Another report [K2] did not find any association
between the preconception exposure of fathers and
leukaemia clusters in Scotland or North Cumbria.

377.  The next finding to be reported was an excess of
childhood leukaemia near one of three nuclear sites that
arc close to onc another in the south of England [R18].
Exposures due to radioactive discharges from the sites are
estimatcd to be minimal. The observations are summarized
in Table 64. Made over a period of 14 years, they suggest
that there might have been an excess of some 37% in
children under 15 years of age living within 15 km of one
of three neighbouring sites, and because the population of
the area was substantial, this amounts to about 20 cases in
all. The greatest excess occurred in children under five
years of age living within 5 km of one¢ or other of the
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sites, of which there were 9 cascs, giving an excess of
134%. The excess was not limited to leukaemia but was
also observed with other types of childhood cancer, with
30 cases of cancer other than leukaemia occurring in
children under 5 years of age who were resident in wards
less than 10 km from the sitcs, compared with 19.4
expected [C30]. A further case-control study of children
aged 0-4 ycars with leukacmia or non-Hodgkin’s
lymphoma established that the above-average rates of
leukaemia in the area could not be accounted for by
parental employment in the nuclear industry [R24].

378.  Several other smaller clusters of leukaemia have
been reported ncar other installations in the United
Kingdom, and another cluster of four cases against 0.5
cxpected has been observed in the north ward of
Egremont, a small town 7 km north of Sellafield [C11].
However, it is unclear to what extent some of these
clusters represent a selection of high rates that occur by
chance and a neglect of low rates. To assess the
significance of these excesses it is necessary to have a
detailed and uniform account of the distribution of all
cases throughout the country. So far, this can be provided
only for mortality in the 402 county districts in England
and Wales for 1969-1978 [C7]. After adjustment for
urban-rural status, population size, social class and health
region and compared with all the other county districts,
there was a 15% increase in mortality from leukaemia of
all types (p = 0.01), a 21% increase in mortality from
lymphoid leukaemia (p = 0.01) and a 25% increase in the
mortality from Hodgkin’s disease (p = 0.05) in young
people under 25 years of age in county districts with more
than 0.1% of their population living within 16 km of one
of the 15 principal nuclear installations in the country. No
excess of any other cancer, nor of all malignancies
combined, nor of seven groups of malignancies in adults
was found.

379.  An excess of lymphoid lcukaemia of about 21%
in these specified districts corresponds to about eight
excess deaths per ycar. The extent to which the risk of
leukaemia is related to paternal employment in the nuclear
industry is unknown. It did not, however, account for the
excess found in the small town north of Sellaficld, as none
of the fathers of the four young people who developed
leukaemia while resident in the arca had been irradiated
occupationally before the child’s conception, despite the
fact that many Sellafield workers lived in the north
Egremont ward and had received a collective dose that
was greater than that received by the workers who lived
in Seascale. The overall results of the study do not support
the idea that the excess is due to environmental
contamination by radiation [C7]. No trend in relative risk
was observed with increasing proximity to an installation,
as measured by the trend from districts with a low
proportion of their population within 16 km of the
installation (RR = 1.18) through districts with 10%-65%
of their population within 16 km (RR = 1.29) to districts

with 66% or more of their population within 16 km
(RR = 1.16). The excess relative risks between the districts
around Secllafield and those around the other installations
differed by a factor of 5 (RR = 1.94 and 1.20), many
times more than the difference between the estimated
annual doses from Sellafield received by children living in
the vicinity and the doses estimated for children living
near the other nuclear installations [S16].

380.  Further support for the idea that the exoess
lymphoid leukaemia seen near nuclear installations other
than Sellaficld is not caused by environmental radiation
comes from a second study using the same data that
examined mortality around "potential” nuclear installations
[C18]. Six sites that had been seriously considered for
nuclear installations but where no installation was built
were included, as were two further sites where nuclear
power stations were built but that did not start operating
until after the period for which mortality data were
available. After adjustment for the same factors as in the
original study, mortality patterns were very similar to those
found ncar the existing installations. The relative risks of
miortality from leukaemia of all types and from Hodgkin’s
disease at ages 0-24 years were 1.14 and 1350,
respectively. The total population near the 8 potential
installations was considerably smaller than that near the 15
existing installations; as a result, the number of leukaemia
deaths was much smaller and the increase in mortality did
not reach statistical significance. However, the increase in
Hodgkin’s disease did (p < 0.05).

381.  Reports of small clusters of childhood leukaemia
around nuclear installations in the United Kingdom in the
1980s prompted several large-scale systematic surveys. In
the United Kingdom, lymphoid leukaemia among persons
under 25 years old was found to be generally increased in
populations living near nuclear fuel rcprocessing or
weapons production facilities but not in those near plants
that gencrated electrical energy [C19, F10]. Mortality from
Hodgkin's diseasc at ages 0-24 years was also increased,
whereas mortality from lymphoid leukaemia at ages 25-64
years was significantly reduced. Ovenall there was no
general increase in cancer deaths in the vicinity of these
nuclear facilities.

382.  Leukaemia in children has also been studied in
the vicinity of nuclear installations in France, the United
States (studies ncar the Three Mile Island plant and of the
country as a whole), Canada and the former Federal
Republic of Germany [C26, H33, H39, H42, J4, M35,
M44, M46, V10]. The results from France and the United
States provide no evidence that any excesses similar to
those in the United Kingdom have occurred. The negative
cvidence from France is impressive, as the communes near
nuclear installations experienced slight (statistically non-
significant) deficiencies of leukaemia in comparison with
both national rates and the rates observed in control
communes in the same departments, at all ages under 25
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years and at ages 0-4 years, and at distances up to 10 km
and 21 km from the installations [H39, V10}. The United
States study (J4] examined cancer rates in countics and
could, therefore, have missed very localized excesses such
as that in Seascale. However, this study was otherwise
large and very complete. Over 900,000 cancer deaths in
113 counties in the United States containing or adjacent to
62 nuclear facilities were compared to 1,800,000 cancer
deaths in control countics with similar population and
socioeconomic characteristics [J4}. Owerall, and for
specific groups of nuclear installations, therc was no
evidence that montality for any cancer, including childhood
leukaemia, was higher in counties with nuclear reactors
than in control counties. For childhood leukacmia, the
relative risk in the counties with nuclear reactors,
compared with their controls was 1.03 after plant start-up
and 1.08 before start-up. For all leukaemia, the relative
risks were 0.98 after start-up and 1.02 before.

383.  The first Canadian study [C26, M35] examined
cancer incidence and mortality rates in Ontario in children
bom within a 25 km radius of a nuclear installation and
compared them with the values expected on the basis of
provincial rates. No significant increases were found. The
second study [M44] used a case-control design. The case
series consisted of 112 children aged 0-14 years who died
from or who were diagnosed with leukacmia in 1950-1988
and were born to mothers who, at the time of their child’s
birth, lived near an operating nuclear facility in Ontario.
Eight controls per case, matched on date of birth and
mother’s residence at the time of birth, were identified
from birth certificates. Data on occupational radiation
exposure were obtained by a computerized record linkage
with the Canadian National Dose Registry and subsequent
examination of employers’ records. It was concluded that
there was no association between childhood leukaemia and
the occupational exposure of fathers to ionizing radiation
before conception as a consequence of employment in the
nuclear industry in Ontario. No association was detected
for external whole-body dose, tritium dose or radon
exposures. Odds ratios were close to 1.0 for all radiation
dose categories and occupations except for uranium
mining, which had a larger, but not statistically significant,
odds ratio.

384. The study based on the registry of childhood
malignancies in the former Federal Republic of Germany
included 1,610 cases diagnosed at ages under 15 from
1980 to 1990. The design was bascd on that of the first
systematic British study [F10] and included all
communities at least one third of whose areas fell within
15 km of the 18 nuclcar power plants and 2 research
reactors that started operation between 1960 and 1988. For
each nuclear installation a nearby control region was
selected with similar regional structure and population
density and whose cancer patients would have atiended the
same paediatric oncology centre. The relative risk
compared with the control arcas was 0.97 for all

malignancies (95% CI: 0.81-1.60) and 1.06 for acute
leukacmia (95% CI: 0.88-1.28) in all regions within a
15 km radius of a nuclear installation. Increased relative
risks were, however, secn in the subgroup of acute
leukaemia before S years of age, especially in areas less
than 5 km from the installations (RR = 3.01; 95% CI:
1.25-10.31) and for lymphomas (RR = 1.67, 95% CI:
1.07-2.76) [M46]. However, leukaemia incidence in the
control areas was unusually low compared with national
rates. As in the United Kingdom, a2 comparable and even
more pronounced increase was observed in regions where
nuclear power plants had been projected.

385. None of the increases in leukaemia and non-
Hodgkin’s Iymphoma reported in the vicinity of nuclear
installations scems likely to have been caused by
environmental exposure to discharged radioactive
materials, nor can any of them be accounted for by
paternal exposurc to radiation at work before the aflected
young people were conceived. While Gardner et al. [G21]
thought that the association they observed between
parental irradiation and the subsequent development of
lcukaemia and non-Hodgkin’s lymphoma in offspring bon
and living in West Cumbria suggested causation, the
increases seen in a segment of the West Cumbrian
population arc implausible quantitatively when compared
with existing experimental evidence, as is shown in the
UNSCEAR 1993 Report, Annex G [Ul] No similar
associations were observed in the children of the survivors
of the atomic bombings in Japan [Y3, Y4, YS] or in any
of the other studies cited above, such as in Scotland. One
possibility is that the observations relating to parental
irradiation in West Cumbria are attributable to chance
{D28]. Another possible explanation is that the excesses
are due to the spread of infection resulting from the
mixing of populations from urban and rural areas [K4,
K14, K17].

B. PARTICIPANTS IN ATMOSPHERIC
NUCLEAR WEAPONS TESTS

386.  The issue of cancer incidence in participants in
nuclear tests came to public attention when, at the instiga-
tion of onc of the participants who had developed
leukaemia, the United States Centre for Disease Control
undertook a study of the mortality of men who had parti-
cipated in the test Smoky in Nevada in 1957. The results
showed that in 1957-1979, 10 men had developed leukae-
mia (including the index case that prompled the investiga-
tion) in comparison with 4.0 that would bave been expected
on the basis of the United States national ratcs over the
same period of observation, a difference that was statisti-
cally significant (p = 0.008, two-sided test) [C1, C2]. The
data from the Smoky test were analysed in more detail as
part of a later study of participants in a scries of five
weapons tests [R2} In the study it was found that while
the mean recorded doses for all participants was 0.009 Sv,
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leukaemia deaths among Smoky participants tended to
occur among those with higher doses or those exposed in
unusual ways that might have led to additional unrecorded
internal doses from the ingestion or inhalation of
radionuclides. No excess of leukaemia deaths (46 observed
versus 52 expected) was seen in the complete analysis nor
in any group other than the Smoky participants. The study
also found no evidence of either a general excess of
cancer or excess risks for any specific sites in the full
study population. The only other significant finding
occurred in the analysis of genital cancers among
participants in the Redwing serics of tests carried out at
Bikini and Enewitok atolls in 1956 (16 cases observed
compared with 8.35 expected; p = 0.02, two-sided). This
increase was largely made up of prostate cancers (11
cases). It could be the kind of chance finding that must be
expected when many different rates are compared in 3
single cohort (see paragraph 31). Prostate cancer has not
been associated with exposure to high-dose-rate, low-LET
radiation in the studies of survivors of the atomic
bombings or studies of external medical radiation.
Although significant increases of prostate cancer have been
reported in employees of the United Kingdom Atomic
Energy Authority [B4] who were monitored for various
radionuclides including tritium, it was not found in
employees of the United Kingdom Atomic Weapons
Establishment [BS] nor has it been seen in radiation
workers in general. Further follow-up of the Atomic
Energy Authority employees [F11] revealed that the
elevated mortality was limited to employees in a single
plant. A case-control study found the increase was limited
to men who worked in environments contaminated by
tritium and other radionuclides [R25]. Whether this is a
chance finding from the examination of multiple
subgroups or the effect of a particular radionuclide cannot
be determined from the present data.

387.  The United States data have been criticized on
two grounds. First, the comparison with national rates is
inappropriate [C1, C2, R2]. Secondly, the comparison
within the series of tests that included the test Smoky
shows that mortality from all cancers increased with the
size of the recorded dose [B14], whereas when all five
scries are combined, the difference in rates between the
high- and low-dose groups is trivial. This is to be
expected, as the recorded doses were much too small for
any detectable effects to be seen on the basis of the recent
results from the survivors of the atomic bombings in
Japan. The mean recorded gamma dose was 9 mSv, and
only 1.7% of the participants had doses in excess of
50 mSv. Among the Smoky participants the deaths from
leukaemia tended to occur in persons with higher recorded
doses: 6 of the 10 leukaemia dcaths occurred in partici-
pants with at least 0.03 Sv recorded dose, compared with
only 1.34 expected (p = 0.03). It is, however, notable that
4 of the 10 leukaemia deaths in the Smoky participants
occurred in a group of 730 men in the task forces Warrior
and Big Bang (constituting 21% of the total number of

Smoky participants), who were exposed in unusual ways,
including witnessing a shot from trenches within 3 km of
ground zero and carrying out exercises in areas
contaminated by recent previous tests. It is not impossible
that these men received substantial additional unrecorded
doses internally from the ingestion and inhalation of
radionuclides. One of the leukaemia cases may have
resulted from radiotherapy for another malignancy.

388.  As a result of the findings in participants in the
Smoky test and of the concem expressed by participants
in the British tests, the United Kingdom Ministry of
Defence commissioned an investigation of the health of
participants in the programme associated with the British
tests that were carried out in Australia and on islands in
the Pacific between 1952 and 1958 [D3, D4]. The study
included 21,000 men who were identified in the records of
the Ministry of Defence as having participated in the
programme and also a control group of similar size, made
up of men of the samc ages, same services, samec
proportion of officers and same date of entry to the study
who did not participate in the programme but who had
served in tropical or subtropical areas while the tests were
being conducted. The results showed that not only were
the total mortality and the mortality from all neoplasms
combined almost identical in both groups but they were
also substantially less than the rates expected on the basis
of the corresponding mortality rates in England and Wales.
In a later study of the same populations with longer
follow-up [D24], statistically significant differences
between the participant and control group were recorded
for 4 of the 27 cancers examined. In two instances the
mortality was higher in the participants (leukacmia, 1.75
times higher; bladder cancer, 2.69 times higher) and in
two instances the mortality was lower in the participants
(cancer of the mouth, tongue and oesopbagus, 0.45 times
that in the controls; lung cancer, 0.85 times that in the
controls). In no case was the mortality in the participants
significantly greater than would have been expected from
the national mortality rates (standardized mortality ratio for
leukaemia of 1.00 and for bladder cancer of 1.04), the
significant excess in the participants being due in each
case to an unusually low mortality in the controls. With
the statistical test used, some statistically significant
differences were 1o be expected by chance alone when 27
different diseases were examined, and it was concluded
that all of the findings are likely to have been due to
chance. A small, statistically non-significant excess of
leukaemia in the first 25 years afier participation could not
be ruled out (standardized mortality ratio of 1.23, based on
20 deaths), but it could not be attributed to any known
cause, as il was not concentrated in men known to bave
been exposed 1o radiation or men involved in any
particular operation or employed in any particular job.

389.  In a separate study of New Zealand participants
in the British atmospheric nuclear weapons tests in
1957-1958, 528 men known to have participated in the
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tests and a control group of 1,504 men who were in the
Royal New Zcaland Navy during the same period but who
did not patticipate in the tests were followed until 1987 for
both mortality and cancer incidence [P27]. Mortality from
causes of death other than cancer and mortality and cancer
incidence from cancers other than haematological
malignancies were similar among test participants and
controls. There were scven deaths from haematological
malignancies among test participants (RR = 3.25; 90% Cl:
1.12-9.64; p = 0.02), including four from leukacmia (RR
= 5.58; 90% CI: 1.04-41.6; p = 0.03). For haematological
cancers the relative risk was 1.94 (90% CI: 0.74-4.84;
p =0.10) and for leukaemia it was 5.51 (90% CI:
1.03-41.1; p = 0.03). However, as noted by the authors,
onc of the four leukaemia cases was diagnosed as chronic
Iymphocytic leukaemia, and the temporal distribution of
the cases, onc within 15 years of exposure and three more
than 25 years after exposure, makes it unlikely that the
cases resulted from radiation exposure from the tests.

390. Interpretation of these three scts of results from of
participants in nuclcar weapons tests is a matter of some
controversy (sce, e.g. [B14, J7]). The results arc not clear-
cut; however, taken together, they provide no evidence for
a greater risk of leukaemia in exposed participants than in
unexposed individuals or for a greater risk than expected
from other sources, such as the atomic bombings.

C. SENSITIVE SUBGROUPS
OF THE POPULATION

391. It has long been known that patients with certain
hereditary diseases have an increased sensitivity to radia-
tion. As an cxample, patients with ataxia-telangiectasia are
at increased risk of developing certain cancers and often
develop devastating necrosis of normal tissue when given
therapeutic irradiation [S43]. Retinoblastoma patients with
the rb gene are at increased risk of subsequently develop-
ing a wide varicty of other tumours, and when treated with
radiation they appear to have a higher excess absolute risk
of second cancers than patients imradiated for the non-
genetic form of the disease [D12, E4].

392 The increased radiosensilivity associated with
hereditary discases such as those mentioned above is not
necessarily confined to persons in whom the genetic
disease is manifest. Again, it has been suggested by way
of example that ataxia-telangiectasia heterozygotes may
have an increased risk of developing cancer. Swift et al.
[S43] ascertained retrospective cancer incidence rates in
110 families of ataxia-tclangiectasia patients in the United
States. Among the adult blood relatives of the affected
patients, a total of 138 cancer cases were ascertained
compared with 103 expected based on cancer incidence
rates for Connecticut; among spouse controls who were
not consanguineous with the affected patients, 32 cancers
were found compared with 40.9 expected. Using a

maximum-likelihood method that accounts for each
relative’s prior probability of heterozygosity, it was
estimated that for men who are heterozygous for ataxia-
telangiectasia the relative risk of all sites and types of
cancer combined was 2.3 (p = 0.014), while for women it
was 3.1 (p =0.004). Among the blood relatives of
affected patients, the commonest cancer was breast cancer,
with 27 cases observed compared with 205 expected
based on Connecticut cancer incidence rates, while for
spouse controls there were 3 observed compared with 7.2
expected. These data led to an estimated heterozygote
relative risk for breast cancer of 6.8 (p = 0.006).

393. In a further prospective study of 161 families
affected by ataxia-tclangiectasia, Swift et al. [S59]
compared cancer incidence and mortality in 1,599 adult
blood relatives of patients with ataxia-telangiectasia and
821 of their spouses, who served as controls. This study
included many of the same families as the previous study,
but the periods of follow-up in the two studies did not
overlap; in the later study the individuals were followed
prospectively for a mean of 6.4 years. Cancer rales were
significantly higher in the group of blood relatives than in
the spouses, specifically in the subgroup of 294 blood
relatives who were known to be heterozygous for the
ataxia-telangiectasia gene. The estimated relative risk of
cancer of all types among obligate heterozygotes as
compared with non-carriers was 3.9 (p < 0.005) in men
and 2.7 (p < 0.005) in women, and that of breast cancer
in women was 3.8 (no significance level given).

394, In a case-control substudy, documented occu-
pational and fluoroscopic diagnostic exposures to radiation
in the 19 female blood relatives in whom breast cancer
was diagnosed during the period of prospective
observation were compared with exposures for 57 matched
blood relatives who did not have breast cancer. Among the
blood relatives, women with breast cancer were more
likely than controls without cancer to have been exposed
to sclected sources of ionizing radiation (RR =35.8;
p = 0.005), suggesting that at lcast part of the observed
excess of breast cancer may be due to an increased
susceptibility to ionizing radiation. These findings,
however, have not been confirmed and were the subject of
considerable debate (see [SS9]). It appears that
fluoroscopic procedures that contributed negligible breast
exposures, such as barium enemas, were considered
meaningful; the age distributions of breast cancer cases
and their controls were significantly different, with the
controls being much younger and less likely to develop
breast cancer; and when gencral population rates were
used to compute expected number of breast cancers
among the ataxia-telangicctasia heterozygous women, the
excess risk and the level of significance were no longer
striking.

395.  The studies of Swift ct al. are the largest to date
of cancer among the relatives of ataxia-telangicctasia
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paticnts. A smaller study of the families of 67 patients in
the United Kingdom found that three parents of affected
patients had died of cancer [P2]. Two of the deaths were
from breast cancer compared with only 0.17 expected
based on mortality rates in England and Wales, and the
excess was statistically significant (p < 0.05). However, no
excess mortality was found among the grandparents of the
affected patients. The intcrpretation of these studies must
remain at present uncertain. More studies of the relatives
of affected patients comparable in size to that of Swift et
al. and a method of identifying ataxia-telangiectasia hetero-
zygotes in the general population would be very useful to
clarify the situation. The frequency of ataxia-telangiectasia
heterozygotes in the population is estimated to be between
1% and 8% [S43]. If the finding of an increased tendency
for them to develop cancer is confirmed it would be of
major significance, whether or not it is caused by an
increased radiosensitivity. For further discussion of this
topic, see Annex E in the UNSCEAR 1993 Report [U1].

396.  There arc a number of genetic conditions for
which radiation has enhanced the development of second-
ary cancers. Children with familiar retinoblastoma have a
delction in chromosome 13 that predisposes to osteo-
sarcoma, and radiation appears to cause a second mutation
in an osteoblast that leads to a high rate of osteosarcoma

development. Further, these children are at a significandy
increased risk for developing cancers of the connective
tissue and brain and skin melanoma, because radiotherapy
appears to cnhance the inborn susceptibility to cancer
development [E4]. Children treated for medulloblastoma
who have basal cell nevus syndrome develop multiple
basal cell carcinomas in irradiated skin at an exceptionaily
high rate [S71]. Patients with a rare familial cancer
syndrome called the Li Fraumeni syndrome are at
increased risk for cancer development largely because of
an inherited mutation in the pS3 tumour suppression gene.
Radiation appears to cnhance the development of second-
ary tumours among patients with this syndrome [L24].

397.  Ina new analysis of the breast cancer risk among
atomic bomb survivors, a high excess relative risk asso-
ciated with radiation dose was apparent for early-onset
breast cancer, defined as cancer diagnosed before age 35
years [L20]. These early-onset cases occurred almost
exclusively among women exposed before the age of 20
years. The authors suggested that this may be the con-
sequence of a small radiation-susceptible subgroup of
cxposed women. The authors cautioned that the inter-
pretation of these data needed to be confirmed in studies
from other irradiated populations or in experimental
investigations.

CONCLUSIONS

398. In recent years a substantial number of new
epidemiological studies of the carcinogenic effects in man
of exposure 1o external low-LET radiation at high dose
rate have been undertaken. Many of these studies are of 2
high quality, and they contribute substantially to the know-
ledge of the consequences of human exposure to this type
of radiation under these conditions. In addition, many of the
studies that have been under way for scveral years have
been extended. The new information is broadening the base
of data on which to evaluate the association between
radiation exposure and cancer incidence or mortality.

399.  The Committee acknowledges that for the time
being quantitative evaluations must continue to be based
primarily on the findings of the life span study cohort of
survivors of the atomic bombings. However, as the
material in this Annex illustrates, some other studies arc
able to provide useful risk estimates for a substantial
number of specific sites. It would be very useful if more
paraliel analyses of multiple studies could be made, as was
done for the radon studies or the studies of cancer of the
breast. The Commiitiee recognizes that a limitation of the
life span study is its inability to address directly the effects
of low-dose-rate exposures. Other studies are needed to
provide information on the appropriateness of risk
estimates derived from high-dose-rate exposures.

400. In the UNSCEAR 1988 Report [U2],
estimates of the risk of exposure-induced death and
loss of life expectancy following exposure to 1 Gy of
low-LET radiation delivered at high dose rate were
made on the basis of estimates of the excess absolute
and excess relative risks, averaged for age at
exposure and sex, observed in the life span study
cohort of survivors of the atomic bombings in Japan
using data through 1985. These estimates were
calculated on the basis of unweighted organ absorbed
dose. Individuals whose estimated kerma doses were
greater than 4 Gy were included in the calculation,
and a linear dose-response relation was assumed both
for leukacmia and for other sites of cancer. For
leukaemia the risks were assumed to apply from the
second year following exposure up to 40 years after
exposure, while for other types of cancers they were
assumed to apply from 10 years after exposure for
the rest of life. It was assumed that there was no
additional variation in the risks with time since
exposure and that risks for men and women were the
same. While age-specific coefficients were used to
estimate the total risk of all cancer, for specific sites
of cancer the only estimates that were presented were
those based on risk coefficients that had been
averaged over all ages at exposure.
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401.  Data on the incidence of cancer in the life span
study have become available for the first time and may be
compared with the mortality data, which have been
extended through 1987 [R23]. Estimates of the fatal risks
associated with exposure to high-dose-rate, low-LET
radiation in this Annex have been based on this extended
life span study mortality data. The analyses of the more
recent data differ from those used to describe the risks in
the earlier life span study data. In particular, excess risks
in the life span study were described using general models
that allowed for differences in age at exposure and sex in
the excess risks. Survivors with shielded kerma estimates
in excess of 4 Gy were excluded, and risks were
computed in terms of weighted organ doses in which the
neutron dose was given a weight of 10 and the gamma
dose, a weight of 1. Because the time-constant additive
(i.e. constant absolute risk) model no longer fits the life
span study data, risk projections based on the constant
absolute risk model are not included in this Annex. The
Commitice acknowledges that risk projections must take
into account important variations in radiation-induced risks
with sex, age at exposure and time since exposure and that
more efforts are needed to distinguish significant aspects
of the different pattems of risk seen for specific sites from
the random variability inherent in comparisons of site-
specific risks.

402.  The life span study data for solid tumours from
1950 to 1987 arc consistent with lincarity between 0.2 Sv
and 4 Sv (weighted dose), but they provide litlle direct
evidence about the shape of the dose response at lower
doses. Risk estimates are presented in this Annex for
doses of both 1Sv and 0.2Sv and for a Japanese
population with the demographic characteristics that
prevailed in about 1950, The results for 0.2 Sv show a
slightly greater risk proportionally than for 1.0 Sv because
the risk of exposure-induced death is non-lincar in dose. A
linear dose-response model does not fit the life span study
leukaemia data, but a linear-quadratic model does. The
data from the life span study (1950-1987) lead to a
lifetime risk estimate for solid tumours of 10.9% at 1 Sv;
the estimate for 0.2 Sv is 2.4% (Table 31). For leukaemia
the corresponding numbers are 1.1% at 1 Sv and
0.14% at 0.2 Sv. For all cancers, solid tumours plus
leukaemia, at 1 Sv the risk is 12.0% and at 0.2 Sv it
is 2.5%. The corresponding estimate of risk for all
cancers in the UNSCEAR 1988 Report [U2] using a
multiplicative projection was 10.7% at 1 Gy (organ-
absorbed dose). Projections beyond the follow-up period
for models in which risks were allowed 10 decrease at
longer projection times lead to lifctime risk estimates 20%-
407% lower than 12.0% (Table 31).

403. No attempt has been made in the above risk
estimates to address the issue of dose rate for cither solid
tumours or leukaemia. The estimates are presented without
any adjustment for such effects. The application of a small
dose and dose-rate effectiveness factor was recommended

in the UNSCEAR 1993 Report [U1], Annex F, "Influence
of dose and dose rate on stochastic effects of radiation". If
a factor such as 2 (as was used by ICRP [[10]) is applied,
the above estimates for solid tumours for both 0.2 Sv and
1 Sv would be halved. Those for leukaemia would also be
approximately halved for 2 chronic exposure of 1 Sv as
compared with an acute exposure, while those at 0.2 Sv,
having already been determined by a linear-quadratic
response, would stay the same.

404.  The publication of the life span study incidence
data, available for 1958-1987, is an important addition to
the body of knowledge on the late effects of radiation. The
strengths of the incidence data include the high quality of
the diagnostic information and the larger number of cases,
especially for sites such as breast, thyroid and skin, with
lower lethality. Their limitations include the absence of
data on solid cancer incidence for the first 13 years after
exposure in the Japanese population and the neced to adjust
for migration. It is noteworthy that in the incidence
analyses two cancers, that of the ocsophagus and multiple
myeloma, for which statistically significant risks had been
seen in the mortality data, did not exhibit statistically
significant risks.

405.  Additional information has become available on
the effects of prenatal exposure to radiation since the
subject was last reviewed in depth in the UNSCEAR 1986
Report [U3]. The evidence regarding the causal naturc of
the increase in childhood cancer following exposure of the
mother’s abdomen to diagnostic x rays in pregnancy is
still equivocal. The best estimate of the excess absolute
risk of developing cancer before age 15 years following
prenatal exposure to x rays at high dose rate is about
5102 Gy, similar to the lifetime risk for adults. This
estimate does not include any cancers induced by prenatal
exposure to radiation that may arise in the age group of 15
years and above. Data from the survivors in utero at the
time of the atomic bombings in Japan initially revealed an
increase in cancers in the ages of 15-39 years, but no new
cancers were found in the exposed group in the next four
years of follow-up [Y1]. The excess is large but not, so
far, statistically significant.

406.  Inthe UNSCEAR 1988 Report {U2] it was noted
that significant excess cancer mortality had been seen for
the first time for some cancers at doses between 0.2 and
0.5 Gy. There is also some limited evidence that directly
points towards the carcinogenicity of doses in the <0.2 Gy
range, although each of these studies has weaknesses. The
studies include childhood cancer among those exposed to
doscs of about 0.01 Gy in wero, for which there is an
equivocal but possibly significant increase; both incidence
and mortality for all cancers other than leukaemia in the
life span study cohort, for which, although not significant,
there are smooth increases in relative risk with increasing
dose in dose categories in the <0.2 Gy range; and thyroid
cancer in the Israeli tinea capitis study.
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407.  Since the publication of the UNSCEAR 1988
Report [U2], a substantial amount of new information has
become available on workers at nuclear plants in the
United Kingdom and in North America. The studies pro-
vide some quantitative information on the effects of
protracted low-dose exposures to low-LET radiation.
Although at present the confidence limits are wide, the
significant value for leukaemia in the study in the United
Kingdom, 0.8% Sv'l, is similar to values derived from the
life span study. Also similar to the life span study results
is a non-significant value for all solid tumours of about
10% Sv'.. Additional data acquired through extensions of
the follow-up and the inclusion of extra cohorts should
increase the information available from this study in future
years. On the other hand, studies of workers in the United
States, which are of somewhat lower power (smaller
population), have found no evidence of an association
between exposure and leukaemia or all cancer.

408.  Data have recently become available on several
populations in the southern Urals, including workers with
substantial exposures in a nuclear plant and populations
exposed as a result of environmental releases and acci-
dents. In the study of workers, only limited information is
available so far on the mecthods of data collection, and
detailed internal analyses are only in the process of being
carried out. The study could be very informative, however,
since the doses were substantial and the workers had
individual dose measurements, good medical supervision
and a good control cohort. It is hoped that the analysis of
these important worker experiences will be completed and
published. For the studics of populations exposed to
environmental releases, it would be desirable to improve
the quality of the dose estimates and the follow-up data.
Initial findings based on the follow-up of the Techa River
cohort suggest clevated risks of leukaemia and solid
cancers. While a better understanding of the dosimetry and
the follow-up is needed, results are broadly similar to
those derived from atomic bomb survivors for leukaemia.

409.  No studies have yet provided evidence that an
increase in thyroid cancer can be clearly attributed to By
However, the relative importance of the various factors
that might affect these results is not clear. These factors
include the low dose rates involved in 3! exposures, the
beta-ray distribution in the gland, the rather limited follow-
up in some studies and biological factors such as the cell-
killing, which usually follows treatment with 'L In
addition, most of the evidence concerns those exposed in
adult life, and by analogy with recent results for thyroid
cancer following external low-LET radiation, the possi-
bility of substantial risks foliowing childbood exposure 1o
B remains. Medical exposures to 1311 have been asso-
ciated with increased risks for some other sites of cancer,
but the available data do not provide strong evidence of a
causal relationship. It should be noted that leukaemia has
not been observed in many thousands of adult patients
treated with 31, Further studies of the effects of internal

exposures to low-LET radiation from 1311 and other radio-
nuclides would be desirable, especially in children, for
whom there is little information.

410.  Studies of patients who have been injected with
or workers who have ingested one or another of the
various isotopes of radium provide conclusive evidence of
the ability of alpha radiation in the skeleton to cause bone
tumours. The excess absolute risk does not appear to
depend strongly on sex or age at exposure and amounts to
about 5 104 Sv'! for lifetime. The minimum induction
period appears to be short, no more than about 3 years,
and the studies of patients injected with short-lived ‘Ra
provide clear evidence that the period of expression of the
radiation-induced tumours lasts no more than about
30 years. Further analyses of the data on the risk of bone
tumours in persons exposed to the various isotopes of
radium in terms of the risk per person-year at risk as
rclated to dose, treatment period, time since exposure and
other factors would be helpful in enabling comparisons
with studies of populations exposed to other types of
radiation, In addition to an increase in bone tumours,
excesses of cancers of the breast, liver, paranasal sinuses
and mastoid air cells, and also of multiple myeloma, have
been reported in 22Paticnts injected with or workers
contaminated with 2°Ra. Further study of these increases
and the associated dosimetry, including, where appropriate,
the role of extemal gamma-radiaion would be
informative.

411.  There is strong cvidence that injected Thorotrast
is a causc of liver cancer. The minimum induction period
is about 10 years, and relative risks are higher among
those injected at younger ages, although absolute excess
risks do not depend strongly on age at exposure. Risks are
similar in males and females, and the cumulative risk of
malignant liver tumours, although subject to many
uncertaintics owing to possible confounding or enhancing
factors, is estimated to be about 300 104 Gy'l, or
15 10% Sv'l, quite similar to results from low-LET
exposure. There is also definite cvidence that injected
Thorotrast is a cause of leukaemia, especially myeloid
leukaemia and erythrolcukaemia, and it seems likely that
it is also a cause of a variety of other cancers. Perhaps
because the dose is highly localized at sites of microscopic
dimensions, risk estimates for leukaemia based on patients
exposed to Thorotrast are much less than would be
expected based on low-LET risks (i.e. an RBE of 1 fits
better than 20), Nevertheless, additional analyses of the
risks of liver cancer and lcukaemia in the Gemman,
Japanese and Portuguese studies based on the concept of
person-years at risk would be helpful, as would calculation
of the relative risk and comresponding significance levels
for other types of cancer.

412.  Additional studics and many more cases of lung
cancer attributable to radon in mines bave become
available for analysis since the publication of the report of
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the BEIR IV Committee [C6]. There is some recent
evidence that the excess risk of lung cancer following
occupational exposure to radon may be greater at low
exposurc rates than at high exposure rates, but not all
studies show this. Studies of the joint effect of exposure to
external, predominanty low-LET radiation from the
atomic bombs and to tobacco smoke on the subsequent
relative risk of lung cancer has shown that the two factors
combine to increase the relative risk in a fashion that is
more than additive but less than multiplicative. There is
now strong suggestive evidence that the joint effect of
exposure to radon and tobacco smoke on the subsequent
relative risk of lung cancer may also be less than mult-
plicative. Although it may eventually need to be modified
to take these two factors into account, the empirical model
proposed by the BEIR IV Committee [C6] adequately
summarizes the effects of occupational exposure to radon.
Arsenic is a newly recognized confounding factor in some
radon exposure circumstances, raising the question whether
exposures to other substances in mine air, such as silica or
diesel exhaust, might also modify risk. Studics of cancers
other than those of the lung following radon exposurc
provide little evidence of a positive association.

413. At present there is little direct evidence on the
risks of lung cancer resulting from residential exposure to
radon. Although a substantial number of geographical
studies have been carried out, difficulties in their interpre-
tation render them unsuitable for use in risk estimation.
Until results become available of case-control and cohort
studies that are currently under way, estimates of the risks
of residential exposure 1o radon must therefore continue to
be based on the results of studies of the effects of
occupational exposures.

414.  Following reports of a leukacmia cluster near the
Sellafield reprocessing plant in the United Kingdom,
several other clusters were found in the United Kingdom.
The subsequent study of the potential radiation doses that
might have been received from radionuclide releases at
or near the sites suggests that the clusters arose either by
chance or for reasons other than radiation exposure. A
tentative explanation based on an association of childhood

leukaemia and paternal exposure bas largely been dis-
counted following extensive investigations of the Sellafield
arca and elsewhere and becausc there is no sound genctic
basis for this effect

415.  In future research, scveral steps could be taken to
facilitate the comparison of risk estimates from different
epidemiological studies. First, risk estimates per unit dose
should be published. Admittedly this is difficult for many
studies because estimates of dose are unavailable or of
poor quality. Nonetheless, crude estimates of dose for the
exposed population, along with clear statements of the
limitations of those estimates, are essential for a com-
parison of risk estimates from different studies. When
estimates of doses to individuals or groups are used in an
analysis, it is useful to describe their uncertainties and to
attempt to evaluate the effect of these on risk estimates.
Pierce et al. [P31] provide methods for this. Even if
individual doses are not available, investigators should
be encouraged to use modern regression and modelling
methods [B28, B29, P32, V12] in their analyses of
effect modification and temporal patterns of risk. Such
methods are especially useful as an altemative to
subset analyses.

416, A willingness on the part of investigators to share
data that are more comprehensive than the data usually
offered in most publications would be another step to
facilitate comparative analyses of available data. For
example, data on survivors of the atomic bombings in
Japan are available from the Radiation Effects Research
Foundation and can be used in comparative analyses of
other radiation-exposed populations. Other groups should
be encouraged to make their data available in a like
manner so as 1o encourage parallel analyses. The Committee
also notes the need for more careful, formal examination
of the evidence for similarities or differences in risk
between cancer types. The joint analysis methods suggested
by Pierce and Preston [P20] should be uscful in such
investigations. There is, in summary, much scope for
enhancing the value of epidemiological studies, making
them better able to contribute to the quantification of risks
from radiation exposures.
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Table 1

Examples of high and low

(P10]

cancer rates in various populations ¢

High cancer incidence

Low cancer incidence

Site of cancer Sex
Population Rate Population Rale
Nasopharynx Males Hong Kong 2.5 German Democratic Republic 0.3
Singapore (Chinesc) 18.1 United Kingdom, Oxford 03
United States, Hawaii (Chinese) 14.1 Finland 0.3
Females | Hong Kong 11.2 United Kingdom, Birmingham 0.1
Singapore (Chinesc) 7.4 Finland 0.1
United States, Los Angeles (Chincsc) 3.0 German Democratic Republic 0.2
Ocsophsgus Males France, Calvados 26.5 Alpgeria, Setif 14
Brazil, Porto Alegre 259 Israel 1.4
Bermuda (black) 249 Italy, Latina 18
Females India, Bangalore 8.8 Romania, Cluj 0.4
China, Tianjin 8.0 Spain, Zaragoza 0.4
Brazil, Porto Alegre 6.9 Poland, Warsaw (rural) 0.4
Stomach Males Japan, Yamagata 933 India, Ahmedabad 21
Portugal, Villa Nova de Gaia 47.8 Gambia 3.9
Costa Rica 46.9 United States, Los Angeles (Filipino) 4.0
Females Japan, Yamagata 429 Gambia 15
United States, Los Angeles (Korean) 229 India, Ahmedabad 1.5
Ecuador, Quito 2.7 Kuwait (Kuwaitis) 20
Livet Malcs Thailand, Khon Kach %0.0 Netherlands, Maastricht 0.8
China, Qidong 89.9 Ireland 11
Mali, Bamako 479 Paraguay, Asuncida L1
Females Thailand, Khon Kach 383 France, Isére 0.4
China, Qidong 245 Netherlands, Eindhoven 04
Mali, Bamako 214 United Kingdom, Birmingham 0.6
Lung and bronchus Males New Zcaland (Maori) 119.1 Mali, Bamako 4.8
United States, New Orleans (black) 1159 Ecuador, Quito 83
United Kingdom, Scotland 88.1 India, Madras 8.5
Females Canada, Northwest Territories and Yukon 51.8 India, Madras 1.4
United States, Hawaii (Hawaiian) 395 Algeria, Setif 1.7
China, Tianjin 332 Spain, Granada 25
Breast Females United States, San Francisco Bay Area (white) 104.2 Gambia 34
United States, Hawaii (Hawaiian) 100.2 Algeria, Sctif 6.4
Brazil, Porto Alegre 8.5 China, Qidong 9.5
Cervix Females Pery, Trujillo 54.6 Israel 26
Brazil, Goiania 489 United States, Hawaii (Japanese) 3.6
India, Madras 47.2 China, Qidong 37

a

Numbers given are age-standardized (world) annual incidence rates per 100,000 population.
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Table 2 (continued)

Population studied Foll Total
Snedy Type of study otlowup person Type of exposure Type of dosimetry Cancers snudied b
Characreristics National origin (years) years ®
Breast cancer Case-control 157 exposed women Denmark 12-47 n.a Radiotherapy Individual doses from Contralateral breast
|S60] 529 cases 901 unexposed women (~16 years therapy records and
529 controls Age: <45->60 (51) per case) experimental measurements
from a cohort
of 56,540 women
Breast cancer Case-control 110 exposed women United States <12 n.a Adjuvant radiotherapy Individual doses from Acute non-lymphocytic leukacmia and
[C24) 90 cascs 244 uncxposed women (=5 ycars therapy records and mydodysplasia syndrome*®
264 controls Age: <50->70 (61) per casc) experimental measurements
from a cohort
of 82,700 women
Childhood Case-control 112 expased persons f Canada, France, 5-48 50,609 Adjuvant radiotherapy Individual doses from Thyroid, * leukacmia, bone sarcomas®
cancers within 9,170- 388 unexposed persons Netherlands, Htaly, (5.5) therapy records and
|'TS, 'T6, '17) member cohort 45% females United Kingdom, experimental measurements
Age: 0-18 (T) United States
Treatment of benign di
Childhood skin Case-control 144 exposed persons & Sweden 25-64 n.a Radiotherapy Average doses based on Thyroid, * brain,*® bone and soft tissue,
haemangioma within 14,467- 314 unexposed persons experimental measurements breast
[F12, F15] member cohort 67% females with age adjustment
Age: 0-1.5 (0.6)
Ankylosing Mortality 14,106 exposed persons & United Kingdom <3->50 183,749 X-ray therapy Avcrage doses based on Leukaemia,* other neoplasms (except
spondylitis 16.5% females (13.0) information from a colon)*
[D6] Age: 20-60 1 in 15 sample
Tinea capitis Incidence / 10,834 cxposed persons Iscael 26-38 686,210 X-ray-induced epilation Individual doses from Incidence: thyroid,*® skin,* brain,*
[M20, RS, mortality 16,226 unexposed persons (253) ¢ phantom measurements salivary gland,® breast
R10, R15] 50% females based on institution and age | Mortality: head and neck,* leukaemia
Age: <1-15 (7.1)
Ncw York tinea InQdence 2,226 exposcd persons United States 20-39 98,881 X-ray-induced epilation Representative doses based Thyroid, * skin, * brain, leukacmia,
capitis 1,387 uncxposed persons (25.4) on standard treatment salivary gland
[Al, S8, 561] 16.1% females
Age: 1-19 (1.7)
New York acute Incidence 571 exposed women United States 20-35 38,784 X-ray therapy Individual doses from Breast*
post-partum 993 unexposed women (25.1) therapy records
mastitis Age: 14340 (27.8)
{$9]
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Table 2 (continued)

measurements

Population studied Follow- Total
Study Type of study ottowrup person Type of exposure Type of dosimetry Cancers studied
Characteristics National origin (years) years ?
Rochester thymic Incidence 2,652 exposed persons United States 23->50 220,777 X-ray therapy Individual doses from Thyroid,* breast, * skin
irradiation 4,823 uncxposcd persons (29.5) therapy records
[H22, S10] 42% females
Age: 0-1
Swedish benign Inddence 1,216 exposed women Sweden 5-60 56,900 X-ray therapy Individual doses from Breast*
breast disease 1,874 unexposed women (18) therapy records and
|MB8] Age: 10->85 phantom measurements
Metropathia Mortality 2,067 exposed women United Kingdom 5->30 53,144 X-ray therapy Individual doses from Pelvic sites,*® leukaemia, multiple
hacmorrhagica Age: 35-60 therapy records and mycdoma,* lymphama, all other sites
|D23) phantom measurcments
Benign Mortality 4,153 exposed women United States 0-60 109,910 Intra-uterine 22°Ra Individual doses from Leukaemia,* other haematolymphopoictic
gynaecol ogical Age at exposurc: 13-88 (26.5) therapy records and cancers, uterus,® bladder,® rectum,® other
discase (46.6) phantom measurcments genital,® colon, bane (in pelvis), liver
117, 18, 112) and gall-bladder, stomach, kidney,
pancreas*®
Peptic uleer Mortality 1,831 exposed persons United States 20-48 77,757 X-ray therapy Individual doses from Stomach,* colon, pancreas,* lung ®
[G11] 1,778 unexposed persons (21.5) therapy records and leukaemia,® female breast,® ocsophagus,
21.2% females experimental measurements rectum, liver, larynx, bone and
Mean age: 49 connective tissue, bladder, kidney, brain,
thyroid, non-tlodgkin's tymphoma,*®
myeloma
Diagnostic examinations
Massachusctts Incidence 2,367 exposed women United States 0->50 54,609 Multiple chest Individual exposures from Breast*
TB fluoroscopy 2,427 unexposed women (11.4) fluoroscopics medical records and doses
[B31) Age: 12-50 (26) from phantom
measurements and
computer simulations
Massachusetts Mortality 6,285 exposed persons United States 0->50 331,206 Multiple chest Individual exposures from Breast,* oesophagus, ® lung, leukaemia
TB fluoroscopy 7,100 unexposed persons 24.7) fluoroscopics medical records and doses
[D14] 49% females from phantom
Apge: 12-50 (26) mcasurements and
computer simulations
Canadian 'I'B Mortality 18,940 exposed women Canada 28-50 773,400 Multiple chest Individual exposures {rom Breast®
fluoroscopy 12,800 unexposed women (24.4) fluoroscopies medical records and doses
{M19] from phantom
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Table 2 (continued)

Population studied Follow Total
Study Type of study “ person Type of exposure Type of dosimeiry Cancers studied
- . ., (vears)
Characteristics National origin years
Atomic Energy Cohort 8,977 subjects Canada 1-29 157,101 Nuclear and reactor Recorded exposures to Leukaemia, all cancer
of Canada Lad. 0% females rescarch and related external radiation
[G3, H45] technologies
Hanford Cohort 23,704 exposed men United States (whites) 1-37 492,326 Exposures in nuclear Recorded exposures to Leukacmia, all cancer
[G16, G17) 0% females (20.8) fuel cycle and rescarch external radiation
Oak Ridge Cohort 6,332 exposed men United States (whites) 1-34 130,428 Exposures in nuclear Recorded exposures to Leukaemia, all cancer
National 0% females (20.6) fuel cycle and tesearch external radiation
Laboratory [G9,
G17, W21)
Rocky Flats Cohort 5,897 exposed men United States (whites) 1-28 82,721 Exposures in nuclear Recorded exposures to Leukaemia, all cancer
[G17, W7] 0% females (14.0) fud cycle and rescarch external radiation
Chelyabinsk Cohort 5,086 exposed men Former USSR 35-40 167,790 Exposures in nuclear Recorded cxposures to Leukacmia, all cancer
[B27) 0% females fue cycle and research external radiation
Environmentsl exposures
Techa River Incidence/ 28,000 exposcd persons Former USSR (ethnic 30 422,000 Intenal and external Rough estimates of average Leukacmia,® other cancers
[K18} mortality 394,000 uncxposed Russians and (157! exposures to radioactive | dases based on preliminary
persons ‘ Tartar/Bashkirs waste discharged by dose reconstruction efforts
56% females nuclear weapons and recent measurements of
0-90 years production plant internal doses
China Prevalence 1,001 high background China > 50 na Higher levels of natural TLD, arca and personal Thyroid (nodules)
background 1,005 low background background radiation monitors
radiation, thyroid 100% females
[W17] Age: 50-65
Intemnational Prevalence 853 contaminated areas Former USSR n.a n.a Releases and Estimates of average dose Thyroid (nodules)
Chernobyl 813 uncontaminated arcas environmental by village
project Age: fetal 10 >50 contamination from
{13, M21] power plant
Radionuclides exposures: iodine
Sw.dish Incidence 10,552 exposed persons Sweden 8-33 139,018 Treatment of Averape administered Stomach, * kidney,* brain,* all other sites
therapeutic '3'1 82% females (13.6) hyperthyroidism activity (multiple
[H12, H27) Age: 13-70 treatments)
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Table 2 (continued)

Population studied Foltow- Total
Study Type of study m”“p person Type of exposure Type of dasimetry Cancers studied ¥
Characteristics National origin (ears) years °
United States Inddence 21,740 exposed persons United States 0.30 271,000 Treatment of None Leukaemia, thyroid
thyrotoxicosis 12,148 unexposed persons (8) hyperthyroidism
(D9, $2) 79% females
Age: <10-80
Marshall Islands Prevalence 2,273 exposed parsons Marshall Islands 29-3) n.a, Short-lived Estimated average dose; Thyroid
fallout 55% females radionuclides from distance was also used as
[H128, R21] Age: 5->60 nuclear explosion surrogate
Utah " fallout Case-control 1,177 cases United States upto 23 n.a. Fallout from nuclear Based on residence histories | Leukacmia
[R12, S48, 5,330 contrals weapons lests and fallout deposition
$49) records

oM AR Ao

Mean per person in parentheses,

An asterisk denotes sites for which statistically significant cxcesses are teported in the exposed group (cohort studies) or for which a higher proportion of the cases were exposed to radiation (case-contral studies).
Age al exposure, mean in parentheses,

Excludes first five ycars.

Excludes first 13 years.

The distribution of patients is as follows: thyroid: 23 and 89; lcukacmia: 25 and 90; bone sarcomas: 64 and 209 for exposed and unexposed persons, respectively.

The distribution of patients is as follows: thyroid: 24 and 43; brain: 31 and 51; bone: 9 and 30; breast: 80 and 190 for exposed and unexposed persons, respectively,

In the ankylosing spondylitis sample, 53% (7,431 persons) were censored 18 months after a second course of treatment. Persoas in this group have an average of 3.5 years of follow-up. For the remaining 47% (6,675 persons), the average follow-up
is 23.6 years.

The control population in this study consists of the remaining population of uncxposed areas near the contaminated zoue. It is not a fixed cohort.

Exposed group only.
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ANNEX A: EPIDEMIOLOGICAL STUDIES OF RADIATION CARCINOGENESIS

Table 3

Strengths and limitations of major epidemiological studies of carcinogenic effects of radiation

Study Srengths Weaknesses
Exposures to atomic bombings
Life span study Large population of all ages and both sexes not sclecled Acute, high-dose-rate exposure that provides no direct
[P33, R23, because of disease or occupation; information on effects of gradual, low-dose-rate exposures;
§7, T15} Wide range of doses; Restriction to S-year survivors for mortality (13-year

Comprehensive individual dosimetry;

Survivers followed prospectively for mote than 40 years;
Complete mortality ascertainment;

Cancer incidence ascertainment

survivors for inddence);

Possible contribution of neutrons somewhat uncertain;
Possible effects of thermal or mechanical injury and
conditions following the bombings uncertain

Treatment of malignant disease

Cervical cancer cohort
{B11]

Large-scale incidence study based on tumour registry
records;

Long-term follow-up;

Relatively complete ascertainment of cancers;
Non-exposed comparison patients

Very large doses 1o some organs result in cell-killing and
tissue damage; .

Potential misclassification of metastatic disease for some
organs;

Potential misclassification of exposure;

No individual dosimetry;

Characteristics of patients with cervical cancer differ from
general population

Cervical cancer
case-coatrol

B21]

Compreheasive individual dosimetry for many organs;
Dosce-response analyses; .
Other strengths as above (B8, B11]

As above [B11], except problem with individual dosimetry
and comparisons with general population now removed;
Small number of non-exposed cases;

Partial-body and partial-organ dosimetry complex

Contralateral breast
cancer
(B18, S60]

Large numbers of incident cases within population-based
tumour registries;

Individual radiation dosimetry;

Wide range of high doses

Limited number of young women;

Possibility of overmatching resulting in some concordance
of exposure between cases and contrals;

Potential misclassification of metastases or recurrence

Breast cancer, adjuvant
radiotherapy
(C}

Comprehensive individual dosimetry for bone marrow
comparntments;

Comprehensive ascertainment of treatment information 1o
separate chemotherapy risk;

Dose-response analyses

Very large high-dose partial-body exposure to chest wall
probably resulting in cell killing

Childhood cancers

Compreheasive individual dosimetry to estimate organ

Only high-dose exposures;

{TS, T6, T7) doses; Potential for some overmatching since hospital-based;
Attempt to adjust for drug exposure; Complete dosimetry not always available
Dose-response analyses
Treatment of benign disease
Childhood skin Long-term and complete follow-up; Relatively limited range of doses to most sites;
hacmangioma Dosimetry for some cases and controls; Relatively small number of specific cancers
[F12, F15] Incidence ascertained;

Protracted exposure 10 radium plaques

Ankylosing spondylitis
DS}

Large number of exposed;

Long-term and complete mortality follow-up;

Detailed dosimetry for leukaemia cases and sample of
cohort;

Small non-exposed groups evaluated for general assurance
that leukaemia risk was unrelated to underlying disease

Comparisons with general population;

Underlying disease related to colon cancer and possibly
other conditions;

Individual dose estimates available only for lcukaemia cases
and a 1 in 15 sample of the population

Isracli tinea capitis
(M20, RS, R10,
R15)

Large number cxposed;

Two contral groups;

Ascertainment of cancer from haspital records and tumour
registry;

Individual dosimetry for many organs

Dosimetry for some sites, e.g thyroid, uncertain due to
possible patient movement or uncertainty in tumour location;
Limited dose range

New York tinea capitis
A, S8, S61)

Relatively good dosc asscssment for skin and other cancers

Small number of cancers;
No recent follow-up information; few females

New York acute
post-partum mastitis
(59]

Individual estimates of breast dose from medical records;
Incidence ascertained;
Dose-response analyses

All exposed women were parous but comparison women
wete not (380 non-exposed and sisters of both exposed and
non-cxposed);

Inflamed and lactating breast might modify radiation effect
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Table 3 (continued)

Study Strengihs Weaknesses
Rochester thymic Individual dosimetry for thyraid and some other sites; Radiation treatment fields on newborns varied and
irradiation Sibling control group; dosimetry for some sites uncertain;
[H22, S10) Long follow-up; Adjustment in analysis for sibship size uncertain;

Fractionation effects could be evaluated;
Dose-response analyses

Questionnaire follow-up may have resulted in unascertained
cases

Benign gynaecological
discase

D23, 17,18 112]

Large number of exposed;

Non-exposed women with benign gynaccological disease;
Very long montality follow-up;

Individual dosimetry;

Protracted exposure to radium implants (10-24 hours);
Dosc-response analyses

Uncertainty in proportion of active bone-marrow-exposed;
Smail numbers of certain cancers;

Misclassification of certain cancers on death certificates,
such as pancreas

Peptic ulcer
[G11]

Individual dosimetry;

Non-exposed patients with peptic ulcer;
Exceptionally long follow-up (50 years);

Some risk factor information available in records

Standardized radiothcrapy precluded dose-response analyses;
Non-homogencous dose distribution within organs such that
simple averaging might be misleading

Metastatic spread of stomach cancer was probebly
misclassified as liver and pancreatic cancer on death
cerntificates;

Possible selection of somewhat unfit patients for
radiotherapy rather than surgery

Diagnostic examinations

Massachusetts TB

fluocroscopy
[B31, B41, D14)

Incidence study with long-term follow-up (50 years);
Individual dosimetry based on patient records and
measurements;

Non-exposed TB patients;

Fractionated exposures occurred over many years;
Dose-response analyses

Uncertainty in dose estimates related to fluoroscopic
exposure time and patient orientation;

Questionnaire response probably underascertained cancers;
Debilitating effect of TB may have modified radiation effect
for some sites, in particular the lung

Canadian TB Large numbers; Montality limits comparisons with incidence series, e.g. time
fluoroscopy Non-cxposed TB comparison groups; responsc;
M19]) Individual dosimetry for breast; Uncertainties in dosimetry limit precise quantification of
Fractionated expasure over many years; risk;
Dose-response analyses DifTerent dose responsc for one sanatorium and rest of
Canada may indicate ctrors in dosimetry, differential
ascertainment of cancers, or bidlogical response
Scoliosis Adolcscence possibly a vulnerable age for exposuse; Comparison with general population potentially misleading
[H24] Dosimetry attempted based on ber of films and breast since disease associated with several breast cancer risk
exposure; factors, such as nulliparity;

Dose response attempted

Small numbers (11 cancers) compared with 6 expected;
One cancer detected incidentally during special screening

Prenatal exposures

Oxford survey of

Very large numbers;

Uncertainty in fetal dosc from obstetric x-ray examinations

childhood cancers Comprehensive evaluation of potential confounding precludes precisc cstimate of radiation risk;
[B23, M22, 537, Early concemns over response bias and selection bias Similar relative risks for leukaemia and other solid cancers
§52) resolved may point to possible residual confounding
New England Large numbers; Uncertainty in fetal dose preciudes precise estimate of
chitdhood cancer Reliance on obstetric records lo determine exposure radiation risk
[M9)
Twin studies Higher proportica of twins than singletons received obstetric Small number of cancers in general;
[H3, 115, M23, x-ray examinations for reasons unlikely to be due to Uncertainty in fetal dose precludes radiation risk estimate;

M32, R13, R16)

maternal illness

For cohort studies, actual proportion exposed and
comparisons with single births add uncertainty

Sunvivors of atomic

Not selected for exposure;

Small number of exposed individuals and small aumber of

bombings Reasonably accurate estimate of dose; cases;
fYi Y2 Y3)] Mortality follow-up relatively complete; Incidence determination may not be complete;
Follow-up until early adulthood Mechanical and thermal effects may have influenced results
Radionuclide exposures: indine
Diagnostic 13y Large numbers; Comparison with general population;
[H12, H27] Nearly complete ascertainment of cancers through linkage Reason for some examinations related to high detection of

with cancer registry;
Administered activities of 131 known for each patient;
Low-dose-rate exposure

thyroid cancers, i.e. suspicion of thyraid tumour was often
correct;

Doses 10 organs other than thyroid very low;

Population under surveillance
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Table 3 (continued)

Low-dose-rate cxposure

Study Strengths Weaknesses
United States Large numbers of patients treated with 131, Individual radiation dose not computed;
thyrotoxicosis Large non-exposed comparison groups; Short follow-up, not recent
[D9, 82) Comprehensive follow-up effort Only leukacmia and thyroid tumours evaluated
Swedish 1311 Large numbers; Comparison with general population;
hyperthyroid Nearly complete incidence ascertainment; Dose response not based on organ doses;
[H40) Administered activitics of '3 known; High-dose cell-killing probably reduced possible thyroid

effect;
Paticats selection for treatment

Marshall [slands fallout

Population unsclected for exposure;

Mixture of radiciodines and gamma fields preclude accurate

Extensive dosimetry for region;
Stable population;

Low prevalence of x-ray exposure;
Iligh participation rate;

Asscssment of possible confounders

[H28, R21] Comprehensive medical long-icrm follow-up; estimate of dose;
Individual dosimetry attempted Surgery and hormonal therapy probably influence
subsequent occurrence of thyraid neoplasms;
Small numbers
Utah P! fallowt Qlinical examinations for thyroid cancer; Great uncertainty in accurately estimating dose to thyroid
[R12, S48, 549] Comgptchensive dosimetry assessment attempted; and bone marrow;
Large number of leukacmia deaths; Estimated cumulative doses much lower than experienced
Protracted exposures at low rate from natural background radiation;
Possible recall and surveillance bias
Environmental exposures
Techa River Large numbers exposed with relatively loag follow-up; Dosimetry difficult and not individual;
[K18]) A wide range of estimated doses; Quality of mixture of internal and external exposures
Unselected population, attempted usc of local population complicates dosimetry
rates for comparison; Follow-up and cancer ascertainment uncertain;
Possibility to cvaluate ethnic differences in cancer risk: Contribution of chemical exposures unevaluated
Shows great potential for future studies
China background Blind clinical examinations of exposed and non-exposed; Approximately one third of lifespan exposed as children;
radiation, thyroid Lifetime exposurc to low doses at low dose rate; Factors other than radiation levels existed that could not be
W17 Blood studies to confirm exposure; evaluated;

High prevalence of u mild goiter might have hindered
detection of thyroid nodules;
Doses very low

International Chemoby!
project
[13, M21]

Dosimetry assessment for highly contaminated and control
villages;

Physical examination for thyroid nodules disease using
ultrasound

Limited follow-up after accident (4.5 years) preciuded
detection of passible risk;

Precise dosimetry uncertain

Small sample size

Occupational exposures

Nuclear workers

Often large numbers;

Doses so low that clcar demonstration of radiation effect

[A9, B39, E7, M24,
S$38, W14]

Low-dose fractionated exposurcs over very long periods

[B27, D10, G16, Personnel dosimetry, difficult;
G17, K20) Low-dosc fractionated expasures; Possibly confounding influence of chemical, asbestos and
Could provide useful information in future other toxic exposures in workplace;
Healthy worker effect;
Mortality follow-up;
Lifestyle factors, such as smoking histories, not available
Medical workers Often large numbers;

Lack of information on individual doses precludes
usefulness to date
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Table 4
Comparison of incidence and mortality data for solid tumours in Life Span Study of survivors of the atomic
bombings
[T15)
Cancer type Number of incidens cases 1958-1987 Number of deaths 1950-1987 °
Oral cavity and pharynx 132 »
Digestive system
QOesophagus 185 21
Stomach 2658 2365
Colon 457 m
Rectum 351 273
Liver 585 761
Gall-tladder 295 187
Pancreas 240 243
Other 26 91
Total 4797 4408
Respiratory system
Nasal cavity 55 51
Larynx 80 52
Trachea, bronchus, jung 872 816
Other 20 2
Toxal 1027 941
Skin
Melanoma 13 8
Other skin 168 28
Totat 181 36
Fernale breast 529 186
Female genital
Uterus, not otherwise specified 86 315
Cervix uteri 553 110
Uterine corpus 85 15
Ovary 133 104
Other 34 3
Toxal 891 575
Male genital
Prostate 140 69
Orher 20 6
Toual 160 s
Urinary system
Bladder 210 104
Kidney 73 45
Renal pelvis and ureter 2 4
Other 14 3
Total 325 156
Nervous system 125 75
Thyroid s 49
Orher and ill-defined sites 21 307
Total 8,613 6,887

“ In some cases the number of deaths exceeds the number of incident cases. There are various reasons for this. First, the mortality follow-up is more than seven
years loager than the follow-up for the incidence data. Secondly, for some sites, e.g. the liver and the pancreas, death certificate diagnosis is poor. For other,
e.g. the uterus, no detail is provided.
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Table 5§
Summary risk estimates for solid tumours derived from data on survivors of the atomic bombings ¢

Cancer mortality [S7] ® Cancer mortality {R23] © Cancer incidence [T15] ©
1950-1985 1950-1987 1958-1987
Cancer type
Excess Excess Excess Excess Excess Excess
relative risk absolute risk relative risk absolute risk relative risk absolute risk
v (10 pysy svh (10? pysy! ) (10° PYsy!

Salivary gland Not reported Not reported Not reported Not reported 1.8 (0.2-6.0) Not reported
Oral cavity Not reported 4 Not reported ¢ 0.2 (<0-0.3) 0.1 (<0-0.1) 0.3 (<00.9) 0.2 (<00.7)
Digestive system 0.3 (0.20.4) 4.0(27-5.4) ¢ 0.3 (0.2-0.5) 5.1(3.0-1.3) 0.4 (0.3-0.5) 10.4 (7.0-14.0)
Oesophagus 0.6 (0.1-1.2) 0.5 (0.1-0.9) 0.6 (0.09-1.3) 0.5 (0.07-0.9) 0.3 (<0-1.0) 0.3 (<0-1.0)
Stomach 0.3 (0.1-0.4) 24 (0.5:3.5 0.2 (0.1-0.4) 1.9 (0.5-3.5) 0.3 (0.2-0.5) 48 (25-7.9)
Colon 0.9 (0.4-1.5) 0.8 (0.4-1.3) 0.5 (0.1-1.2) 0.5 (0.06-1.1) 0.7 (0.3-1.3) 1.8 (0.7-3.0)
Rectum 0.09 (<-0.2-0.9) 0.1 (<-0.2-0.6) 0.1 (<-0.20.6) 0.1 (<-0.3-0.6) 0.2 (0.2-0.8) 0.4 (0.4-1.5)
Liver 0.1(<-02077 | 02(<0205/ 0.5 (0.2-08) * 13052 * 0.5 (0.2-0.9) 1.6 (0.5-2.9)
Gall-Hadder 0.5 (0.1-1.6) 0.3 (-0.03-0.7) 0.3 (0.1-L.0) 0.2 (0.07-0.6) 0.1 (<0.20.7) 0.2 (<-0.4-1.1)
Pancreas 0.2 (<-0.2-0.4) 0.1 (<-02-0.3) 0.2 (<0202 0.2 (<-03-0.2) 0.2 (<-0.2-0.8) 0.2 (<-0.4-1.1)
Respiratory system 1.9 (0.309) 1.8(1.0-27) ¢ 0.6 (0.3-0.9) 20(1.1-3.0) 0.8 (0.5-1.2) 4.4(296.1)
Lung 0.6 (0.3-1.0) 1.7(1.0-25) 0.7 (0.3-1.0) 1.9 (1.0-2.9) 1.0 (0.6-1.4) 4.4 (2.9-6.0)
Non-melanoma skin 02 (<-0.2:2.5) 0.0 (<-0.2-0.12) 0.31 (<0.1-1.5) 0.03 (<0-0.1) 1.0 (0.4-1.9) 0.8 (0.4-1.4)
Female breast 1.2(0.6-21) 1.2(0.6-1.9) 13(0.6-21) 1.3 (0.6-2.1) 1.6 (1.1-22) 6.7 (4.9-8.7)
Uterus 0.4 (0.02-0.8) 1.0 (0.07-2.1) 0.1 (<-0.2-0.6) 0.3 (<-0.5-1.9) 0.2 (-:030.1) -1.1(-1.9-0.7)
Ovary 1.3(0.5-23) ¢ 0.7 (0.2-1.3) © 1.2 (0.2-.8) 0.7 (0.1-1.4) 1.0 (0.2-23) 1.1(0.2-23)
Prostate 0.1(<-0.209) ¢ | 0.0(<-0.2-0.5) ¢ 0.3 (-0.2-1.6) 0.2 (0.1-0.9) 0.3 (0.1-1.2) 0.6 (0.3-22)
Utinary tract 1.3 (0.5-2.4) 0.7 (0.3-1.1) 1.3 (0.4-2.6) 0.7(0.2-1.2) 1.2 (0.6-2.1) 21(1.13.2)
Urinary bladder 1.4 (0.5-29) 0.5 (0.2-0.9) 1.5(0.3-3.3) 0.5(0.1-0.9) 1.0 (0.3-2.1) 1.2 (0.3-2.1)
Brain and CNS Not reported & Not reported & 0.4 (0.1-2.0) 0.1 (-0.04-0.5) 0.3 (0.1-1.3) 0.2 (0.1-0.8)
Thyroid Not reported Nt teported 0.094 (<-0.1-1.4) 0.016 (<-0.03-0.2) 1.2 (0.5-21) 1.6 (0.8-2.5)
All solid tumours 0.40 (0.30.5) 10.1 (7.8-12.4) 0.45 (0.3- 0.6) 11.1 (8.4-14.0) 0.63 (0.52-0.74) 29.7 (25-34)

?  90% CI given in parenthescs.
b Based on organ-absorbed dosc (neutron RBE = 1).
¢ Based on weighted dose in the organ (neutron RBE = 10).
9 Shielded-kerma-based excess relative risk and excess absolute risk estimates for cancers of the nose (-0.2 and -0.03, respectively), larynx (0.5 and 0.1), and
pharynx (-0.4 and -0.02), and tongue (-0.6 and -0.02) are presented in [S7].
¢ Values derived from shielded-kerma risk estimates in [S7).
! Based on cases explicitly coded as primary on the death certificates; excludes cases nat explicitly coded as primary or secondary. Inclusion of such cascs leads
to an ERR estimate of 0.46 (0.2-0.8).
£ Shielded kerma-based excess relative risk and excess absolute risk estimates for mali gnant brain umours (0.03 and 0.01, respectively) and other CNS tumours
(2.1 and 0.1) are presented in {S7].
A Includes liver cancer deaths specified as primary and also those specified as either primary or secondary.
Table 6
Summary risk estimates for lympho-haematopoietic tumours derived from data on survivors of the atomic
bombings
Cancer mortality 1950-1985 [S7] ° Cancer incidence 1950-1987 [P33] b
Cancer type Excess relative risk Excess absolute risk Excess relative risk Excess absolute risk
svh (10* PYSy! vl (10° pysy!
Leukaemia 5.2(3.8-7.1) 29(2.4-35) 4.4 (3.2.5.5) 27(22:3.Y)
Lymphomas 0.1 (<0-0.5) ¢ 0.0 (<0-0.2) © 0.1 (<0-0.7)¢ 0.1 (<0-0.5) ¢
Multiple myeloma 2.3 (1.7-6.3) 0.3 (0.1-0.5) 0.4 (<0-1.7) 0.1 (<0-0.4)
¢  Based on organ-absorbed dosc (neutron RBE = 1),
b Based on weighted dose in the organ (neutron RBE = 10). Estimates derived from summary tables in [P33].
¢ Values derived from shiclded-kerma risk estimates in [S7). Includes both Hodgkin's and non-Hodgkin’s cascs.
d

Non-Hodgkin's cases only.
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Table 7
Cancer incidence and mortality in survivors of the alomic bombings
Absorbed dose © Mean weighted dase © Person-years Number of subjects Observed Expected
(Gy) 5v)
Solid tumour incidence, 1958-1987 [T15]
<0.01 0.00 893,767 © 42,702 4,286 4,281
0.01-0.1 0.04 454,734 ¢ 21,479 2,223 2174
0.1-02 0.14 113,414 5,307 599 553
0.2-0.5 0.33 124,131 ¢ 5,858 759 637
0.5-1 0.74 60,096 < 2,882 418 290
12 142 30,031 ¢ 1,444 273 146
>2 2.52 6,175 ¢ 300 55 20
Total 0.11 1,682,349 ¢ 79,972 8,613 8,103
Solid tumour mortality, 1950-1987 [R23]
<0.01 0.00 1,385,374 46,176 3,435 3,433
0.01-0.1 0.04 693,935 23,147 1,868 1,837
0.1-0.2 0.14 171,130 5713 472 444
0.2-0.5 0.33 188,444 6,283 582 508
0.5-1 0.74 93,116 3,111 312 234
1-2 1.42 46,891 1,543 178 108
>2 2.52 9,984 336 40 18
Total 0.11 2,588,873 86,309 6,887 6,581
Leukaemis incidence, 1950-1987 [P33]
<0.01 0.00 1,166,110 © 45,159 9% 81
0.01-0.1 0.04 609,964 < 23,304 38 42
0.1-0.2 0.15 155,982 ¢ 5,880 8 11
0.2-0.5 0.34 167,675 ¢ 6,387 27 12
0.5-1 0.76 85,711 ¢ 3,304 24 6
1-L5 135 31,295 ¢ 1,209 19 2
152 1.92 15,082 ¢ 584 8 1
2-4 283 11,101 © 444 17 1
Total 0.12 2242919 ¢ 86,271 231 156

2

Dose calegorics are defined in terms of unweighted intestinal doses for solid tumours and unweighted bone marrow doses for leukaemia.
b The mean doses are expressed as weighted intestinal doses for solid tumours and weighled bone marrow doses for leukaemia (RBE for neutrons = 10).
Person-years adjusted for migration.
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Table 8

Risk estimates for cancer incidence and mortality from studies of external low-LET exposures
The nionber of observed and expected cases as well as the mean dose and person-years for cohort siudies are computed throughowt this Table for exposed

persons only. In the life span study the exposed group included survivors with organ doses of 0.1 Gy or more.

PART I. OESOPHAGUS

~ Average excess Average excess
Study Observed E‘“’“:d M “;;V‘)’“‘ Person relative risk © absolute risk *
cases casi years (SV-I) (104 PYSV).I
Incidence
Life span study {T15)
Sex Male 68 65.5 0.24 298,700 0.16 0.35
Female 17 13.7 0.23 493,900 1.06 0.29
Age at exposure <20 years 8 4.5 0.24 365,200 3.32 0.41
>20 years TI 747 0.23 427,300 0.13 0.24
All 84 78.9 0.23 788,580 0.29 (-0.2-1.0) 0.29 (-0.2-1.0)
Cervical cancer cohort [B11] b 12 11.0 0.35 178,243 0.26 (<-0.2-2.2) 0.16 (<-0.6-1.4)
Mortality
Life span study [R23]
Sex Male 81 747 0.23 471,800 0.37 0.58
Female 2 16.1 0.23 731,300 1.61 0.36
Age at exposure <20 years 8 6.2 0.23 574,500 1.20 0.13
>20 years 95 84.6 0.2 628,600 0.56 0.75
All 103 90.8 0.23 1,203,100 0.59 (-0.0-1.4) 0.44 (<0-0.9)
Massachusetts TB fluoroscopy {D14] 14 13.8 1.06 169,425 0.01 (-0.2-0.6) 0.01 (-0.3-0.4)
Ankylosing spondylitis [D6, L6] 28 127 4.00 183,749 0.30 (0.1-0.5) 0.21 (0.1-0.3)

90% CI in pareatheses derived from published data for the life span study and using exact Poisson methods for the other studies.

Excludes cases during first 10 years of follow-up.

PART II: STOMACH

Average excess Average excess
ed -
Study Ol:s:::s E?::d M“;;v)do“ Pe:f:: relative risk ¢ absolute risk *
Y v (o pYsy!
Incidence
Life span study [T15]
Sex Male 679 660.4 0.24 298,700 0.12 261
Female 628 561.3 0.3 493,900 0.52 5.86
Age at exposure <20 years 167 1420 0.24 365,200 0.74 287
>20 years 1140 1079.7 0.23 427,300 0.24 6.15
All 1307 1221.7 0.23 792,500 0.30 (0.2-0.5) 4.68 (2.5-7.4)
Cervical cancer case-control ® [B21] 348 117.3 2.00 na. 0.54 (0.1-1.5) 0.37 (0.03-1.0)
Mortality
Life span study [R23)
Sex Male 649 623.0 0.24 471,800 0.17 230
Female 514 484.5 0.23 731,300 0.26 1.75
Age at exposurc <20 years 96 91.2 0.24 574,500 0.2 0.35
>20 years 1067 1016.3 0.2 628,600 022 3.51
All 1163 1107.5 0.23 1,203,100 0.22 (0.10.4) 2.02 (0.5-3.5)
Ankylosing spondylitis {D6, L6] 55 543 1.65 130,616 0.01 (-0.1-0.2) 0.03 (-0.5-0.7)
Benign gynaecological disease (18] © 23 218 0.20 77,878 0.28 (<-0.2-2.5) 0.78 (-2.6-4.6)
Peptic ulcer [G11] : 40 174 14.80 35815 0.09 (0.05-0.14) 0.43 (0.2-0.7)
Metropathia hacmorrhagica [D23) 33 %8 023 47,144 101 (<0.2:28) | 572 (<-2.4-16)

909 (I in parentheses derived from published data for the life span study and using exact Poisson methods for the other studies.
The excess absdlute risk estimate was computed using background incidence rates estimated using the cervical cancer cohort study [B11].
The observed and expected number of cases are for 10-year survivors. The estimated number of expected cases incorporated an adjustment based upon the

Poisson regression model given in [18].
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PART III: COLON

Average excess Average excess
Seudy O‘:sa:;d jm_;:d Mct;;v)dose I’e:s“::- relative risk absoluie risk °
4 sl ao’ pysy?
Incidence
Life span study [T15]
Sex Male 109 90.7 0.23 297,500 0.87 266
Female 114 103.0 0.22 491,100 0.48 1.01
Apge at exposure <20 years 2 280 0.23 363,300 0.62 0.48
>20 years 191 165.7 0.22 425,300 0.70 27
All 223 193.7 0.23 788,600 0.67 {0.1-1.3) 1.65 (0.7-3.0)
Cervical cancer case-control © [B21] 409 409 240 n.a, 0.00 (0.00-0.01) 0.00 (0.00-0.01)
Mortality
Life span study [R23]
Sex Male 63 56.8 0.23 471,800 0.47 0.57
Female 66 59.7 0.23 731,300 0.47 0.38
Age at exposure <20 years 11 9.6 0.23 574,500 0.60 0.10
>20 years 118 106.9 0.22 628,600 0.47 0.80
All 129 116.5 0.23 1,203,100 0.47 (0.1-1.1) 0.45 (0.3-1.3)
Benign gynaecological disease [18] © 75 4664 1.30 77,878 0.47 (0.20.7) 281 (1.54.4)
Peptic ulcer © [G11] 25 20.6 6.00 118,300 0.04 (0.00.1) 0.07 {0.0-0.02)
Metropathia haemorrhagica [D23] 47 33.0 3.20 47,144 0.13 {0.03-0.3) 0.93 (0.2-1.8)

[

90% Cl in parentheses derived from published data for the life span study and using cxact Poisson methods for the other studies.

The excess absolute risk estimate was computed using background incidence rates estimated using the cervical cancer cohort study {B12].

The observed and expected number of cases are for 10-year survivors. The estimated number of expected cases incorporated an adjustment based upon the

Poisson regression model given in [18].
Incorporates 2 standardized mortality ratio based upon internal comparison model in (18).
Since the original paper provides only a range of doses for this site, the value given here is a very crude estimate.

PART IV: LIVER

Average excess Average excess
Study Observed Exp«::d Mﬂ;; ;103: Pel'rson relative risk absolute risk °
cases cas v years v e @0’ PYSy!
Incidence
Life span study [T15)
Sex Male 174 151.5 0.24 299,600 0.61 3.09
Female 110 107.2 0.23 496,600 0.11 0.24
Age at exposure <20 years 63 47.2 0.24 367,000 1.39 178
>20 years 21 2114 023 429,200 0.19 0.95
All cases 284 258.6 0.24 796,300 0.41 (0.2-0.9) 1.33 (0.5-2.9)
Total (mmcop‘ca“y verified) 109 94,7 0.24 796,300 0.64 0.76
Cervical cancer cohort ? [B11) 19 20 0.70 342,786 -0.13 (<0-0.9) 0.03 (<0-0.2)
Mortality
Life span study [R23]
Sex Male 202 178.6 0.24 471,800 0.54 204
Female 150 141 0.23 731,300 0.27 0.53
Age at exposure <20 years 56 43.4 0.24 574,500 1.26 0.90
>20 years 296 276.2 0.22 628,600 0.31 135
All cases 352 319.6 0.23 1,203,100 0.44 (0.2-0.8) 1.18 (0.5-2.2)
Total € (primary on death certificate) 48 46.2 0.24 1,203,100 0.16 0.06
Ankylosing spondylitis (D6, L6] 6 5.6 1.60 130,616 0.05 (<0-0.7) 0.02 (<0-0.3)
Benign gynaecological discasc [18] 9 16.6 0.21 77,878 0.5 (-0.5- -0.3) <-1 (<-1- -0.5)
Peptic ulcer [G11] 9 9.0 4.60 35,815 0.00 (<0-0.2) 0.00 (<0-0.4)
Metropathis haemorrhagica (D23] 2 6.0 0.27 47,144 0.5 (<-0.5-0.2) <-0.2 (<-0.6-0.2)

a
b
14

90% (I in parentheses derived from published data for the life span study and using exact Poisson methods for the other studies.
Excludes cases during first 10 years of follow-up.
Estimate is based on deaths coded as primary liver cancer or liver cancer not specified as sccondary or primary.
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PART V: LUNG
. Average excess Average excess
Study Observed pecied Mca; ;io:z Person- relative risk absolute risk *
cases cases (Sv, years ( Sv’I) a a 7 PYSV)’I
Incidence
Life span study T15]
Sex Male 245 4.7 0.25 302,000 0.36 267
Female 21 140.1 0.24 500,700 208 5.81
Age atl exposure <20 years 30 26.2 0.25 370,000 0.57 0.41
>20 years 426 338.5 0.24 432,700 1.06 8.27
Time since exposure 5-19 years 85 67.8 0.24 288,566 104 2.45
20-29 years 146 116.3 0.24 317,535 1.05 3.85
30-42 years 25 186.4 0.24 314,545 0.85 5.05
All 456 364.7 0.25 802,700 1.00 (0.6-1.4) 4.55 (2.46.0)
Mortality
Life span study [R23]
Sex Male 226 214.7 0.25 471,800 0.21 0.95
Female 207 149.0 0.24 731,300 1.59 3.24
Age at exposure <20 years 7 2.8 0.25 574,500 038 0.20
>20 years 406 3340 0.24 628,600 0.88 4.68
Time since exposure 5-19 years mn 63.5 0.24 566,780 0.48 0.54
20-29 years 135 %0.3 0.24 316,912 204 5.80
30-42 years 27 194.4 0.24 319,418 0.69 4.19
All 433 363.8 0.25 1,203,100 0.76 (0.3-1.0) 2.30 (1.0-2.9)
Ankylosing spondylitis [D6, L6] 224 184.5 1.80 130,616 0.12 (0.00.2) 1.68 (0.7-2.8)
Massachusetts TB fluoroscopy [D14] 69 818 0.84 169,425 0.19(<-0.2-0.04) <0.90 (<-1.8-0.2)
Peptic ulcer [G11] 9 58.4 1.80 35,815 0.39 (0.20.6) 6.29 (3.89.1)

a

90% Cl in parentheses derived from published data for the life span study and using exact Poisson methods for the other studics.

PART VI: BONE AND CONNECTIVE TISSUE

Average excess Average excess
Study Obs pected Mea; ’dase Pcr:(rm relative risk absolute risk *
cases cases v years (Sv'l) a (IU'PYSV)'I
Incidence
Life span study [T15]
Sex Male 9 6.4 0.23 297,500 1.78 0.38
Female 7 5.7 0.22 491,100 0.99 0.12
Age at exposure <20 years 4 11 0.23 363,300 11.0 0.34
>20 years 12 11.0 0.2 425,300 0.42 0.11
All 16 12.1 0.23 788,600 1.42 (<-0.2-4.5) 0.22 (<0.1-0.7)
Skin hacmangioma [F12] 8 29 0.4 379,283 4.33 (0.9-9.8) 0.33 (0.1-0.8)
Childhood radiotherapy {T6] 54 20.0 210 n.a. 0.06 (0.01-0.2) n.a.
Mortality
Life span study [R23)
Sex Male 14 10.8 0.23 471,800 1.26 0.29
Female 10 835 0.3 731,300 0.81 0.09
Agr at exposure <20 years 3 19 0.23 574,500 258 0.08
>20 years 21 17.4 0.22 628,600 0.92 0.26
All 24 19.3 0.23 1,203,100 1.07 (<-0.2-3.3) 0.17 (<-0.1-0.5)
Ankylosing spondylitis D6, L6] (bone only) 4 1.4 3.00 130,616 0.65 (0.00-1.9) 0.07 (0.00-0.2)

a

90% Cl in parcntheses derived from published data for the life span study and using exact Poisson methods for the other studies.
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PART VIL SKIN (NON-MELANOMA)

Average excess Average excess
Study O::r;d E:’::d Mt‘::y‘)io“ Pc::n- relative risk absolute risk *
. years svh e (0’ pysy!
Incidence
Life span study [T15]
Sex Male 41 314 0.33 324,100 0.92 0.89
Female 57 4.4 0.32 538,900 0.88 0.72
Age at exposure <20 years 21 7.3 0.32 399,300 537 1.04
>20 years n 68.2 0.33 463,700 0.39 0.58
Al 98 75.9 0.33 863,000 0.88 (0.4-1.9) 0.78 (0.4-1.4)
Israeli tinea capitis {R10, R19] 42 10.0 6.8 265,070 0.47 (0.30.7) 0.18 (0.1-0.25)
Cervical cancer case-control [B21] 80 85.7 9.6 342,786 -0.01 (-0.02-0.01) .02 (-0.06-0.03)
New York tinea capitis {whites) b [$62) 83 240 4.5 52,000 ¢ 0.55 (-0.02-0.01) 250(1.9-32)
Rochester thymic irradiation [S62] 14 4.2 23 87,000 ¢ 1.04 (0.5-1.9) 0.50 (0.2-0.9)
Massachusetts TB fluoroscopy © (S62] 80 753 9.6 122,000 ¢ 0.01 (-0.01-0.03) | 0.04 (-0.08-0.2)
New York mastitis © [$62] 14 10.7 2.6 14,000 © 0.12 (-0.08-0.4) 0.90 (-0.6-3.1)
Thyroid imradiation ® [S62, $63) 63 45.0 38 96,000 < 0.11 (0.03-0.2) 0.50 (0.20.9)

a

<

90% CI in parcntheses derived from published data for the life span study and using exact Poisson methods for the other studies.
% From data prescnted in a review paper by Shore [$62).
Person-years estimated from data in the review paper by Shore [S62).
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PART VIII: FEMALE BREAST

Average excess Average excess
Study Observed lixp:cled Me‘;; ;iost Pcr.ro:~ relative risk absolute risk *
cases cases ! year vy e (10° PYSy!
Incidence
Life span study [T15)
Age at exposure <20 years 122 62.8 0.28 202,600 3.32(2.3449) 10.3 (7.2-14)
>20 years 173 137.1 0.27 308,000 0.98 (0.4-1.6) 4.36 (1.8-1.2)
Time since expasure 5-19 years 49 36.9 0.28 161,400 119 27
20-29 years 87 63.5 0.27 175,800 1.34 4.86
30-42 years 159 9.5 0.27 173,400 221 12.68
All 295 199.9 0.27 510,500 174 (1.1-2.2) 6.80 (4.9-8.7)
Massachusetts TB fluoroscopy [B31]) 142 107.6 0.79 54.600 0.40 (0.20.7) 7.98 (3.6-13)
New York acute post-partum mastitis [S9] 54 208 .70 9,800 0.43 (0.30.6) 9.14 (6.0-13)
Ankylosing spondylitis {D6, L6} 26 16.1 0.50 22,033 1.24 (0.3-2.5) 9.01 (2.0-18)
Swedish breast irradiation [B1, M8] 115 288 B.46 37.400 & 0.35 (0.30.4) 272(2.23.3)
Cervical cancer case-coatrol € [B21] 953 1083.0 0.31 na. 0.2 (<-0.2-0.3) <-0.3 (<-0.3-0.2)
Without ovaries 91 82.6 0.31 n.a 0.33 (<0.2-5.8) na.
Contralateral breast
Denmark {S60] 529 508.7 251 n.a. 0.02 (<-0.1-0.2) na.
United States [B18] 655 550.4 2.82 n.a. 0.07 (<0.1-0.2) na.
Rochester thymic irmadiation ¥ (1122] sl 78 0.76 38,200 2.39 (1.24.0) 4.89 (2.48.1)
Skin hacmangioma [F12] 56 36.4 0.20 379,283 4.2(1.8-1.2) 4.1 (1.8-6.9)
Scoliosis patients 9 [1124] 11 6.1 0.13 21,691 6.37 (0.9-15) 17.8 (2.443)
Hodgkin's diseasc (Stanford) [112] 25 6.1 ~44.0 100,057 0.07 (0.04-0.11) | 0.04 (0.03-0.07)
Mortality
Life span study [R23]
Age at exposure <20 years k) 13.0 0.28 303,200 5.69 (3.2-9) 2.44 (1.43.7)
>20 years 70 61.1 0.27 428,100 0.55 (<-0.2-1.5) 0.78 (<0.3-2.1)
Time since exposure 5-19 years 35 287 0.28 338,258 0.80 0.68
20-29 years 26 20.7 0.27 194,149 0.92 0.9
30-42 years 43 242 0.27 198,925 287 3.49
Al 104 741 0.27 731,300 1.79 (0.6-2.1) 1.81 (0.6-2.1)
Canada TB fluoroscopy [M19] © 212 157.5 0.43 282,300 0.81 (0.5-1.2) 4.52 (2.66.6)

[

90% CI in parentheses derived from published data for the life span study and using exact Poisson methods for the other studies.
For cohort studics the numbers of observed and cxpected cascs as well as the mean dose and person-years arc computed for exposed persons only.
Excess absolute risk of cervical cancer is computed using baseline incidence data derived from the cohort study [B12].

Populations exposed as children.

Original model included a factor to allow for differences between Nova Scotia and other Canadian provinces. The computatioa of the expected number of cases

includes an aliowance for this cffect.
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PART IX: BLADDER

. Average excess Average excess
Study O::’;‘d E?:;ed M:a(;l;wse I’e:‘s:: relative risk absolute risk *
y svhe a0’ pysy?!
Incidence
Life span study [T15)
Sex Male 76 70.3 0.23 297,500 0.35 0.84
Female 39 279 0.22 491,200 1.80 102
Age at exposure <20 years 12 10.3 0.23 363,300 0.71 0.20
>20 years 103 878 0.22 425,300 0.79 1.62
Al 115 98.1 0.23 788,600 0.76 (0.3-2.1) 0.95 (0.3-2.1)
Cervical cancer case-control b (B21] 273 65.8 45 n.a 0.07 (0.02-0.2) 0.12 (0.04-0.3)
Mortality
Life span study [R23]
Sex Male 36 26.9 0.23 471,800 L35 0.83
Female 24 20.0 0.23 731,300 0.88 0.24
Age at exposure <20 years 5 1.8 0.23 574,500 743 0.24
>20 years 55 45.1 0.22 628,600 0.99 0.7
All 60 46.9 0.23 1,203,100 1.22 (0.3-3.3) 0.48 (0.1-0.9)
Ankylcsing spondylitis [D6, L.6] 20 16.7 1.45 130,616 0.14 (-0.1-0.5) 0.17 (-0.2-0.6)
Benign gynaccological discase (18] 19 9.0 6.00 77,878 0.19 (0.1-0.3) 0.21 (0.1-0.4)
Metropathia hacmorrhagica [D23] 20 6.7 5.20 47,144 0.39 (0.2-0.6) 0.54 (0.3-0.9)

¢ 90% C1 in parentheses derived from published data for the life span study and using cxact Poisson methods for the other studies.

o

PART X: BRAIN AND CENTRAL NERVOUS SYSTEM

The excess absolute risk estimalc was computed using background incidence rates estimated using the cervical cancer cohort study [B12).

) Average excess Average excess
Study Observed Expected Mea; dose Person- relative risk absolute risk *
cases cases (Sv) years svl) o (10" PYsv!
Incidence
Lifc span study [T15)
Sex Male 20 21.7 0.27 307,100 0.30 0.21
Female 51 453 0.26 509,300 0.48 0.43
Age 2t exposure <20 years 20 157 0.26 376,100 1.05 0.44
>20 years 51 514 0.26 440,200 0.03 0.03
All 71 67.1 0.26 816,300 0.22 (<0-1.3) 0.18 (<0-0.8)
Israeli tinca capitis [R10] 60 8.4 L5 283,930 4.08 (3.1-5.2) 1.21 (0.9-1.5)
New York tinea capitis (Al] 8 1.4 L4 48,115 3.37(1.346.7) 0.98 (0.4-1.9)
Skin haemangioma [F12} 16 17.1 0.1 379,283 <-0.2(<-0.24.2) <-0.1 (<-2-1.5)
Mortality
Lifc span study [R23]
Sex Male 18 179 0.27 487,200 0.03 0.01
Female 28 16.6 0.26 757,900 3.05 0.67
Apge at exposure <20 years 14 121 0.26 601,000 0.67 0.13
>20 years 32 24 0.26 757,900 1.95 0.68
All 45 39.7 0.26 1,203,100 0.52 (<0-2) 0.17 (<0-0.5)
Ankylosing spondylitis ® [D6, L6] ) 14.0 0.14 130,616 4.06 (0.4-8.9) 4.36 (0.59.5)
Pituitary adenoma (UK) [B9) 5 0.5 45.0 3760 0.19 {0.1-0.4) 0.26 (0.1-0.6)

°  90% (1 in parenthescs derived from published data for the life span study and using exact Poisson methods for the other studies.

5 Excludes tumours of the spinal cord.
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PART XI: THYROID INCIDENCE

Average excess

Average excess

Study Observed ted Mez;; dose Person- relative risk absolute risk *
cases cases v) years ( Sv'l) ° ae PYSV)"
Life span study [T15]

Sex Male 2 14.9 0.27 307,167 1.80 0.87
Female 110 9.4 0.26 510,388 1.49 232
Age at cxposure 0-9 years 24 7.6 0.21 185,507 10.25 4.21
10-19 years 35 14.6 0.31 190,087 4.50 3.46
20-29 years 18 17.5 0.28 132,738 0.10 0.13

>20 years 73 67.1 0.26 442,000 0.3 (<-0.2-1.2) 0.5(0.3-1.9)
>30 ycars 55 54.5 0.25 309,224 0.04 0.06

All 132 943 0.26 817,600 1.5(0.5-21) 1.8 (0.8-2.5)
Tuberculosis, adenitis screening

Age at exposure <20 years 6 0.0 8.20 950 36.5 (16-72) 7.7 (3.3-15)

[H1, S61) >20 years 2 0.2 820 3,100 1.2(0.1-3.7) 0.7 (0.1-2.4)

Cohort studies in children
Life span study {T15}

Age at exposure 0-19 years 59 22 0.26 375,600 6.3 (5.1-10.1) 3.8(2.7-5.4)
Israeli tinea capitis [R15] ® 43 10.7 0.1 274,180 34 (2347) 13 (9.0-18)
New York tinea capitis [S61] 2 14° 0.1 79,500 7.7 (<0-60) 1.3 (<0-10.3)
Rochester thymic irradiation 4 [S54] 37 27 14 85,204 9.5 (6.9-12.7) 3.0 (2.2-4.0)
Childhood cancer € [TS) 3 0.4 12.5 50,609 4.5(3.1-6.4) 0.4 (0.2-0.5)
Skin haemangioma [F12, F15) 14 7.t 0.23 n.a 4.2 (0.1-29) na.

Screening studies in children
Lymphoid hyperplasia screening 4/ 13 5.4° 0.24 34,700 5.9 (1.8-11.8) 9.1 (2.7-18.3)

[P8, S61])

Thymus adenitis screcning (M2, S61) 16 11t 290 44,310 4.5(27-1.0) 1.2(0.7-1.8)

Michael Reese, tonsils £ [S63) 309 110.4 0.60 88,101 3.0(26-3.5) 37.6 (32-43)

TonsilAhymus/acne screening [D18, S61] 11 0.2° 4.50 6,800 12.0 (6.6-20) 3.5(2.0-5.9)
Studies in adults

Cervical cancer casc-control ¢ [B21] 43 18.8 0.11 n.a. 12.3 (<0-70.0) 5.8 (<0-32.9)

Cervical cancer cohort € ! [B11) 16 i2.5 0.11 342,786 2.5 (<06.8) 0.9 (<0-2.5)

Stanford thyroid [116] 6 0.4 45.0 17,700 0.3 (0.1-0.7) 0.07 (0.03-0.1)

N S S W S Y

90% Cl in parentheses derived from published data for the life span study and using exact Paisson methods for the other studies.

Doses to the thyroid in this study may be much morc uncertain than doses to organs direatly in the x-ray beam.

Expected number of cases computed using excess rdative risk cstimates given in [S61).

Koown dose. Person-years and expected number of cases estimated from data given in [S61].

Based on cohort members with 15 or more years of follow-up and population expected rates for non-melanoma skin tumours of the head and neck tumours.
This was 8 study of nodular discase and cancer cascs were not confirmed.
Study includes no unexposed controls; estimates of the number of expected cases were computed using the fitted excess relative risk reported in [$63). Results
are based on the new dosimetry described in [$63). The Jarge excess absolute risk in this study illustrates the impact of sareening on thyroid cancer risk
estimates. As described in [S63], a special thyroid screening programme in this cohort was initiated in 1974. This screening led to 2 large increasc in the number
of incident cases detected among both cases and controls. The paper describes an analysis in which allowance was made for the effect of screening. The
screening-adjusted excess absolute risk was estimated as 1.7 (10° PYGy)™L.
Excludes cases diagnosed during first 10 ycars of follow-up.
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PART XII: LEUKAEMIA

Average excess Average excess
Study o'::::d E:}:Zd Ma;;‘;iose Person- relative risk absolute risk "
years vl e (10" pysy’
Incidence
Life span study [P33]
Sex Male k) 353 0.26 412,300 3.91 33s
Female 70 321 0.25 664,500 4.75 229
Age at exposure <20 years 46 17.9 0.26 478,100 6.11 2.28
>20 years 95 49.5 0.25 598,700 3.70 3.06
Time since cxposure 5-10 years 29 5.1 0.25 160,900 18.69 5.87
11-20 years 45 40.3 0.25 367,200 0.46 0.50
21-30 years 34 18.5 0.25 277,900 3.32 221
31-42 years 33 28.1 0.25 270,800 0.70 0.72
All 141 67.4 0.25 1,076,800 4,37 (3.2-5.6) 273 (2.0-3.5)
Cervical cancer case-control ® |B21) 141 n.a. 7.20 n.a. 0.74 (0.1-3.8) 0.50 {0.1-2.6)
Childhood cancer © [T7] 25 n.a. 10.00 n.a 0.00 (0.000- n.a.
0.004)
Breast cancer therapy ¢ [C24] 38 na. 7.50 na. 0.19 {0.00-0.6) 0.89 (0.00-3.0)
Techa River population [K18) 37 19.3 0.50 388,880 1.84 (0.9-3.1) 0.91 (0.4-1.5)
Mortality
Ankylosing spondylitis [D6, L6] 36 11.9 3.83 165,758 0.53 (0.3-0.8) 0.38 (0.2-0.6)
Israeli tinea capitis ¢ [RS] 14 6.0 0.30 279,901 4.44 (1L.7-8.7) 0.95 (0.4-1.9)
Benign gynaccological discase [112] 47 276 119 246,821 2.97 (2.24.0) 1.25 (0.9-1.7)
Massachusetts TB fluoroscopy /D14 17 18.0 0.09 157,578 <-0.2 (<-0.24.5) <-0.2 (<-0.2-5.1)
Peptic uicer [G11) 8 29 1.55 35,815 1.13 (0.4-2.5) 0.92 (0.3-2.0)
Mectropathia haemorrhagica [D23] 12 5.6 130 53,144 0.88 (0.3-1.9) 0.93 (0.3-2.0)

~ n o8

90% CI in parentheses derived from published data for the life span study and using exact Poisson methods for the other studies.
Cls for the cervical cancer data on excess relative risk were estimated from the confidence regon curves in [B42); the excess absolute risk estimate uses
incidence estimates from the cohort study [B12].
Risk estimates based on 2n unmatched analysis of data given in [T5].

The excess absolute risk for this study is computed based on annual incidence estimates and average foliow-up times reported in [C35].

A re-estimate of the dose to bone marrow in this study indicates a mean dose of 0.60 rather than 0.30. Consequently the excess relative risk becomes 2.22 [R27].
Excludes cases of chronic Ilymphocytic leukaemia.
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PART XIII: NON-HODGKIN’S LYMPHOMA

) Average excess Average excess
| Observed Expecied Mea(; ;iose Person- relative risk hsolute risk *
b cases cases v years (svl) o 10" pysi!
Incidence
Life span study [P33]
Sex Male 41 332 0.26 412,400 0.91 0.73
Female 35 383 0.25 664,500 034 £0.20
Age at exposure <20 years 17 15.8 0.26 478,100 0.30 0.10
>20 years 59 557 0.25 598,800 0.24 0.2
All 76 71.5 0.25 1,076,900 0.25 (<-0.2-L1) 0.17 (<-0.3-0.8)
Cervical cancer case-control [B21] 94 na. 7.10 n.a 0.21 (0.1-1.1) 0.04 (0.02-0.2)
Mortality
Ankylosing spondylitis [D6, L6} 16 7.1 3.83 130,616 0.32 (0.10.6) 0.18 (0.10.3)
Benign gynaccological disease [112] 40 425 1.19 246,821 .05 (<-0.20.2) -0.08 (<-0.30.3)
Massachusetts TB fluoroscopy [D14) 13 13.1 0.09 157,578 0.05 (<-0.246.5) 0.04 (<-0.2-5.4)
Peptic ulcer (G11] 12 6.4 1.55 35,815 0.57 (0.1-1.3) 1.01 (0.1-2.4)
Metropathia haemorrhagica [D23] 4 53 1.30 47,144 0.19 (<-0.20.6) £0.22 (<-0.20.6)

o

incidence estimates from the cohort study [B11).

PART XIV: MULTIPLE MYELOMA

90% (I in parentheses derived from published data for the life span study and using exact Poisson methods for the other studies.
Cls for the cervical cancer data on excess relative risk were estimated from the confidence region curves in (B42]; the excess absolute risk estimate uses

Average excess Average excess
Study Obseved | Expected | M “;;‘;1"“ berson relative risk absolute risk *
Y vl @ (10’ pysy?
Incidence
Life span study [P33]
Sex Male 12 9.2 0.26 412,400 1.17 0.26
Female 18 193 0.25 664,500 0.28 0.08
Age at cxposure <20 years 4 31 0.26 478,100 107 0.07
>20 years % 254 0.25 598,800 0.09 0.04
All 30 286 0.25 1,076,900 0.20 (<0.2-1.7) 0.05 (<-0.05-0.4)
Cervical cancer case-control ? [B21] 56 n.a 7.10 n.a. 0.10 (<-0.1-0.1) .01 (<-0.03-0.02)
Mortality
Ankylosing spondylitis [D6, L6] 8 4.7 3.83 130,616 0.19 (<-0.04-0.5) 0.07 (<-0.01-0.2)
Benign gynaecological disease [112] 14 124 1.19 246,821 0.11 (<-0.2-0.6) 0.05 (<0.1-0.3)
Peptic ulcer [G11) 3 31 1.55 35.815 -0.02 (<-0.2-1.0) 0.02 (<-0.2-0.8)
Mctropathia haemarrhagica [D23}] 9 35 1.30 47,144 1.23 (0.3-2.7) 0.90 (0.2-2.0)

a

90% (1 in parentheses derived from published data for the life span study and using exact Paisson methods for the other studies.

The excess absolute risk estimate was computed using background incidence rates estimated from the cervical cancer cohort study [B12].
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Table 9
Sex-specific risk estimates for cancer incidence and mortality from the Life Span Study
Average excess Average excess
relative risk absolute risk Sex ratio
Cancer type vl (10* pysy!
Average excess Average excess Normal cancer
relative risk absolute risk incidence
Males Females Males Females v 10* Pysu!
(Female ; male) (Female : male) (Male : female)
Incidence 1958-1987 [T15]
All solid tumours 033 0.81 18.96 3344 245 1.82 1.36
Non-sex specific solid tumours 0.34 0.88 18.89 26,19 2.59 1.39 1.85
Oesophagus 0.16 1.06 0.41 0.24 6.63 0.59 6.64
Stomach 0.12 0.52 2.61 5.86 4.33 225 1.94
Colon 0.87 0.48 2.66 1.01 0.55 0.38 135
Liver 0.61 0.11 3.09 0.24 0.18 0.08 243
Lung 0.36 2.08 2.67 5.81 578 2.18 2.85
Skin 0.92 088 0.89 0.72 0.96 0.81 0.86
Bladder 0.35 1.80 0.84 1.02 S.14 121 3.60
Thyroid 2.21 1.94 0.99 278 0.88 281 0.29
Bone and connective tissue 1.78 0.99 0.38 0.12 0.56 0.32 125
Incidence 1950-1987 [P33)
Leukaemia 391 4.75 335 229 1.21 0.68 176
Non-Hodgkin’s tymphoma 0.91 034 0.7 020 037 027
Myeloma 117 028 0.26 -0.08 -0.24 031
Mortality 1950-1987 [R23]
All solid tumours 0.26 0.72 8.74 15.81 277 1.81 148
Non-sex specific solid tumours 0.25 0.60 7.90 10.45 242 1.32 1.82
Oesophagus 0.45 0.94 0.71 0.22 2.09 0.31 6.39
Stomach 0.16 0.35 2.04 2.26 2.19 111 1.84
Colon 0.66 0.03 0.82 0.03 0.05 0.04 1.35
Liver 0.49 0.33 2.06 0.66 0.67 0.32 202
Lung 0.20 1.96 0.96 3.89 9.80 4.05 256
Bladder 1.59 0.41 0.93 0.12 0.26 0.13 1.69
Bone and connective tissuc 1.26 0.81 0.29 0.09 0.64 031 1.82
Table 10
Risk estimates for cancers other than leukaemia in relation to age at exposure
Life span study moriality [R23] Ankylosing spondylitis [ D6}
Age ar exposwre Both sexes Males only Mainly males
(rears) Excess relative Excess absolute Extess relative Excess absolute Excess relative Excess absolute
risk risk risk risk risk risk
svh) (20° pysy! v (10! pysy! svh) (10* PYsy!
0-15 0.95 n 0.66 272
15-24 0.74 839 0.52 6.71 0.20 167
25-34 0.56 14.40 0.39 13.85 0.12 241
35-44 0.42 19.35 0.30 19.24 0.14 6.08
45.54 0.31 21.85 0.24 21,98 0.17 1275
>55 0.23 22.84 0.18 23,72 0.08 8.21




ANNEX A: EPIDEMIOLOGICAL STUDIES OF RADIATION CARCINOGENESIS 115
Table 11
Excess relative risk estimates for breast cancer in various cohorts in relation to age at exposure
Excess relative risk (Sv')) for age at expasure
Study 0-9 10-19 20-24 25-29 30-34 35-39 40-44 45-49 >50
years years years years years years years years years
Life span study [T15] 34(8) | 2504 | 13 | 1459 | 12¢58) | 14(e9) 0.7 (92)
Massachusetts TB fluoroscopy [B31] 0.7(71) 0.5(102) 0.2(31) 0.2(13)
Canada TB fluoroscopy {M19]
Nova Scotia 1.9 (14) 1.6 (47) 0.8 (8) 0(4)
Other provinces 0.4 (48) 0.4 (233) 0.2 (73) 0 (55)
New York acute post-partum mastitis 0.4 (33) 0.4 (44) 0.6 (43)
[S9]
Swedish benign breast [B1] 25(15) 1.9 (18) 0.4 (28) 0.1(20) 0.1 (7
Hodgkin's disease [H2] 0.9 (4) 0.4 (9) 0.1(2
Contralateral breast [B18] 0.2 (78) 0.0 (128)
Numbers in parentheses are numbers of cases involved.
Table 12
Excess relative risk for thyroid cancer in various cohorts in relation to age at exposure
Excess relative risk (Sv1) for age a1 expaswre
Study
<l 1-4 35-9 10-14 15-19 20-39 >40
year years years years years years years
Life span study [T15] 9.5 3.0 0.3 0.2
Isracli tinea capitis [R15)
Israeli-bom 200 7.0
Non-Israeli-born 67.0 27.0
Michael Reese toasil irradiation [S63] 36 28 1.4
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Table 13
Estimated relative risk of cancer mortality per sievert weighted dose (RBE for neutrons = 10)
in the life span study cohort ¢

{S7]
Age at exposure
Cancer type Sex
<10 years 10-19 years 20-29 years 30-39 years =40 years
Leukacmia Male 17.9 4.8 59 4.5 39
Female 18.8 5.0 6.2 4.7 4.0
All except leukacmia Male 1.96 1.60 152 .23 1.16
Female 292 220 204 1.45 1.32
Stomach Male 140 1711 1.65 1.09 1.09
Female 1.83 247 236 119 120
Female breast Female 254 289 1.96 209 1.03
Lung Male L78 1.08 1.22 1.32
Female 3.93 131 1.84 219
Colon Male 3.82 139 1.67 117
Female 8.09 1.97 267 1.42

¢ DS86 dosimetry, both cities, 1950-1985.

Table 14
Studies of obstetric x-ray examinations in relation to childhood cancer (including leukaemia) a
[B22]

Study Units of Per cent Relative risk
5 . . b Comments
information of total estimate

Oxford survey of childhood cancers ©

1975 [B23) 434.2 39.1 1.41

1987 (K6, M22) 8120 73.0 1.40 RR: 1.94 [K6), -1.4 [M22)
Prenatal x£ay examinations, United States [M9] 114.7 10.3 1.47
Inter regional epidemiological study of childhood cancer {H48] d 39.0 35 123 Weighting of matched estimates
Los Angeles [P16]) 239 22 1.34 Leuksemia oaly
Louisiana [F13) 183 1.6 1.70
Helsinki [S36) 179 1.6 1.18
California [K13] 16.6 1.5 1.48 Leuksemia only
Tri-state [G14] 16.6 1.5 1.40
Minnesota [A8) 10.2 0.92 1.28 Leukacmia only
Edinburgh/London [C15] 9.0 0.81 0.86 Leukaemia only; cohort study
Baltimore {D16] 8.3 0.75 102 Cohort study
Connecticut twins [H3] 5.4 0.49 1.83 RR adjusted for birth weight = 2.4
New Zealand [G15) 54 0.49 113 Leukacmia only
All others 143 1.3 -

Total 11116 100 139 ¢

The measure of information is the reciprocal of the variance of the log relative risk.

Unadjusted unless otherwise stated.

Based on deaths in England, Wales and Scotland, but not including cases in the Interregional epidemiological study of childhood cancer.
A study of incident cases in north and central England.

95% Cl: (1.31-1.47),

"B oA gD



ANNEX A: EPIDEMIOLOGICAL STUDIES OF RADIATION CARCINOGENESIS

117

Table 15

Estimated excess absolute risk of Incidence of all cancers over ages 0-14 years associated with
prenatal x-ray examinations in the Oxford survey of childhood cancers

[M22]
Excess absolute risk (107 Cy'l) based on
Year of birth Deaths during 1964-1979 Deaths during 1953-1979
with adjustment with no adjustment
for pregnancy illnesses and drugs for pregnancy illnesses and drugs *
1946 203 185 (98-304)
1952 100 96 (50-152)
1957 49 56 (21-98)
1962 by 36 (6-73)

“ Approximate 95% Cl given in parentheses.

Table 16

Estimated excess absolute risk for all cancers except leukaemia in the life span study cohort

(P23]

Excess absolute risk * (107 PYSv!

Age at expasure

Follow-up time 1956-1965

Follow-up time 1966-1975

Follow-up time 1976-1985

0-19 years
20-34 years
235 years

0.083
0.49
0.35

0.31 0.73
0.79 16
i4 35

a

Estimates arc for males. The corresponding values for females are obtained by multiplying by a factor 1.56.

Table 17

Estimated relative risk of mortality for ranges of absorbed dose above and below 2.0 Gy In the life span study

cohort °

[S7)

Orgen absorbed dose (Gy) b

Site of cancer
0.01-0.05 0.06-0.09 0.10-0.19 0.20-0.49 0.50-0.99 1.00-1.99 = 2.00

All cancers

excep! leukacmia 1.06 (1.0-1.12) | 1.08 (0.98-1.19) | 1.06 (0.97-1.16) | 1.12 (1.03-1.21) | 1.36 (1.23-1.51)| 1.66 (1.45-1.90) 2.05 (1.66-2.50)
Leukaemia 0.99 (0.68-1.40) | 0.61 (0.25-1.22) | 1.08 (0.61-1.82) | 1.79 (1.18-2.68) | 4.15 (2.76-6.19) | 8.01 (5.34-11.9) | 18.6 (12.1-28.2)
Stomach 1.06 (0.96-1.16) | 0.93 (0.78-1.10) | 1.05 (0.90-1.22) | 1.16 (1.02-1.32) | 1.28 (1.07-1.53) | 1.29 (0.99-1.64) 1.73 (1.19-2.43)
Lung 1.30 (1.11-1.54) | 1.21 (0.89-1.62) | 1.02 (0.75-1.36) | 1.54 (1.22-1.93) | 1.63 (1.19-2.19) | 2.45 (1.73-3.38) 2.14 (1.16-3.59)
Female breast 1.12 (0.80-1.59) [ 1.02 (0.49-1.89) | 1.10 (0.60-1.89) | 1.39 (0.85-2.21) | 2.67 (1.62-4.27) | 2.39 (1.09-4.59) 4.22 (1.77-8.54)
Coton 1.04 (0.80-1.37) | 1.01 (0.61-1.59) | 0.53 €0.29-0.91) | 0.93 (0.60-1.38) | 1.04 (0.56-1.78) | 2.23 (1.20-3.81) 5.87 (3.02-10.3)

a

DS86 dosimetry, both citics, both scxes, all ages at exposure, 1950-1985; comparison is with the control (0 Gy) group.
90% CI given in parenthescs.




118 UNSCEAR 1994 REPORT

Table 18
Adjusted and fitted relative risk of thyroid tumours among Israell children {rradiated for tinea capitis ¢
[R15)

Malignant tumours Benign tumours
Absorbed dose
in thyroid (Gy) Observed Person- Relasive risk Observed Person- Relative risk
cases years Adjusted ® Fitted € cases years Adjusted ® Fitted ©

[} 16 412,030 1.0 1.0 41 316,840 1.0 1.0
0.04-0.07 (mean dose 0.062) 15 106,690 33 3.0 17 82,350 1.1 1.9
0.08-0.14 (mean dosc 0.102) 24 149.720 42 43 32 114,930 3.0 24
0.15-0.50 (mean dose 0.214) 4 17,770 6.1 8.0 6 12,840 45 4.0

a

Considerable uncertainty may exist in the estimates of dose to the thyroid gland.

b Adjusted for sex, ethnic origin and attained age.

<

Assuming 2 linear increase in relative risk with increasing dose.

Table 19
Cancer incidence and risks of breast cancer among women with tuberculosis given chest x-ray fluoroscopy
(B31)

Absorbed dose | . e Mean Breast cancer cases Relative Excess risk * ®
in breast (Gy) “‘w""“m"f ;:f’;“ absorbed Observed! risk* b a0 pyy!
dose (Gy) Observed Expected red
0 2,367 48,919 0 87 100.9 0.86 1.00 (1.00) 0.00 (0.00)
0.01-0.99 1,675 33,724 0.36 75 0.6 1.06 1.21 (1.18) 3.89 (3.36)
1.0-1.99 553 15,453 1.36 44 28.0 1.57°¢ 1.66 < (1.76) 113 < (12.9)
20-2.99 135 3,757 2.42 14 6.62 211 € 2.22 < (2.46) 20.5 < (24.3)
>3 64 L675 375 9 2.44 3.68 ¢ 3.83 © (3.60) 39.7 € (36.2)
Unknown 146 2,356 . 5 5.98 0.84 1.02 0.45
Total ¢ 2427 54,609 0719 142 107.6 1.32¢ 1.44 € (1.48) 8.00  (8.50)

Based on maximum likelihood methods to compute adjusted risk estimates of the ratio observed/expected values between exposed and non-exposed, adjusting
for differences in background rates between subcohorts. Excess risk also derived from this approach.

Fitted relative risk and fitied cxcess risk in parentheses. Based on best-fitting linear dose-response model accounting for age, calendar year, follow-up and
subcohort.

p < 0.05 (one-sided).

For exposed individuals with known dose (excludes 0 and unknown dose).

Table 20
Evaluation of various dose-response models for breast cancer incidence among women with tuberculosis given
chest x-ray fluoroscopy

(B31]
Model Mathematical expression * Parameter Estimate ¥ 95% CI Deviance © difference
Linear I'=a,.4me (1 +23D) a) 0.71 (0.40-1.08) 0.26
Quadratic 1= 8, me (1 +2,D) ay 0.22 (0.10-0.41) 6.29
Lincar-quadratic I=a, tm (1+23,D+ azDz) a; 0.85 (0.19-1.73) 0.00
2, 0.07 (-0.28-0.21)

1 denotes breast cancer incidence. D denotes breast dose (cGy). 3,4, sim denotes background parameter adjusted for age and time. The model also includes a
multiplicative age-at-exposurc effect on the excess refative risk (not shown).

Based on these models, the estimated RRs for a 20-year-old exposed to 1 Gy are 1.70, 1.22 and 1.81 for the linear, quadratic and linear-quadratic models,
respectively.

The deviance is a measure of unexplained variance used to assess goodness of fit of different nested models. The deviance differences are between the indicated
model and the linear-quadratic model. This difference can be interpreted as a single degrec-of freedom 12 statistic of the adequacy of the simpler method. The
results indicate that the linear model describes these dala as well as the linear-quadratic model (p > 0.5), but that the pure quadratic model does not fit well
(p = 0.01).
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Table 21
Dose fractionation effects in thyroid cancers among Individuals in Rochester, New York, given x-ray treatment
in infancy for supposed enlarged thymuses °

[S10]
- . Mean 1otal dose Number of cancers Excess absolute risk
har, -
Radiation characteristics e Person-years observed o' Py Gy)" »

Dase per fraction (Gy)

0.01-0.49 0.18 34,268 4 6.1

0.50-1.99 22 8,622 6 22

2.0-5.99 314 14,340 12 23
Number of dose fracticns

1 0.74 29,414 7 29

2 1.55 2,417 6 15

3 254 5,445 9 38
Average interval between lreatments

0 days 0.74 29,334 7 29

14 days 1.41 13,896 5 24

>4 days 2.07 13,980 10 19

&

b

Data shown ase for individuals with total thyroid doses of less than 6 Gy.
Excess in comparison to control group rates, with adjustment by sex, ethnicity and interval since irradiation to the combined distribution of these groups plus
the coatrol group.
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Table 22
Summary of studies of medical personnel exposed to radiation showing cancer types
with significantly (p < 0.005) increased risks
(C25]
Number Stud Period of Relative Number
y . .
Study of i subgroup Cancer types in excess risk of
Pﬂt&i a
persons eniry cases
Mortality in male radiologists Al ® 1.41 64
(United Kingdom) [S38] 1,338 1897-1954 Pre-1921 Pancreas 13 6
Lung 218 8
Skin 1.7 6
Leukacmia 6.15 4
1920-1954 No cancers differed significantly from expectation in this
subgroup but cancer mortality increased significantly with
time since entry to the study
Mortality in male radiologists 6,524 1920-1969 1920-1939 All 1.38
(United States) [M24] Mouth and pharynx 217
Liver (secondary) 32
Skin 338
Unspecified sites 1.69
Acute lcukacmia 223
Myeloid leukaemia 23
Lymphosarcoma 273
1940-1969 Al 115
Mouth and pharynx 288
Lung 1.2
Multiple myeloma 2.05
Cancer incidence in Chinese 27,011 1950-1985 Pre-1960 All 1.3 193
x-tay workers [W14] Oesophagus 5.5 13
Liver 1.8 kg
Skin 29 7
Leukacmia 26 17
1960-1969 All 1.3 90
Liver 22 20
Skin 1.6 1
Leukaemia 3.0 13
1970-1985 All 0.8 49
Oesophagus 38 2
Liver 1.2 8
Skin 48 1
Leukacmia 13 4
Mortality in Japanese radidogical 9.179 1969-1986 1969-1982 ¢ All 1.32 137
technologists {A9) Large intestine 222 20
Neurocerebral 8.16 4
1983-1986 < Leukacmia 5.83 7
Other ¢ 192 27
Cancer incidence in Danish 4,281 1954-1982 ¢ 210 years © All 113 103
radiotherapists [E7] Prostate 6.25 4
?  Adjusted for age and period.
b Expected deaths calculated using rates in social class I males; RR = 1.72, using rates in male medical practitioners.
€ Period of observation.
¢ All malignant neoplasms other than ocsophagus, stomach, liver, pancreas, lung and leukaemia.
<

Provisional results available only to 1984.
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Table 23
Cancer incidence in diagnostic x-ray workers in China
[W14]
All cancers except leukaemia Lewkaemia Breast cancer Thyroid cancer
Age at first
employmens Observed Raie Observed Rate Observed Rate Observed Rate
number ratio number ratio number ratio number ratio
<20 years 24 1.5 5 5.9 0 0.0 2 5.4
20-24 years 70 11 15 4.1 6 1.4 3 2.0
25-29 years 91 1.3 8 22 10 33 2 1.6
30-34 years 60 1.3 5 L9 4 1.6 1 1.2
35-39 years 28 0.9 1 0.6 0 0.0 0 0.0
240 years 25 0.8 0 0.0 0 0.0 0 0.0
All ages 298 11 34 2.4 20 1.5 8 1.7
Table 24

Parameter estimates from the life span study used in lifetime risk computations °

Males Females
Sire
Excess rfljlivc risk Age-ar-exposire effect Excess rclzlive risk Age-at-expasre effect
Sv7) (sv)
Oesophagus 0.23 0.015 1.59 0.015
Stomach 0.16 -0.035 0.62 0.035
Colon 0.54 £0.033 1.00 0.033
Liver 0.97 0.027 0.32 0.027
Lung 0.37 0.021 1.06 0.021
Bladder 1.00 0.012 119 0.012
Breast - - 1.95 0.079
Ovary . - 142 0.042
Other 0.59 0.059 0.39 0.059
All solid tumours 0.45 0.026 0.77 0.026

I

The parameters arc a (excess relative risk per sievert) and b (age-at-exposure effect) in the model ERR(D,¢) = aD exp [b(e - 25)], where D is the weighted
dose in intestines (RBE for neutrons = 10) and ¢ is the age al exposure.
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Table 25
Estimates of excess relative risk per slevert for solid tumours based on fits to data of the life span study ¢

Excess relative risk (Sv!)
Site For males at age of exposure For females at age of exposure
10 years 30 years 50 years 10 years 30 years 50 years
Oesophagus 0.18 0.25 0.34 1.26 1L.72 234
Stomach 0.27 0.13 0.07 1.05 0.52 0.26
Colon 0.90 0.46 0.3 1.64 0.84 0.43
Liver 1.45 0.85 0.49 0.48 0.28 0.16
Lung 0.27 0.41 0.63 0.78 1.17 .77
Bladder 0.83 1.06 1.36 0.9 1.27 1.62
Breast - - - 6.38 1.32 o
Ovary - . - 264 115 0.50
Other 1.43 0.44 0.13 0.95 0.29 0.09
All solid tumours 0.66 0.40 0.23 1.14 0.68 0.40

°  The parameters and model are presented in Table 24 and its footnote.

Table 26
Estimates of excess absolute risk for leukaemia for acute exposures of 0.2 Sv and 1 Sv of low-LET radiation
based on fits to data of the life span study ¢
[P33)
Excess absolute risk for males (10 PYSv)! & Excess absolute risk for females (10° PYGy)"! ®
Age al
exposure 0.2 Sv 18v 0.2 8Sv 18v
(rears)
5 years 20 years 40 years $ years 20 years 40 years S years 20 years 40 years 5 years 20 years 40 years
after after after after after after after after after after after after
exposure exposure expasure eposwe aposure aposwre exposure exposure exposure apasure exposure exposure
0-19 23 0.18 0.01 17.7 14 0.05 0.62 0.22 0.05 4.8 17 0.4
20-39 1.5 0.21 0.02 11.6 1.6 0.12 041 0.26 0.14 3.2 20 1.1
240 1.2 0.43 o.11 9.5 33 0.82 0.34 0.53 0.96 23 39 8.2

?  Using an cxcess absolute risk model with time-, sex- and age-at-exposurz dependence (sec equation 14).
b Doscis weighted dose to bone marrow (RBE for neutrons = 10).




Table 27
Death rates for selected causes in the population of Japan, 1985
3]
Males Females Both sexes
Age
caregory Population Death rates (10°%) Population Death rates (10°5) Population Death rates (107 %)
vears;
e (thousands) All causes Leukaemia Solid tumours (thousands) All causes Leukaemia Solid (th ds) All causes Leukaenia Solid tumours
0-4 3,792 158.8 1.3 29 3,615 131.2 1.4 24 7,408 145.3 1.4 26
59 4,345 26.6 2.6 2.1 4,131 15.3 1.7 1.5 8,476 21.1 22 1.8
10-14 5115 19.9 22 20 4,865 13.1 1.6 1.9 9,980 16.5 19 20
15-19 4,571 69.8 2.7 35 4,351 23.7 17 21 8,922 472 22 28
20-24 4,134 81.4 2.2 3.6 4,000 31.8 1.3 3.2 8,133 57.1 18 33
25-29 3,915 80.7 2.1 6.9 2,840 40.7 1.5 83 7,754 60.9 18 7.6
30-34 4,524 93.3 28 123 4,461 55.6 1.9 16.9 8,985 74.5 23 14.6
35.39 5,365 1319 34 255 5309 76.0 23 29.5 10,675 104.2 28 215
40-44 4,527 22717 38 50.4 4,559 124.1 3.0 524 9,086 175.6 34 514
45-49 4,072 ing 48 98.4 4,125 184.6 3.6 79.9 8,197 2771 4.2 89.0
50-54 3,911 624.6 5.8 2077 3,991 289.7 4.7 124.2 7,902 455.6 52 165.6
55-59 3,395 906.7 75 356.4 3,5m 4149 54 180.3 6,972 654.3 6.5 266.0
60-64 2,365 1,314.9 10.2 536.5 3,013 663.0 6.4 269.2 53N 948.7 8.1 386.3
65-69 1,770 2,159.4 14.6 8223 2,404 1,106.4 7.6 3821 4,174 1,554.0 10.6 569.2
70-74 1,497 3,707.7 204 1,204.2 2,053 1,998.4 9.9 555.4 3,549 27175 14.3 8284
75-19 1,014 6,581.0 25.8 1,705.0 1,472 38713 129 794.3 2,485 4,980.5 18.2 1,167.1
80-84 541 10,799.1 25.6 2,019.0 889 7,165.7 12.5 980.2 1,429 8,540.5 17.4 1,3733
85-89 203 18,136.2 24.5 2,267.3 39 13,067.1 12.7 1,142.8 602 14,725.6 16.5 1,510.4
>90 53 25,429.3 217 1,764.5 129 22,490.8 10.0 1,018.4 181 23,364.8 13.5 1,240.3

SISINIDONIOYVD NOLLVIAVY 40 STIANLS TVOIDOTOINIAIdT -V XINNV
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Table 28
Comparkon of measures of lifetime risk of mortality from solid tumours following acute whole-body exposure of 1 Sv ¢ b

Age al exposwre Risk of exposwre-induced death (REID) Excess lifetime risk (ELR)
(years) (%) (%)
10 17.0 14.5
30 9.3 8.1
50 7.0 6.4
70 28 26

Estimates were computed using sex- and age-at-cxposurc-specific relative risks estimated for the life span study cancer mortality data for the period 1950-1987.
Risks were applied to 1985 death rates in Japan {J5]. Since sex-specific estimales of the excess risk were virtually identical, the estimates in this Table are
averages of both the sexes. Projection beyond the follow-up period assumes constant relative risks.

5 Dose is weighted dose with neutron RBE = 10.

Table 29
Estimates of lifetime risk for leukaemia following acute whole-body exposures of 0.2 Sv or 1 Sv from low-LET
radiation

Age at exp . Risk of exposure-induced death (REID) (%) © Years of life last per case (YL.C) b
Grears) Males Females Both Males Females Both
Exposure of 0.2 Sv ©
Newborn 0.22 0.11 0.16 67 64 66
5 0.22 0.11 0.16 62 59 60
0 0.22 0.10 0.16 58 54 56
15 0.22 0.10 0.16 53 50 52
0.16 0.12 0.14 46 3% 42
25 0.16 0.11 0.14 42 38
0.16 0.11 0.14 37 30 k)
35 0.16 0.10 0.13 33 30
40 0.18 0.24 0.21 25 16
45 0.17 0.19 0.18 21 14 18
50 0.16 0.15 0.16 18 13 i5
55 0.15 0.12 0.13 15 11 13
60 0.13 0.09 0.11 12 9 11
65 0.11 0.06 0.09 9 8 8
70 0.09 0.04 0.07 7 6 6
Exposuare of 1 Sv ¢
Newborn 1.66 0.81 123 67 64 66
5 1.67 0581 1.24 63 59 61
10 1.67 081 1.24 58 54 56
15 1.66 0.80 123 53 50 51
125 091 1.08 46 38 42
25 125 0.88 1.06 42 34 38
1.24 0.84 1.04 37 31 34
35 1.23 0.80 1.01 33 27 30
40 1.40 180 1.60 25 16 20
45 1.34 145 1.39 21 14 18
50 1.25 115 1.20 18 13 15
55 1.15 0.90 1.03 15 1 13
60 1.03 0.68 0.86 12 9 10
65 0.88 0.50 0.69 9 8 8
70 071 0.34 0.53 7 6 6

Computed using time-, sex- and age-at-exposure-specific cxcess absolute risk model for the life span study leukaemia incidence data for 1950-1987 [P33]. Risks
were applied to Japanese death rates of 1985 [15].

Average years of life lost per exposure-induced death. The average years of lifc lost per cxposed person is equal 1o years of life lost per case multiplied by
risk of exposurc-induced death divided by 100.

¢ Dose is weighted dose with neutron RBE = 10.
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Table 30

Estimates of projected lifetime risk of solid tumours following acute whole-body exposure of 0.2 Sv or 1 Sv from
low-LET radiation

Risk of exposure-induced death (REID) (%) °

Years of life last per case (YLC)b

Age at for projection method with a 10-year latent period and relative for projection method with a 10-year latent period and relative risk
exposure risk
(rears)
Assumed constant Declining to risk Declining to Assumed constant Declining to risk Declining 10
Jfrom 10 years for age 50 years zero risk from 10 years after for age 50 years zero risk
after exposure ar exposure © at age 90 years d exposure at exposure © at age 90 years d
Exposure of 0,2 Sv ¢

Newbomn 5.8 3.5 26 14.3 17.4 20.2
s 4.6 3.1 22 14.0 16.6 19.7
10 3.8 28 20 13.8 15.9 18.9
5 31 25 1.8 13.5 15.1 18.1
20 26 22 1.6 13.2 143 17.1
25 22 2.0 15 12.8 13.6 16.0
30 20 19 1.5 124 12.8 147
35 1.8 1.7 1.5 119 12.1 13.5
40 1.6 1.6 i.5 114 11.5 12.3
45 15 15 1.5 10.7 10.7 11.2
50 15 L5 L5 10.0 10.0 10.0
55 1.4 1.4 14 9.1 9.1 9.1
60 13 13 L3 8.3 8.3 83
65 0.8 0.8 0.8 59 5.9 59
70 0.6 0.6 0.6 4.2 4.2 4.2

Exposure of | Sv *

Newborn 249 16.1 12.1 15.3 17.9 20.6
5 20.6 14.4 10.6 14.8 17.1 200
10 17.0 129 9.3 14.4 16.3 19.2
15 14.2 11.6 8.4 14.0 155 18.3
20 12.1 10.6 78 13.6 14.7 173
25 10.5 9.7 7.5 13.1 13.9 16.1
30 9.3 8.9 73 12.7 131 14.9
35 8.4 83 7.2 12.1 123 13.6
40 78 7.8 7.2 11.6 11.6 124
45 74 1.4 7.1 10.9 10.9 ns3
50 70 7.0 7.0 10.1 10.1 10.1
55 6.7 6.7 6.7 9.2 9.2 9.2
60 6.4 6.4 6.4 84 8.4 8.4
65 4.1 4.1 4.1 6.0 6.0 6.0
70 28 2.8 28 4.3 43 4.3

Estimated percentage of population that would dic due to radiation-induced cancer. Computed using sex- and age-at-exposure-specific relative risk estimated
for the life span study cancer mortality data for 1950-1987. Risks were applied to Japanese death rates of 1985 [J5). Since sex-specific estimates of the excess
risk were virtually identical, the estimates are averaged over sex.
Average years of life lost per exposure-induced death. The average years of life lost per exposed person is equal to years of life lost per case multiplied by
risk of exposure<nduced death divided by 100.
Constant relative risk for first 45 years afier exposure; risk then decreases lincarly with age. At attained age 90 years, the risk is equal to that for a person aged
50 years at exposure.
Constant risk for first 45 years after exposure; risk then decreases linearly with age. At atiained age 90 years, the risk is zero.
Dose is weighted dose with neutron RBE = 10.
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Table 31
Comparison of estimates of lifetime risk of mortality from solid tumours and leukaemia following acute whole-
body exposures of 0.2 and 1 Sv ¢

Risk of exposure-induced death (REID) (%) Years of life lost per case (YLC)
Projection method Following expasure of Following expasure of Following expasure of Following expasure of
0.2 Sv 1 8v 0.2 Sv 18v

Solid tumours

Coustant relative risk ® 24 10.9 112 116

Decline 1o risk for age at exposure 50 © 1.9 9.2 12.1 123

Decline to zero risk at age 90 ycars © 16 75 13.6 133

Constant relative risk (UNSCEAR 1988) ¢ - 9.7 - 11.4
Leukaemia

Linear-quadratic dose-response modei ¢ 0.14 1.1 3 31

Constant relative risk (UNSCEAR 1988) © - 1.0 - %

¢ Dose is weighted dosc with neutron RBE = 10. Values are projections based on data for 1950-1987 [R23]. Age distribution of population is that of Japan in
1985 [J5].

b Based on a lincar dose-response model with sex- and age-at-exposure-specific risks. Projection methods are described in footnotes c and d of Table 30.

¢ Risks computed using age-specific risk coefficients and multiplicative risk projection [U2).

4 Projection was made using the excess absolute risk model fit to the life span study pooled lcukacmia data, using a non-lincar dose-response model.
Table 32

Site-specific lifetime risks for solid tumours und leukaemia following a whole-body acute exposure of 1 Sv ¢

Risk of exposure-induced death (REID) (%)
Site of cancer

Males Females Both

Leukaemia ® 1.3 0.9 11
Oesophagus 03 0.7 0.5
Stomach 0.9 20 14
Colon 0.5 0.6 0.6
Liver 22 03 1.2
Bladder 0.4 0.2 0.3
Lung 1.8 3.1 25
Breast - 2.0 1.0
Ovary - 0.5 03
Other 43 20 31
Total (except leukacmia) € 10.4 114 10.9
Total 11.7 12.3 120

?  Projections are based on age-at-exposure-specific valucs computed using death rates for Japan in 1985 [J5]. Rates were averaged over ape at cxposure using
the population of Japan in 1985.

b Leukaemia risks were computed using the excess absolute risk model presented in [P33]. This model has a non-linear dose response and the risk varies with
time, sex and age al exposure. Projection beyond the current follow-up was based on this model.

¢ Solid tumour risks were computed using linear dose-sesponse models with age-at-exposure and sex-specific relative risks and a 10-year latency period.
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Table 33
Standardized mortality ratios for all causes of death and for malignant neoplasms for nuclear energy workers
[D10]
Standardized mortality ratios © for deaths due 10
Nuclear installation Cancer of
All Cancer of .
All causes mali digestive Lung lymphatic m:ic Lewk .
neoplasms systen cancer ¥
System
United Kingdom
United Kingdom Atomic Energy
Authority 0.76 0.78 0.79 (108) 0.71 (153) 0.98 (38) 1.2 (18)
Scllafield ¥ 0.9 0.9 1.07 (132) 0.88 (147) 0.93 (27) 0.83 (10)
United Kingdom Atomic Weapons
Establishment © 0.73 0.79 0.84 (90) 0.64 (85) 0.48 (11) 0.44 (9)
United States
United Nuclear 0.83 0.97 0.84 (107) 1.02 (14) 0.88 (4) 119 (2)
Pantex i¥p) 0.63 0.45 (8) 0.51 (12) 0.89 (7) 1.34 (4)
Rocky Flats 0.63 071 0.73 (25) 0.65 (30) 0.64 (9) 0.75 (4)
Portsmouth 0.78 0.96 . - 0.74 (15) 0.8 (T)
Oak Ridge National Laboratory 0.73 0.80 0.67 (41) 0.75 (59) 1.04 (28) 1.50 (16)
Osk Ridge, Y-12¢ 1.00 0.96 0.73 (210) 1.23 (324) 0.83 (17) 1.04 (40)
Oak Ridge, Y-12 ¢ 0.89 1.01 0.74 (33) 1.36 (89) 0.90 (19) 0.50 (4)
Oak Ridge federal nuclear plants L1 1.05 0.80 (490) 1.27 (850) 0.98 (195) 1.13 (92)
Hanford 0.78 0.85 0.86 (310) 0.84 (339) 0.82 (103) 0.71 (36)
Linde Air Products LI8 L12 1.38 27 1.02 (21) 0.93 (6) .
Savannah River 0.75 0.74 0.70 (50) 0.83 (83) 0.95 (32) 1.50 (18)
Naval shipyards 0.76 0.99 0.94 107 0.82 0.91

" AN oo

Observed deaths in parentheses.

Substantial proportion of radiation workers monitored for plutonium.
Substantial proportion of workers exposed 10 tritium,

Workers employed 1943-1947.
Workers employed only afier 1947.
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Table 34
Estimates of excess relative risk per sievert for all cancers and leukacmia from studies of workers in nuclear and
related industries ©
[C34]
All cancers Leukaemia Other observations
Nuclear
installation Subjects | Number Excess Number Excess c Number Ref.
o relasive | 90% cI o relative | 90% CI ancer o
deaths risk deaths risk ope deaths
v (sv)
Cansda
Atomic Energy | 8,977 2198 0.05 068217 4c 19.0 0.14-113 [G3]
of Canada
Lid.
United Kingdom
Alomic Encrgy 21,545 720 0.8 -1.0-3.1 31 4.2 -5.7-2.6 Uterus 8 [F11)
Authority 4 Prostate 42
Atomic 9,389 275 7.6 0.4-153 4 4 . - Lung 8s (BS)
Weapons Prostate © 2
Establishment
Sellafietd 10,157 396 . . 10 ! / Bladder 14 (S14)
Multiple myetoma 7
Lympho- n
haematopioetic
National 95,217 1,435 0.47 0.12-1.2 47 < 4.28 0.40-13.6 Thyroid 9 [K20]
Registry for
Radiation
Wotkers
United States
Hanford 36971 | 1,413 00 019 4 1.1 0-19 Hodgkin’s discase 19 (G16}
Pancreas n
Oak Ridge 8,313 346 £y 1.26-5.3 28 6.38 £ -11.2-24 Lung 96 W21}
National
Laboratory
Combined * 35,933 1,036 1.0 <004 a2 <0 <0-34 | Multiple myeloma 12 [G19]
?  Doses are lagged by 10 years for cancers and 2 years for leukaemia unless otherwise specified.
5 Excluding leukacmia.
¢ Excluding chronic lymphocytic lcukaemia.
d

oo Y~ n

95% confidence interval.
Only among workers monitored for exposure to radionuclides.

Significant trend.

Doses are not lagged.
Hanford, Oak Ridge National Laboratory and Rocky Flats combined.
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Table 35

studies and survivors of the atomic bombings in Japan

Risk estimates for all cancer and leukaemia (excluding chronic lymphaocytic leukaemia) from occupational

Study

Excess relative risk (Sv" )?

All cancer

United Kingdom [K20]
National Registry for Radiation Workers ®

0.47 (-0.12-1.20)

United States [G17)
Hanford, Oak Ridge National Laboratory and Rocky Flats combined €

-1.0 (<0-0.4)

United Kingdom and United States combined [K21]

0.23 (<0-0.83)

Survivors of atomic bombings in Japan ¢
Males only, exposed over age 20 years 1950-1970
(linear relative risk model, RBE = 10)

0.33 (0.11-0.60)

Leukaemia (excloding chronic lymphocytic leukaemia)

(linear-quadratic relative risk model, RBE = 10)

United Kingdom [K20]

National Registry for Radiation Workers 4.3 (0.40-13.6)
United States [G17]

Hanford, Oak Ridge National Laboratory and Rocky Flats combined ¢ <0 ° (<0-3.4)
United Kingdom and United States combined [K21] 1.7 (<0-5.9)
Survivars of atomic bombings in Japan ¢ [R23]

Males only cxposed over age 20 years 1950-1970 6.2 (2.7-13.8)

n

and Nuclear Bectric.

No low-dose-rate reduction factor has been included.

¢ Likelihood maximized at a value that would have led to ncgative excess relative risks.

Estimates for occupational studies based on a linear relative risk model. Doses lagged for 10 years (all cancer) or 2 years (leukacmia). 90% (1 in parentheses.
Based on monitored workers at sites operated by British Nuclear Fuels (including Sellafield), Ministry of Defence, United Kingdom Atomic Energy Autherity

Based on monitored white males employed al least six months at the Hanford sits, Oak Ridge National Laboratory or at the Rocky Flats nuclear weapons plant.

Table 36

Comparison of risk estimates for mortality in survivors of atomic bombings in Japan
and nuclear workers in the United Kingdom and in the United States

Sice Collective Average Excess relative risk (Sv') * Lifetime risks (% Svly ¢
Person-
Group - of dose dose
cohort years (man Sv) mSv) All cancer L eukaemia All cancer Leukaemia
Survivors of atomic bombings 75,991 2,185,000 10,500 251 0.39 52 4t 04?
(ST} (0.32-0.46) (3.8-7.1) (3-5) (0.3-0.55)
Nuclear workers in the 95,217 1,218,000 3,198 34 0.47 43 10 0.76
United Kingdom [K20] (-0.12-1.20) (0.40-13.6) (<0-26) (0.07-2.4)
Nuclear workers in the 35,933 705,000 1,140 32 0.99 <15 <0 <0
United States {G17} (-1.6-0.38) (<-1.5-3.9) (<0-8.2) (<0-0.60)

“  90% C1 in parentheses.

& Based on ICRP {110] with low-dose-rate reduction factor of 2.
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Table 37
Cancer mortality among workers at the Mayak nuclear plant ¢
[N4]
Percentage of deaths from cancer jor total gamma dose
Employees at
<1.0 Sv >1.0 Sv
Facility A 5.7+ 06 94212
Facility B 43204 81206
Both fadilities 18204 84=05
?  Employees who started work before 1958.
Table 38
Cancer mortality among male workers at the Mayak reactors and reprocessing plant
(23]
Reactor workers Reprocessing plant workers
1949-1953 1954-1958 1949-1953 1954-1958
Average cumulative gamma dose (Sv) 2 492 245 1.16
Number of wotkers with film badge record 1.286 509 1,812 1,479
Person-years (to 31 December 1989) 45947 15,730 61,649 44,464
All cancer
Observed 101 19 197 55
Expected 126.4 26,3 153.2 613
Obscrved/expected * 0.80 (0.70.9) 0.72 (0.4-1.1) 1.28 (1.1-1.4) 0.9 (0.7-1.1)
Leuksemia
Observed 6 2 25 6
Expected 5.68 1.41 n 359
Obscrved/expected © 1.06 (0.5-2.1) 1.42 (0.34.5) 3.52 (2.44.4) 1.67 (0.7-3.3)
?  95% (1 in parentheses.
Table 39
Lung cancer deaths in workers at the Mayak radiochemical plant
(H17]
Cumulative equivalens dase -
in lungs (SV) Number of workers Observed cases Expected cases
0-0.25 470 0 21
0.26-1.00 607 4 6.2
1.01-4.0 929 19 16.2
>4.00 340 2 8.1
All cascs 2,346 45 326
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Table 40
Mortality from breast cancer among female luminizing workers in the United Kingdom
[B35]
Absorbed dase from gamma rays
<0.2 Gy 20.2 Gy
Women <30 years old at start of work
Mean absorbed dose (Gy) 0.085 Q.51
Number at risk 255 678
Person-years 8,569 27,299
Observed 5 16
Expected 3.00 10.62
Observed/expected 167 (p = 0.18) 1.51 (p = 0.074)
90% Cl (0.7-3.9 (0.9-2.3)
Women 2M years old at start of work

Mean absorbed dose (Gy) 0.10 0.50
Number at risk 110 160
Person-years 3,200 5816
Observed 5 2
Expected 2.3¢9 4.49
Obscrved/expected 209 {(p=009)" 0.45(p =0.94) °
90% C1 (0.8-4.4) (0.1-1.4)

a

Single-sided significance value.

Table 41

Odds ratios for mortality from leukaemia among residents of Utah exposed to radioactive fallout from the

Nevada test site [S48]

Odds ratios *
Tes?
Low dose Intermediate dase High dose for trend
(0.0-2.9 mGy) (3.0-5.9 mGy) (6.0-30 mGy)
All leukaemias 1.00 1.08 (0.91-1.27) 1.69 (1.01-2.84) NS
All leukaemia
except chronic lymphocytic lcukacmia 1.00 1.08 (0.89-1.30) 1.72 (0.94-3.12) NS
Age at exposure
0-19 years 1.00 1.13 (0.74-1.72) 3.97 (1.18-13.3) NS
20-49 years 1.00 0.99 (0.74-1.33) 1.39 (0.44-4.36) NS
250 years 1.00 1.17 (0.86-1.58) 1.36 (0.56-3.30) NS
Ape at death
0-19 years 1.00 1.20 (0.62-2.32) 5.82 (1.55-21.8) p =002
20-49 years 1.00 0.92 (0.59-1.42) 2.97 (0.56-15.6) NS
50-64 years 1.00 0.82 (0.56-1.21) 1.48 (0.36-6.16) NS
>65 years 1.00 1.26 (0.97-1.64) 1.06 (0.43-2.59) NS
Year of death
1952-1957 1.00 1.30 (0.43-3.88) 3.09 (0.76-12.5) p = 0041
1958-1963 1.00 0.89 (0.60-1.33) 2.40 (0.81-7.08) NS
1964-1969 1.00 1.31 (0.89-1.91) 2.57 (0.76-8.67) NS
1970-1975 1.00 0.94 (0.63-1.40) 0.31 (0.03-2.74) NS
1976-1981 1.00 1.11 (0.78-1.57) 1.05 (0.25-4.41) NS
Cell type
Acute lymphocytic leukacmia 1.00 0.91 (0.58-1.43) 5.28 {(1.66-16.7) p = 0.009
Acute non-lymphocytic leukacmia 1.00 1.21 (0.94-1.55) 1.31 (0.50-3.42) NS
Acute leukacmias ? 1.00 1.13 (0.91-1.41) 2.12 (1.03-4.35) p = 0.046
Chronic lymphocytic leukaemia 1.00 1.06 (0.76-1.50) 1.70 (0.61-4.73) NS
Chronic nos-lymphocytic leukacmia 1.00 0.94 (0.65-1.37) 0.68 (0.18-2.58) NS
Other 1.00 0.95 (0.38-2.36) 3.66 (0.54-24.6) NS

b

95% coanfidence interval in parenthescs.

Presence of acute lymphocytic leukaemia and acute non-lymphocytic leukaemia plus three other acute leukaemias not otherwise specified.
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Table 42
Risk estimates for site-specific cancer mortalitly in the population living along of the Techa River, 1950-1982
[K18]
Ethnic group Leukaemia Stomach Oesophagus Lung
Excess absolute risk (10¢ P\'Gy)'l ab

Tartars and Bashirs 0.93 (-0.097-1.96) 1.06 (-2.45-4.56) 0.55 (-0.91-2.01) 1.51 (-1.36-4.38)
Russians 0.80 (-0.06-1.54) 2.80 (-1.57-7.17) 4.35 (0.45-8.25) .73 (-3.50-2.04)
Tanars, Bashkirs and Russians,

assuming common effect 0.85 (0.24-1.45) 1.84 (-0.96-4.64) 1.51 (-0.23-3.24) 0.61 (-1.34-2.56)

Excess relative risk (Gy") a

Tartars and Bashirs 2.55 (-0.48-5.76) 0.18 (-0.43-0.76) 1.00 (-0.69-3.68) 0.53 (-0.48-1.54)

Russians
Tartars, Bashkirs and Russians,
assuming common cffect

4.97 (-1.83-11.8)

3.24 (0.48-6.00)

0.86 (-0.55-2.27)

0.33 (-0.25-0.91)

2.31 (0.008-4.61)

1.89 ( 0.09-3.70)

037 (-1.75-1.01)

0.31 (-0.50-1.11)

¢ Account taken of ethnic differences in background rates. 90% (4 in parentheses.
b Since information on causc of death is available for only two thirds of deaths, excess absolute risk is likely 10 be underestimated.

Table 43
Incidence of leukaemia in individuals surveyed in the Techa River and Kyshtym accident studies

[K18)

Dase in bone marrow

Person-years

Cases of leukaemia

Incidence rate ¢

Gy) (thousands) o’ pry!
Techa River study
143 % 468 6 128 (5.6-25.3)
0822 6.3 3 8.3 (2.3-21.3)
0.59 ® 90.9 9 9.9 (5.2-17.3)
0297 106.8 12 11.2 (6.5-18.2)
013% 108.0 7 6.5 (3.0-12.2)
Control group 1 2,956 133 45(3.9-5.2)
Control group 2 1,664 93 5.6 (4.6-6.6)
Kyshtym accident study
0.20.25°¢ 26 3 133 (3.6-34.3)
0.03-0.12 ¢ 1129 9 8.0 (4.4-9.1)
0.003-0.03 < 3579 23 6.4 (4.49.1)
Control 526.7 28 5.3(5.3-7.3)

¢

90% (1 in parenthescs.

Mean dose.
Range.




ANNEX A: EPIDEMIOLOGICAL STUDIES OF RADIATION CARCINOGENESIS

133

Table 44

Age-specific incidence of leukaemia, thyroid cancer and all other cancers in the Ukrainian districts Polesskoe,
Narodichy and Ovruch, 1981-1990

[P34)
Incidence rate (1 liad ) ¢

Year

0-14 years 15-44 years 45-64 years 265 years

Leuknemia
1981 31 3(2) 12 (5) 4 (1)
1982 0 74 5(2) 4(1)
1983 0 3(2 10 (4) 18 (4)
1984 9(3) 5(3) 12 (S) 9(2
1985 0 2(1) 3( 10 (2)
1986 3(1) 2(1) 12 (5) 8(2
1987 7(2) 2(1) 9(4) 30(7
1988 4(1) 2(1) 17(N) 26 (6)
1989 0 1] 10 (4) 2 (5)
1990 8(2) 2(1) 13 (5) 33(7)
Thyroid cancer
1981 0 2(1) 2(D) 0
1982 0 3(? 5(2) 0
1983 0 0 2(1) 0
1984 0 2(1) 5(2) 0
1985 0 0 3D 0
1986 0 0 2(1) 0
1987 0 2(Y 5(2) ]
1988 0 0 7(3) 0
1989 0 2(1) 0 0
1990 11 (3) 4(d 3(1) 0
All other cancers ®

1981 0 44 (26) 468 (199) 467 (106)
1982 3 53 (31) 473 (199) 565 (127)
1983 0 52 (30) 457 (189) 524 (116)
1084 9(3) 45 (25) 483 (194) 586 (348)
1985 6(2) 42 (23) 508 (202) 715 (154)
1986 10 (3) 46 (23) 453 (195) 577 (138)
1987 10 (3) 63 (31} 416 (177) 787 (186)
1988 7(2) 65 (32) 479 (201) 711 (166)
1989 4(1) 45 (27) 479 (200) B11 (188)
1990 0 49 (22) 44 (171) 893 (190)

¢ Number of cascs in parentheses.

b Excluding leukacmia and thyraid cancer.
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Table 45
Observed number of cancers and standardized incidence ratios for 1,762 women treated with By ror
hyperthyroidism at Massachusetts General Hospital

[G7]
Amount of 131 received from al ireaiments combined
Cancer site None 4-239 MBg 240-369 MBgq x 370 MBq

Observed SR ¢ Observed SIR ¢ Observed SR Observed SIR°
All malignant neoplasms 32 10 41 0.9 53 0.9 48 10
All digestive argans 8 1.1 13 1.1 15 0.9 13 09
Pancreas 2 29 2 L7 3 1.8 3 22
Breast 10 10 18 1.4 14 0.9 18 1.5
Brain 1 24 1 1.8 0°¢ 0 3 604
All ather sites ? 13 0.9 9 0.4 24 0.9 14 0.7
Number of women © 356 447 529 416
Averape age at entry (years) 36.1 46.3 48.6 535
Number of person-years 7,414.1 7,250.7 8,699.7 6,146.0

SIR = Standardized incidence ratio (observed/expected). Expected numbets were based on age- and calendartime-specific incidence rates for Connecticut white
women. Unless indicated, standardized incidence ratios do not differ significantly from 1.

Data not reported for any of these sites individually.

Expected number is 0.7.

95% CI: 1.2-17.5.

Excluded 14 women whose dose was unknown.

" RN O
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Table 46
Leukaemia incidence in patients in Sweden given 131y for treatment or diagnostic purposes
[H26]
Leukaemia other than CLL Chronic lymphatic leukaemia All leukaemias
Group (CLL)
No. SR 95% CI No. SIR 95% CI No. SR 95% CI
Total 130 1.09 0.91-1.29 65 1.08 0.84-1.38 195 1.9 0.94-1.25
Females 104 113 0.92-1.37 43 1.08 0.78-1.45 147 111 0.94-131
Males 26 0.94 0.62-1.38 22 109 0.68-1.65 48 101 0.74-1.33
Dose in bone marrow (mGy) °
0.00-0.01 (0.009) 10 1.28 0.62-2.36 2 0.53 0.06-1.90 12 1.04 0.53-1.81
0.02-0.10 (0.058) 31 1.01 0.69-1.44 17 L15 0.67-1.83 48 1.06 0.78-1.40
0.11-10 (3.9 62 1.23 0.94-1.58 30 1.2 0.82-1.74 92 13 0.99-1.50
11-100 (39) 23 0.85 0.54-1.28 9 0.62 0.28-1.17 32 0.77 0.53-1.09
>100 (221) 4 1.04 0.28-2.67 7 317 1.27-6.53 11 1.82 0.91-3.26
Age at exposurc
<40 years 19 Lo7 0.64-1.67 5 103 0.34-241 24 1.06 0.68-1.58
40-60 years 78 1.17 0.92-1.45 39 1.18 0.84-1.62 117 1.17 0.97-1.40
*60 years 33 0.93 0.64-1.31 21 0.93 0.58-1.42 54 0.93 0.70-1.22
Time after exposure
2-9 years 38 0.95 0.67-1.30 13 0.71 0.38-1.21 51 0.87 0.65-1.14
10-19 years 63 1.29 0.99-1.65 30 L2 0.83-1.75 93 127 1.02-1.55
220 years 29 0.96 0.64-1.37 22 1.26 0.79-1.90 51 107 0.80-1.41
¢ Mean dose in parentheses.
Table 47
Radiation weighting factors recommended by ICRP
{110}
Type of radiation Energy range Radigtion weighting factor wg
Photons, electrons, muons All energies 1
Neutrons <10 keV, 520 keV 5
Protoas >2 MeV 5
Neutrons 10-100 keV, 2-20 MeV 10
Neutrons 0.1-2 MeV 20
Alpha particles, fission fragments, heavy nuclei All encigies 2
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Table 48

Causes of death in patients in the German Thorotrast study [V9]

Number of deaths
Cause of death
Exposed 1o Tharotrast Controls
Diseases with high excesses
Liver cancer 396 2
Liver cirthosis 168 40
Myeloid leukacmia 35 3
Bone marrow failure 29 4
Diseases that probably have an excess

Cancer of the extrahepatic bile ducts 26 6
Cancer of the pancreas 18 S
Noo-Hodgkin's lymphoma 14 4
Plasmacytoma 7 1
Cancer of the oesophagus 7 1
Cancer of the larynx 5 1
Bone sarcoma 4 1
Malignant mesothelioma

Pleural 3 0

Peritoneal 2 [}

Diseases without apparent excess
Lung cancer 47 44
Stomach cancer 30 43
Brain cancer 18 11
Prostate cancer 16 1
Colon cancer 10 16
Rectal cancer 8 12
Breast cancer 7 17
Kidney cancer 6 5
Cancer of the uripary bladder 5 s
Ovary cancer 4 4
Chronic lymphatic leukaemia 3 3
Hodgkin's disease 3 2
Adrenal cancer 2 1
Acute lymphatic lcukaemia 1 0
Total number of deaths 2,110 1,463
Total number of patients with follow-up 2,334 1912
Table 49
Cancer incidence in patients in the Danish Thorotrast study [A12]
Cancer site or fype Observed SR 95% CI
Cancer with statistically significant excess
Liver 9 126 100-157
Liver, not primary 14 30 17-51
Gall-bladder 15 14 8.1.24
Leukacmia 3 10 6.5-15
Nasal cavity 2 10 1.2-36
Peritoneum 3 8.6 1.8-25
Muitiple myeloma 4 4.6 1.2-12
Ovary 7 24 1.0-5.0
Lung, primary 23 23 1.4-3.4
Breast 18 1.8 1.1-28
Metastases 16 12 6.7-19
Other, unspecified 10 11 5.3-22
Cancer without statistically significant excess

All other sites 93
Al sites (brain and CNS not included) 297 33 3.0-3.7
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Table S0
Primary liver cancers and leukaemia in patients in the Danish Thorotrast study
[A12)
Primary liver cancer Leukaemia
Observed number SIR Ohserved number SR
Age at injection
0-25 ycars 45 429 6 16
26-45 years 3 91 14 13
46-59 years 2 13 3 48
>59 years 1 30 0 1
Significance of trend p < 0.00001 p=0011
Injected volume
199 ml 2 57 0 0
10-19 ml 26 84 10 9.4
20-29 mil 31 151 9 12
>29 m! 20 244 4 13
Significance of trend p < 0.0001 p=031
Time since injection
0-9 years 0 0 2 5.0
10-19 years 2 2 4 23
20-29 years 13 64 7 1
30-39 years 45 212 8 16
>39 years 19 255 2 12
Significance of trend p < 0.00001 p=0.07
Eatimated mean cumulative dose °
Liver
0-2.9 Gy 7 px)
3.0-3.9 Gy 15 101
4.0-49 Gy 13 176
5.0-59 Gy 17 380
>5.9 Gy 27 443
Significance of wrend » < 0.00001
Red bone mamow
0-09 Gy 5 5.2
1.0-19 Gy 11 16
2.0-29 Gy 5 23
>9 Gy 2 26
Significance of trend p = 0.0003

Mean dose to liver and red bonc marrow was estimated taking account of volume, latency period (lagged 10 years for liver) and radiophysical propertics,
including seif-absorption.
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Table 51
Desths from cancer and other causes in 592 workers In a thorium processing plant ¢
(28]
Number of Number of Standardized
Cause of death observed deaths expected deaths mortality ratio 95% ci
Cancer

Digrstive ofgans 13 6.82 1.91 (1.01-3.25)

Rectum 1 0.85

Liver 2 0.62

Pancreas 5 1.21 4.13 (1.34-9.63)
Lung 10 5.96 1.68 (0.81-3.09)
Skin 1 0.40
Brain, central nervous system 3 0.63
Lymphosarcoma 1 0.51
Hodgiin's disease 2 0.34
Leukaemia 2 0.91
All cancers 38 21.69 L7s (1.26-2.39)

Other diseases
Circulatory system 59 65.76 0.90 (0.69-1.17)
Respiratory system 8 6.66 1.20 (0.52-2.37)
Digestive system 6 5.90 1.02 (0.37-2.22)
All other causes

External causes 2 12.67 2.05 (1.33-3.01)
Motor vehicle accidents 13 4.31 3.02 (1.61-5.16)
Unknown causes s
All causes b 153 123.10 1.24 (1.06-1.45)

Workers were employed for one year or longer in job categories with high exposures to thorium and thoron.
& Total person-years 10,621; mean age at entry 33.4 = 13.1 SD; mean year at entry 1955,
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Table 52
Variation with time since exposure in excess relative risk of lung cancer per unit exposure to radon

(T3, X1]

Chinese tin miners ° West Bohemian uranium miners b
Number of lung cancers 981 503
Time since exposurs (years) 5-14 1.0° 1.0°¢
15-24 0.5 0.5
25-34 0.4 0.2
>35 02 0.0
p value for heterogeneity 0.05 <0.001

Background risk adjusted for age and exposure to arsenic.

Estimate of ERR/WLM adjusted for attained age and proportion of time spent in the Jichymov mine. Men who worked in shafts with radon concentrations
greater than 10 WL are excluded.

Value fixed at 1.0. Other values are estimated ERR/WLM relative to this baseline category.

Parameter constrained to be non-negative in model-fitting,

Table 53
Variation with attained age in excess relative risk of lung cancer per unit exposure to radon
[T3. X1]

Chinese tin miners * West Bohemian uranium miners ®
Age aitained Number of Excess relative risk Age attgined Number of Excess relative riskRR
(vears) lung cancers (% WLM h (rears) lung cancers (% WLM 1)
<50 98 1.02 <35 7 11.08
50-54 158 0.18 35-44 35 2n
55-59 219 0.10 45-54 151 215
60-64 245 0.23 255 310 1.36
=65 261 0.04
p value for heterogeneity <0.001 p value for heterogeneity <0.001

Background risk adjusted for age and arsenic exposure, but estimates of ERR/WLM include entire follow-up period and are not specific to the 5-14 year period
of maximum effect, Values are lower than in the West Bohemian cohort b tisk decreases with time since exposure.

Estimate of ERR/WLM adjusted for proportion of time spent in the Jachymov mine and time sincc cxposure. Values quoted are specific for men who had
spent less than 20 per cent of their employment at the Jichymov mine and for exposures in the preceding 5-14 years. They are therefore higher than in the
Chinese tin miner cohort.
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Table 54
Lung cancer deaths and estimated excess relative risk in cohorts of miners ¢
[L21]
Exposed miners Unexpased miners
Excess relative risk per
Location unit exposure ®
Number Person- Average Deaths Number Person- Deaths (% WLM)
of miners ears cxposure from lung f miners ears from lung
year (WLM) cancer 2 en 4 cancer

China 13,649 135,357 277.4 936 3,494 39,985 4 0.16 (0.1-0.2)
Czechoslovakia 4,284 103,652 198.7 656 0 4,216 5 0.34 (0.20.6)
Colorado 3,347 75,032 807.2 327 0 7,403 2 0.42 (0.30.7)
Ontario 21,346 319,701 30.8 82 0 61,017 9 0.89 (0.5-1.5)
Newfoundland 1,751 35,029 367.3 112 337 13,713 6 0.76 (0.4-1.3)
Sweden 1,294 32,452 80.6 79 0 841 0 0.95 (0.14.1)
New Mexico 3,457 46,797 110.3 68 12 12,152 1 1.72 (0.6 6.7)
Beaverlodge 6,895 68,040 17.2 56 1,591 50,345 9 2.21 (0.9-5.6)
Port Radium 1,420 31,454 242.8 39 683 2222 18 0.19 (0.1-0.6)
Radium Hill 1,457 25,549 7.6 32 1,059 26,301 22 5.06 (1.0-12.2)
France 1,769 39,487 68.7 45 16 4,556 0 0.36 (0.0-1.3)
Total 60,570 908,983 161.6 2,620 7,176 242,332 116 0.49 € (0.2-1.0)

nooe

Entries include 5-year lag interval for exposure to radon.
95% CT in parentheses.

p < 0.001.

Table 55

Excess relative risk of lung cancer in relation to radon exposure rate for tin miners in China

(X1]

Excess relative risk per unii exposure

Exposure rate Number of (% WLMY)
(WLM al) lung cancer cases
Unadjusted for arsenic exposure Adjusted for arsenic exposure

<10 92 1.74 0.49
10-14 115 L15 0.37
15-19 200 1.09 0.37
20-24 211 0.83 0.3
25-29 234 0.70 0.19
230 129 0.48 0.16
<0.001 0.003

p value for heterogencity




ANNEX A: EPIDEMIOLOGICAL STUDIES OF RADIATION CARCINOGENESIS 141

Table 56
Relative risks of lung cancer and average exposure rates in cohorts of miners exposed to radon

Average Excess relative risk per unit exposure y
Location exposure rate (% WLM') @ Ref.
(WLM a”)
Original ® BEIR IV €

Beaveriodge ¢ 8¢ 214 3314 [H15)
Malmberget ¢ 5 3.6 36°¢ (R8]
France 5 0.58 - [T16)
Ontario ~10 13 1.8 M14)
Comwall 10 0.9 - [H37]
New Mexico -16 1.8 . [S28]
China 2? 0.6 027 (X1]
Czechoslovakia 2 1.7 . (S57)
Newfoundland -70 0.9 . M18]
Pont Radium 109 0.27 . [H16]
Colerado 124 N 09¢ (H18]

ERR/WLM depends on attained age (see text).

Estimate given by original authors. Values may not be comparable, as studies cover different ages and follow-up periods.

BEIR IV estimate, based on internal comparison but allowing the relative risk per WLM to vary between cohorts, for age 5564, 5-14 years after exposure.
When the relative risk is assumed to be the same for all cohorts, its estimated value is 2.5% per WIM.

The average exposure rate for the Beaverlodge mine has been divided by 0.65, and the risk estimates multiplied by 0.65 to take into account the recent dosimetry
revision.

Estimates of exposure rate may be too low [C6].

Original paper only gives estimates after allowing for exposure rate effect, so they are not directly comparable.

Based on cumulative lagged exposures of less than 2,000 WIM only.

Table 57

Variation in excess relative rsk of lung cancer mortality in men exposed to <10 WL in the West Bohemian
mining cohort ¢

(T3]
Exposure category Fractional change in risk from baseline category ®
Employment at Jichymov <20% (baseline category) 1.00
>20% 1.80 (1.27-2.97)
Time since exposure (years) ©  5-14 (baseline category) 1.00
15-24 0.47 (0.30-0.69)
25-34 0.24 (0.07-0.41)
235 0.00 ¢
Attained age (years) >35 8.15 (2.70-21.1)
35-44 2.00 (1.04-3.76)
45-54 1.50 (1.04-2.46)
>50 (bascline category) 1.00

LS

Excess relative risk per unit exposure for bascline catcgory is 1.36% WLM™! (95% CI: 0.52-3.54),
95% (1 in parentheses.

Ten-year window of exposure.

Paramcter constrained to be non-negative.
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Table 58
Geographical studles of non-occupational exposure to radon and lung cancer
[S28]
Measure
Countrylarea Findings Ref.
Outcome Exposure
Canada Lung cancer mortality rates for Geometric mean WL from survey of | No association of lung cancer mortality rates} {L9]
18 cities, 1966-1979 14,000 homes done 1978-1980 with radon daughter levels
China Lung cancer mortality rates for two By area: "control” and "high Similar lung cancer mortality rates in the [H1o0,
areas of the Guangdong Province, background® two areas H20}
1970-1983
Denmark and Years of life lost from lung cancer Surveys of residential radon exposures |Lung cancer rates in Denmark (lower radon)| [G23]
Sweden were significantly higher than in Sweden
(higher radon)
Finland Comparison of lung cancer incidence | Regional survey in seven municipalities | Lung cancer rates did not differ from [C23]
with national mean in high radon areas national mean
France Lung cancer mortality rates for the two | By area: from the geology, indoor Significantly lower lung cancer mortality D11]
regions Limousin and radon was estimated 10 be 3-4 times rales in the high background region
Poitou-Charentes, 1968-1982 higher in Limousin region
haly Lung cancer mortality rates for 31 Soil geologic features Non-significant increase for males and [F9]
towns in central Italy, 1969-1978 females in areas of higher exposure
Japan Lung cancer SMRs, 1952-1988,in Average outdoor radon concentrations | SMR for lung cancer lower in high radoo M45]
Misasa spa area and neighbouring arca than in control area, but difference not
control arca statistically significant
Norway Lung cancer incidence for By municipality: based on measurc- Significant correlation between lung cancer | [{S29]
municipalitics ments in about 20 homes in cach incidence and mean radon concentration
Sweden Lung cancer mortality rates by county, |Estimated background gamma radiation, | Significant correlations for lung cancer rates | [E1]
1969-1978 assumed 1o correlate with radon in males and females with exposure
United Kingdom | Lung cancer mortality rates in England | By county: based on national survey of |For males and females, lung cancer rates [H19]
and Wales, by county, 1980-1983 2,000 homes inversely associated with county average
radon levels
United States
Florida Lung cancer in Florida compared with | Residence in central Florida phospate | Twofold increase among male non-smokers. | [S17]
colorectal cancer, 1981-1983 mining regon No significant increase for male smokers or
women
Rorida Lung cancer in Florida compared with |Residence in three-county area with 25 per cent increase in lung cancer {s31]
colorectal cancer 1981-1983 potential raised indoor radon level
Florida Database on episodes of serious illness | Statewide survey of residemtial radon ] Lung cancer relatively less frequent in males| [V13]
by county levels with highest radon exposures and slightly
more frequent in such females, compared to
those with little exposure
lowa Lung cancer incidence for Mean level of radium-226 in water Significantly increasing lung cancer B3]
municipalities of 1,000-10,000 supply incidence for males with exposure; increase
residents, 1969-1979 not significant for females
Mainc Lung cancer mortality rates by county, |Estimated county average for radon Significant associations in males and [HS]
1950-1969 concentraticn in water females between lung cancer mortality and
exposurc
Reading Prong Lung cancer mortality rates by county, {By county: based on proportion within | For the three counties mostly within the [F6]
1950-1969 Reading Prong Reading Prong arez, lung cancer mortality
for men was significantly elevated in all
three and for women, in two
Reading Prong Lung cancer mortality rates by county, {By county: based on geology; three For both sexes combined, lung cancer [AS]
1950-1979 levels of cxposure mortality followed 2 gradient consistent with
cxposure
Vanous counties | Lung cancer mortality rates for 411 By county: geometric mean For males and females, lung cancer [C13,
counties, 1950-1969 concentration measured in >10 homes | mortality rates inversely associated with C35]
county-average radon levels
Various counties  |Lung cancer mortality rates, 1950-1969 | Presence of phosphate deposit, mine or | Significant excess of high rates of lung [FS5]

processing plant in county

cancer in counties with phosphate mills




ANNEX A: EPIDEMIOLOGICAL STUDIES OF RADIATION CARCINOGENESIS 143
Table 59
Case-control and cohort studies of domestic exposure to radon and lung cancer
[S28]
Location Study design Subjects Exposure measwre Findings Ref.
Canada
Outario Casecontral | 27 cases Exposures reconstructed RR = 2.4 (95% CI: 0.8-7.1) with smoking [L1}
49 controls on the basis of adjustment for exposed vs. unexposed
measurements
Winnipeg Case-control | 750 cases Year-long alphe track No association between relative risk and fL10]
750 controls measurements cumulative exposure
China
Shenyang Case-controt 308 cases Year-long alphe track No association between radon and lung cancer, [B37]
356 controls measurcments with or without adjustment for cigarette smoking
habits
Sweden
Stockholm Case-control 292 female cases Gedlogy and living near RR = 2.2 (95% CI: 1.2-4.0) for exposed vs. [S19]
584 controls ground level uncxposed; exposurc+esponse relationship not
found
Stockholm Case-control 210 female cases Year-long alpha track Significant trend afier adjusting for smoking, age [P30,
209 controls measurements and municipality. RR = 1.0, 1.4, 1.7, 2.3 in $20]
categorics of increasing cumulative radon
exposure, but not when adjusted for occupancy
South Casc-control 37 cases Residence type: wood, RR = 1.8 (p < 0.05) for stone and mixed vs. [A3]
178 controls *mixed® or stone wood
South Case-control 177 cases Residence type and Exposure associated with increased risk for rural, [A6]
677 controls geology, all homes; but not urban, dwellers
measurements lasting two
months, some homes
North Case-control 15 non-smoker Construction Estimated mean exposure significantly higher for [p1]
15 smoker characteristics smoking cases than controls; exposure not
casc-control pairs different for non-smokers
North Case-control | 589 male cases Residence type: wood or RR not increased, with or without smoking [D1]
582 deceased controls non-wood adjustment; RR increased for those never
453 living controls employed in  occupations associated with lung
cancer
Oeland Casc-control 23 cases Residence type and RR = 4.3 (90% CI: 1.7-10.6) for low- vs. high- [E2,
202 controls measurements lasting four | exposure home type; RR = 2.7 (90% Cl: 1.4- E3]
months with alpha- 18.5) for low- vs. high-exposure home type by
sensitive film measurement; multiplicative interaction with
smoking
Stockholm Case-control 11 non-smoker Construction Estimated mean exposures comparablc for cases {P1)
12 smoker characteristics and controls regardless of smoking
case-control pairs
Naticowide Case-control | 1,360 cases Three months aipha track | Compared with <140 Bq m™, [P7]
2,847 controls measurements RR = 1.3 (95% CI: 1.1-1.6) for 140-400 Bq m3,
RR = 1.8 (95% CI: 1.1-29) for >400 Bq m™
United States
Maryland Cohort 298 cascs over a Housing characteristics No associations of incidence rates (s11]
12-year period with housing characteristics
New Jerscy Cohort 752 persons who had Measurements with Excess lung cancer in high exposure homes, but [K11j
lived in houscs with carbon canister detectors not si gnificant
documented high
exposure
New Jerscy Casecontrol | 433 cases Year-long alpha track Significant rend in risk after adjusting for {851]
402 controls measuremnents smoking, age and occupation; few high-dose

exposures
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Table 60
Cancer In two cohorts of young Seascale residents
[G1, G2, G22]

Cohort Cohort
Disease born 10 mothers resident in Seascale moved into Seascale after birth
Observed Expecied Observed Expected
Fatal leukacmis 57 0.53 0 0.54
Other fatal cancer 4t 1.07 1e 1.50
Non-fatal leukaemia 1 0.08 0 0.03
Nau-fatal other cancer 24 L1t 3/ 20t

Four with onset under age 5 years and one case of chronic myeloid leukaemia with onset at age 20 years.

Non-lHodgkin's lymphoma at age 3 years, Wilms' tumour at age 4 years, retroperitoneal sarcoma al age 6 years and metastatic squamous carcinoma of tongue
at age 28 years.

Ouset at age § years.

Non-Hodgkin’s lymphoma at age 1 year and melanoma at age 28 years.

Melanoma at age 33 years.

Hodgkin's lymphoma at age 26 years, non-Hodgkin's lymphoma at age 9 years, and carcinoma of lung at age 21 years.

o

M oAoan

Table 61
Average annual equivalent dose (RBE = 20) to red bone marrow ol a one-year-old chiid
in Seascale from exposure to effluents of the Sellafield plant

[S16]
Egquivalent dose in Seascale from Sellafield plant *

Year

Sy
1955 1200
1960 120
1965 58
1970 120
1975 330
1980 170

I

The estimated average annual bone marrow dose from natural radiation is 990 y8v.
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Table 62
Factors associated with increased risks of leukaemia in young people in West Cumbria
[G21]
Number of cases Relative
Facitor risk 95% Cl
Pasitive Negative b e
Mother's age at individual's birth x40 compered with <25 yrs 4 48 4.94 1.11-21.85
Father's age at individual’s birth 240 compared with <25 yrs 8 40 1.87 0.59-5.91
Matemal abdominal radiation in pregnancy 4 3 1.74 0.44-6.82
Play on beach more often compared with less often than monthly 13 15 0.89 0.37-2.17
Eating fish more often compared with less often than weekly 16 13 1.26 0.50-3.21
Father's occupation
Sellaficid 9 37 282 1.07-7.40
Iron and steel industry 5 41 1.84 0.60-5.60
Farming 5 41 1.98 0.66-5.96
Chemical industry 5 41 1.39 0.49-3.97
Father's occupational dose of radiation beforc conception
Previous 6 months
1-4 mSv 3 1.30 0.32-5.34
5-9 mSv 1 38 354 0.32-38.88
z 10 mSv 4 717 1.69-30.44
Total
1-49 mSv 3 112 0.31-4.05
50-99 mSv 1 g 0.69 0.08-5.73
= 100 mSv 4 6.24 1.51-25.76

a

b Compared with contrdls not matched for parish of residence.

The total number of cases varied between questions because of variation in the source of the information.
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Table 63

Leukaemia and non-Hodgkin’s lymphoma in young people living in Seascale: extent of paternal irradiation
before the child’s conception

(K27]
Paternal eternal dose Number of affected young people born
(mS) in Seascale Elsewhere
0 14 3
0.01-49.9 0 1
50.0-99.9 3 0
2100 24 1

c

Each of these categories included an additional individual who developed leukaemia within a few months of leaving Seascale for another address; the father
of oae had received a dose of more than 100 mSv and was included in Gardner's 1990 series [G21),

Table 64

Leukaemia in young people living near three nuclear sites in southern England

[R18]

Distance from sire Raiio of observed to expected cases ° af various ages

{km) 0-4 years 5-14 years 0-14 years
<5 9:385 1:3.83 10 : 7.68
59 20 : 10.56 11: 1033 31:20.89
10-14 14:12.96 21: 1411 35:27.07
=15 10 : 6.63 3:7.06 13 : 13.69

Cases included are from districts in which more than half of the population is within the defined area,
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Figure I.

Excess relative risk per sievert (Cl: 90%) for incidence (1958-1987) and mortali
from solid tumours, based on data of the life span study.
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Comparative estimates of excess relative risk per sievert (CI: 90%)
from epidemiological data on exposures under various conditions to low-LET radiation,
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EXCESS RELATIVE RISK (Sv*})

EXCESS RELATIVE RISK (Sv-1)
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Figure IIL

Temporal variation in excess absolute risk of leukaemia in the Life Span Study

for a weighted dose in bone marrow of 1 Sv.
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Figure TV,

Excess relative risk for the incidence of breast cancer in relation to age at exposure.
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Figure VI,
Excess relative risk per Sv (and CI: 95%) for mortality from leukaemia and cancers other than leukaemia
based on 1950-1987 data of the life span study.

The lines connecting smoothed points were obtained by weighting the estimated risk for the dose category (weight 0.5)
and the risks in the two adjacent categories (weight 0.25 each). For the highest dose category weights of 0.25 and 0.75
were used for the next to last and last category risk estimates, respectively.
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Figure VII.
Dose-response relationship for all ages and both sexes of solid tumour incidence
based on 1958-1987 data of the Life Span Study.

The excess relative risk per Sv is 0.63 (95% CI: 0.52-0.74).
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Figure VIIIL.
Dose-rate reduction factors for cancer incidence derived from data on survivors of the atomic bombings.

The minimum values correspond 1o the maximum likelithood estimates of the low-dose extrapolation factor (LDEF).
The points where the curves cross the 95% likelihood level give the confidence bounds for the LDEF.
Adjusted values account for bias introduced by random errors in individual dose estimates.
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Figure IX.
Absolute risk of breast cancer incidence by single breast in a study of women in New York
given radiotherapy for post-partum mastitis, adjusted for age at irradiation and Interval since irradiation.
Vertical bars are 9% CI and numbers in parentheses are number of cases.
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Figure X.
Relative risk for incidence of lung cancer in the Lgil'e Span Study cohort assoclated with cigarette smoking
for T65 dose groups. Adjusted for city, sex, age at exposure and attained age.
Vertical bars indicate £1 SE.
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Projection methods for lifetime risks of solid tumours in males.
The risk begins 5 years after exposure, is constant for 40 years and then either remains constant
or declines to intermediate level or zero at age 90.
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Figure XII.
Cancer mortality rates in populations living along the Techa River, USSR, 1950-1982,
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Figure XIII.

Bone sarcoma appearance times and average skeletal dose
in persons in the United States exposed to 26Ra.
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Comparative estimates of excess relative risk per WLM (CI: 95%)
from epidemiological studies of underground miners and from the combined data.
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Figure XVI.
Estimated and fitted excess relative risk of lung cancer per cumulative exposure
to radon and its decay products for the combined cohorts of miners.

The fitted curves are from models with an exponential function (solid line) and a power function (dotted line).
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absorbed dose

DDREF

equivalent dose

effective dose

low dose

low dose rate

kerma

LDEF

LET

radiation weighting factor

RBE

shielded kerma

tissue weighting factor

weighted dose

Glossary

Dosimetric terms and abbreviations

quantity of energy imparted by ionizing radiation to unit mass of malter, such as tissue.
Unit: gray (Gy). 1 Gy equals 1 joulc per kilogram.

dose and dose-rate effectiveness factor, See also LDEI,

quantity obtained by multiplying the average absorbed dose in a tissue or organ by a
radiation weighting factor to allow for the different effectiveness of the various ionizing
radiations in causing harm to tissue. Unit: sievert (Sv). The factor for gamma rays,
x rays and beta particles is usually 1; for alpha particles and neutrons (100 ke V-2 MeV)
it is 20.

quantity obtained by multiplying the equivalent dose in various specific tissues and
organs by a tissue weighting factor appropriate to each and summing the products. Unit:
sievert (Sv)

expression used in this document to refer to absorbed doses in the range 0-0.2 Gy or
equivalent doses in the range 0-0.2 Sv. For further discussion see UNSCEAR 1993
Report, Annex F, "Influence of dose and dose rate on stochastic effects of radiation".

expression used in this document to refer to dose rates of below 0.1 Gy per day for all
radiations. For further discussion see UNSCEAR 1993 Report, Annex F, "Influence of
dose and dose rate on stochaslic effects of radiation”.

kinetic energy released per unit mass of material

low-dose effectiveness factor. The factor by which the slope of a pure linear model
fitted to the data should be divided to give the low-dose slope, i.c. the linear term in
a linear-quadratic dose-responsc model. Also designated DDREF.

linear energy transfer, indicating the amount of the initial energy of a particle given up
per unit length of its path through material, as a result of ionizations and other
interactions. High-LET radiations include alpha parlicles and neutrons. Beta and gamma
radiations and x rays arc low-LET radiations.

factor representing the different effectiveness of different radiations in inducing
stochastic effects

when low- and high-LET radiations cause an cqual level of cffect, the ratio of their
absorbed doses is called the RBE (relative biological cffectiveness) of the high-LET
radiation relative to the low-LET radiation. For the purposes of routine radiation
protection, RBE is replaced by a single quantity (the radiation weighting factor) that
is judged to be reasonably representative of the range of RBEs for all relevant effects
at low doses and low dose rates; the product of absorbed dose in gray (Gy) and
radiation weighting factor is lermed the equivalent dosc and is measured in sievert (Sv).
Low-LET radiations are assigned a radiation weighting factor of unity, so an absorbed
dose of 1 Gy of low-LET radiation represents an equivalent dose of 1 Sv. An absorbed
dose of 1 Gy of alpha particles represent an cquivalent dose of 20 Sv.

kinetic energy released per unit mass of material afler the incident radiation has passed
through intervening shiclding malerial

factor for a particular tissuc representing the [ractional risk of the detriment (cancer
plus hereditary effects) atiributed to that tissue when the whole body is irradiated
uniformly

used in this Annex to represent approximate equivalent doses in the life span study of
the survivors of the atomic bombings, obtained by applying a value of RBE for
neutrons of 10.
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additive (absolute) risk model

multiplicative (relative) risk model

excess absolute risk (EAR)

excess relative risk (ERR)

person-years (PY)

relative risk (RR)

standardized mortality ratio (SMR)

standardized incidence ratio (SIR)

Epidemiological terms and abbreviations

a model in which a unit of exposure induces an increase in the basic non-exposed
age-specific mortality rate. The increase is independent of and thus additive to the
increases caused by other exposures.

a model in which a unit of exposure induces an increase in the cancer mortality rate
that is proportional to the underlying age-specific rate.

the absolute difference between the instantaneous incidence or mortality rates between
two groups of people, e.g. those exposed to radiation at a given level and those
unexposed

refative risk minus one

a unit of measurement combining persons and time, used as denominator in
instantaneous incidence and mortality rates. It is the sum of individual years that the
persons in the study population have been at risk of developing or dying from the
condition of interest.

the ratio of the instantaneous incidence or mortalily rates in two groups of people, e.g.
those exposed to radiation at a given level and those unexposed

the ratio of the number of deaths observed in the study population to the number of
deaths that would be expected i{ it had the same age-, sex- and calendar-period-specific
mortalily rates as the standard population, which is often taken to be the relevant
national population. The SMR is sometimes expressed as a percentage (i.e. multiplied
by 100).

analogous to the SMR bui calculated for numbers of incident cases of disease
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INTRODUCTION

1.  The scientific community has been aware for
many years of the possibility that low doses of
radiation may result in changes in cells and organisms,
which reflect an ability to adapt to the effects of
radijation. In lower organisms, for example, enhanced
proliferation in the presence of radiation at doses of a
few microgray per day to a few milligray per day has
been observed in experiments involving cultures of
prokaryotes and eukaryotic cells [C1, C2, C3, C4, C5,
Ceo, 11, 12, L4, P2, P3, T11].

2. The biological expression of adaptive and
stimulatory responses in seeds and plants (e.g. [C14,
H9, H10, R6, R7, S43]) has also been described. The
extensive literature up to 1976 supporting radiation-
associated adaptive effects was reviewed by Luckey
[L1]. A more recent publication by the same author
summarizes the literature between 1976 and 1991,
involving about one thousand reports judged by him to
demonstrate bencficial responses in animals and in
human populations {L2].
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3. It bas been suggested in recent years that the
conventional estimates of stochastic effects following
exposure to low doses of ionizing radiation may have been
overstated because no allowance was made for the
possibility that small doscs of radiation may condition cells
so as to induce processcs that reduce cither the natural
incidence of cancer in its various forms or the likelihood
of excess cancers being caused by further radiation
exposure.

4.  An imponant observation from mammalian cell
studies in support of these processes is that mitogen-
stimulated human blood lymphocytes exposed in vitro
appear to suffer less damage than would be expected
following acute exposurc to 3 few gray of low-LET
radiation if they are first exposed to a dose of a few tens
of milligray. This response to low-dosc exposure, which
remains effective for scveral hours, is referred to as an
adaptive response.

5.  Adaptive responscs have been observed in other
mammalian cell types, such as bone mamow cells and
fibroblasts, but not consistently in spermatocytes or at all
in embryo cells exposed in the pre-implantation stage.
Changes in the composition of the culture medium can
alter the adaptive response. In a wider context, it is known
that changes similar to those obscrved in radiation-induced
adaptive response can occur as a result of metabolic
disturbances and after damage resulting from exposure to
a varety of physical and chemical agents. The con-
sequences of these cecllular changes are referred to
collectively in the literature as stress response or response
to genotoxic stress.

6. Evidence of adaptive response has also been
described in studies using laboratory animals, in which the
animals were exposed cither to single acute doses from a
few tens of milligray to a few gray, or accumulated doses
of up to a few gray over a lifetime. Reported mani-
festations of this form of adaptive response described in
mammals after exposure to low doses of radiation include
an accelerated growth rate in the young, an increase in
reproductive ability, an extended life-span, stimulatory
effects on the immune system and a lower-than-expected
incidence of spontaneous tumours. A satisfactory
explanation of mechanisms that might be responsible for
such effects, which have not been consistently observed in
different investigations, is not obvious. It may involve a
DNA repair mechanism similar to that proposed for the
cellular adaptive response, implying its immediate
availability if cellular damage randomly occurs during the
animal’s lifetime. Involvement of the immunosurveillance
system has also been proposed.

7. Four conferences (onc on radiation hormesis, held at
Oakland, California, in 1985 [S1]; onc on low-dose radiation
and the immune system, held at Frankfurt in 1987 [S21];
one on low-dose iradiation and biological defense

mechanisms, held at Kyoto in 1992 [S2]; and one on low-
level exposures to radiation and related agents, held at
Changchun, China, in 1993 [I8]) have provided an opportu-
nity for scientists working in the ficld of low-dose effects to
present their experimental findings and debate the possible
mechanisms involved in radiation-induced adaptive response.

8. This Annex, based mainly on recently published
data, has been compiled by the Commitice with a view to
identifying the cellular mechanisms that may be involved
in the adaptive response at low doses. It should be
considered as a continuation of the discussions on radia-
tion response contained in the UNSCEAR 1993 Report
[U1]. One problem in identifying common mechanisms of
response is that there are differences between the doses
and dose rates used in cellular studies and those used in in
vivo studies of laboratory animals. A further complication
is that there are few studies available in which doses of a
few milligray per year above the natural background
radiation level have been used. Low doses were defined in
the UNSCEAR 1993 Report [U1], Annex F, "Influence of
dose and dose rate on stochastic effects of radiation", with
the values depending on the level of investigation, At a
microdosimetric level a low dose is defined as about
0.0002 Gy. In a similar context, the International
Commission on Radiological Protection [I6] considered
that low doses and low dose rates imply situations in
which it is very unlikely that more than one event of
energy deposition will occur in the critical parts of a cell
within the time during which repair mechanisms in the cell
can operate. For mammalian cells in culture, a low dose
is defined as less than about 0.02 Gy. For the induction of
human tumours, a low dose is defined as less than about
0.2 Gy. The same criteria can be applied in this Annex,
although it should be recognized that much of the
experimental data on effects in cells and animals is based
on doses in excess of about 0.5 Gy.

9.  Manifestations of adaptive responses in animals and
in human populations are briefly addressed in this Annex.
Evidence for the expression of an adaptive response in
human populations exposed to low doses of radiation
above the natural background level has not until now been
clearly demonstrated nor has it been refuted. The
possibility that exposure to low doses of radiation may
affect the level of competence of immunosurveillance
mechanisms in carcinogenesis is discussed. Details of the
mechanisms of action of radiation in inducing cancers and
serious hereditary effects in humans are not discussed.
These aspects of the deleterious effects of radiation can be
found in the UNSCEAR 1993 Report [U1], Annex E,
"Mechanisms of radiation oncogenesis”, Annex G,
"Hereditary effects of radiation", and in this Report in
Annex A, "Epidemiological studies of radiation carcino-
genesis”. These Annexes should be read in conjunction
with this Annex to achieve a balanced view of the overall
effects of low doses of radiation.
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I. ADAPTIVE PROCESSES IN MAMMALIAN CELLS

10. Efforts have been made over the past decade to
characterize the adaptive response induced by mutagens in
mammalian cells. A responsc has been demonstrated in
mitogen-stimulated, human blood T lymphocytes. Other
cell types investigated for evidence of a response include
proliferating lymphoblasts, bone marrow cells, spermato-
cytes, pre-implantation embryos and fibroblasts.

11.  Cells respond to radiation-induced injury by the up-
regulation of proteins involved in cell signalling and by
the increased expression of genes involved in cell pro-
liferation [Al, S3] and in the synthesis of DNA repair
enzymes [L1, LS, M3, W2]. Qualitatively similar
responses have been described as a result of cellular
disturbance caused by temporary oxygen deprivation [BS5,
L7, M4, 89, 810] and glucose starvation [HI, S11}.

12, The mechanisms involved in the adaptive response
to low doses of radiation have been linked to a more
general phenomenon in which the cells are able to
respond to damage from a varicty of physical and
chemical agents. These agents include overheating [S8],
UV-radiation [B3], trace amounts of mutagenic chemicals
[B4, V1], local anaesthetics that alter membrane structure
[L6] and heavy metals known to act as cellular poisons

Gyt

A. EFFECTS IN HUMAN LYMPHOCYTES
1. Chromosome aberrations

13. It was reported in 1984 [O2] that when phyto-
haemagglutinin-stimulated human lymphocytes were
grown in a culture medium containing tritiated thymidine
and were exposed in the G, phase of the cell cycle to
1.5 Gy from x rays, the yield of chromatid aberrations was
significantly less than the sum of yiclds of the aberrations
induced by tritiated thymidine and X rays separately
(Table 1). The responsc was observed to occur at a
concentration of tritiated thymidine low enough to give an
estimated one beta disintegration in each cell volume
between exposure to the tritium and the x rays. The
reduction in the expected number of aberrations was not
considered to be attributable to a radiation-induced delay
in cell cycle progression at this low concentration. Nor
was it considered to be due to the sclective killing of a
radiosensitive population of lymphocytes that had
incorporated tritiated thymidine [W3].

14.  When the tritiated thymidine was present in the
blood cultures throughout the entire culture period, the
results were quite variable. This was shown, however, to
be attributable to the fact that, in blood, the amount of
tritiated thymidine incorporated into cells is highly
dependent on the catabolism of thymidine to a degraded

form which cannot be incorporated. Later experiments in
which the tritiated thymidine was pulse-labelled while the
cells were in the S phase markedly reduced this variability,
and the uptake of tritiated thymidine was maximized.

15. A similar responsc was shown to be induced by
exposing phytohaemagglutinin-stimulated lymphocytes in
the S phase to a low dose from x rays (referred to
variously in the literature as the conditioning, inducing,
priming or adapting dose), followed by exposure of the
cells in the G, phase to a high dose from x rays (called
the challenge dose). This response was subsequently
confirmed by some investigators [B6, B11, K4, L25, M30,
03, S13, S14, W4, W5], although not consistently by
others who were using similar culture protocols [B7, H8,
M21, S15, S16]. The lymphocyte cells from different
donors show variable sensitivity, as is shown in Table 2.

16. It was postulated that the conditioning dose of
radiation activated genes and that this was quickly
followed by the synthesis of enzymes responsible for
DNA repair. If these enzymes were available in adequate
concentrations at the time the cells were exposed to a
challenge dose, the extent of the repair of DNA damage
was improved, so that fewer chromatid aberrations were
observed than in cells receiving the challenge dose only.
It was presumed that the repair enzymes were not
immediately available to cells receiving the challenge dose
only and that, in these circumstances, much of the damage
was imcparable by the time a sufficient quantity of
enzymes becamc available. This hypothesis was supported
by the observation that the adaptive response could be
blocked by the protein synthesis inhibitor cycloheximide
(Table 3) and by 3-aminobenzamide (Table 4), an inhibitor
of poly(ADP-ribose) polymerase. which is known to be
induced during the repair of DNA strand breaks [A16].

17. Other characteristics of the in vitro lymphocyte

adaptive response have been reported:

(a) the adaptive response 1o X rays requires a dose of at
least 0.005 Gy delivered at a rate of more than
0.2 Gy min™? |S14). The implication of this finding
is that a certain number of DNA lesions, perhaps of
a specific type, need to occur within a fixed time in
order to initiate the signal for expression of the
adaptive response. In fact, there is a window of
dose, 0.005 to 0.2 Gy, below which and above
which the phenomenon was not observed. Such a
narrow  window has also been observed in
experiments with radiomimetic compounds such as
bleomycin, which, like x rays, induces double-strand
breaks;

(b) the induction of the repair mechanism takes place
between 4 and 6 hours after exposure to the
conditioning dose and remains effective for three
cell cycles [S13];
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(c) when the cells werc exposed to two conditioning
doses delivered within a few hours of each other,
the reduction in the amount of chromatid damage
was found to be similar to that observed after a
single dose. The second dose thus provided no
additional protection against the damage causcd by
the first conditioning dose within this time (Table S);

(d) it has recently been shown that a single dose of
0.005 Gy from %Co gamma rays did not create
conditions for the adaptive response, but two doses,
each of 0.005 Gy given in the same cel) cycle, did
do so [B22}. The effect of the two conditioning
doses was optimum when they were given at 36
hours and 42 hours and the challenge dose of 1 Gy
or 1.5 Gy was given at 48 hours after mitogen
stimulation. It is implied from this study that the
acute dose to induce maximum activity of the repair
enzyme system is about 0.01 Gy.

18. The question why Ilymphocytes from some
individuals do not respond remains unresolved. In fact, the
lymphocytes in some cultures exposed to 0.02 Gy from
x rays reacted synergistically to subsequent mutagenic
treatment [O3]. The cells in this experiment were fixed 2-
4 hours after the challenge dose, in contrast to those in
other experiments, where fixation times were confined to
6 hours or more after the challenge dose. The
unpredictable nature of the response has been confired
using differences in micronuclei frequency as an cnd-point
[P4]. Changes in the hydrogen ion concentration of the
culture medium can affect the yield of induced chromatid
aberrations (Table 6). This finding was confirmed when it
was shown that adjusting the hydrogen ion concentration
of the culture medium to pH 6.4 just before the challenge
dosc enhanced the effectiveness of the response [O3]. It
was also shown that the response could be induced in
cultured lymphocytes from donors who had not previously
displayed the adaptive response, by adding compounds to
the culture medium that could affect the metabolism of the
phytobaemagglutinin-stimulated  lymphocytes  (e.g.
intericukin-2, which stimulates proliferation). It is
conceivable that the repair systems induced may react
differently according to the culture conditions, a situation
that should not be overlooked when considering the
consequences of the conditioning dose. Thus, the
composition of the culture medium may be crucial.

19. It has been pointed out that measurements of the
frequencies of aberrations induced in asynchronous cell
populations are likely 1o be misleading if expressed as a
simple average from a single fixation time |[S23). The
reason for this lies in the intercellular variability of the
cell-cycle transition times. It is known that the intrinsic
cellular radiosensitivity varies as the cells pass through the
cell cycle, and the time of application of the conditioning
or challenge doses of radiation may therefore be crucial.
In these circumstances, the aberration score will always

reflect the average of a mixture of cells having different
radiosensitivitics, and any shifts in the mixture ratios will
influence the aberration yields. A double-labelling
technique (Brd-U replication banding), which permits
identification of the cell cycle position occupied by each
scored metaphase at the time of the conditioning and
challenge doses, has recently been described and may help
to solve this problem [A10]. Using this technique, it was
shown that a conditioning dose of 0.01 Gy from X rays
delivered at a rate of 0.05 Gy min’!, followed 6 hours
later by a challenge dose of 1.5 Gy at a rate of
0.0044 Gy min’!, resulted in a transient decrease in the
frequency of total aberrations at 6 hours, but not at 9
hours, after challenge. Furthermore, when the cohorts at 3,
6 and 9 hours afier the challenge dose were combined,
there was no evidence of an adaptive response. This
preliminary experiment serves to demonstrate the complex
nature of the kinetics of cells in stimulated lymphocyte
cultures and the possibility that an adaptive response may
occur only in a narrow window of cell cycle when cells
are particularly radioscnsitive.

20. The experiments described above refer to the
application of the conditioning dose in the S phase and a
challenge dose from x rays in the G, phase of the cell
cycle. Studies in which pbytohacmagglutinin-stimulated
lymphocytes were exposed to the conditioning dose at
other stages of the cell cycle have been reported, but
different laboratories have had different results, which has
yet to be explained. An adaptive response was reported
when the Gy or G, phase cells were exposed to a
conditioning dose and challenged in the late S or early G,
phase [C8, K4, K5] and when cells were exposed to a
conditioning dose in the G, phase and challenged in the
G, phase [S17, W7]. No response was reported by other
laboratories if the conditioning dose was given in the G
or the G, phase and the challenge dose in the G, phase
[K4, S13]. Thesc results are presented in Table 7.

21. An adaptive response, indicated by a reduced
frequency of chromosome aberrations, has also been
demonstraled with the conditioning dose given in vivo.
Preliminary results of the cylogenetic monitoring of
children living in a region of Ukraine contaminated after
the Chemobyl accident indicate that the chromosome
aberration yield in lymphocytes to a challenge dose in
vitro is less than that in control lymphocytes from a
challenge dose alone [P10]. This has to be confirmed by
further studies, but there is supporting evidence from in
vivo studies in the rabbit [L8]. The response of lympho-
cytes 1o both conditioning and challenge dosces in vitro had
been demonstrated earlier [C8]. In the in vivo study, four
adult male rabbits were exposed to gamma-radiation at a
dose rate of about 6 mGy h'! for 9 hours each day for 36
days, giving a daily dose of 0.05 Gy. Blood samples were
taken before the in vivo irradiations and further samples
were collected at intervals of 6, 15, 18, 24, 30 and 36
days, the cumulative doses being 0.3, 0.75, 0.9, 1.2, 1.5
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and 1.8 Gy, respectively. Six cultures were established
from each blood sample. Two were analysed for baseline
chromosome aberrations; two were exposed to a challenge
dose of 1.5 Gy from x rays at a dose rate of 0.44 Gy
min!, and phytohaemagglutinin was added to them
immediately thereafter. The remaining two cultures were
incubated with the addition of phytohaemagglutinin at the
start of culture and exposed to a challenge dose of 1.5 Gy
from x rays 48 hours later. The results from the analysis
of blood lymphocytes from individual rabbits showed the
same trend and arc presented as average values in Table 8.
They show that an adaptive response can be induced in
lymphocytes exposed to 0.05 Gy d! in vivo when the
challenge dose to the phytohaemagglutinin-stimulated cells
is given in vitro in either the Gy or the G, phase of the
cell cycle. This could imply that chronic irradiation of
circulating blood lymphocytes induces the synthesis of
proteins in sufficient amounts to maintain a continuous
and effective reservoir of repair enzymes.

2. Clone-forming ability and genomic stability

22, To study the effects of radiation on clone-forming
ability and karyotypic abnormalities in human peripheral
blood lymphocytes, cells were exposed to 3 Gy from
x rays in vitro and either individual T-cell clones or long-
term T-cell cultures were cstablished [H16]. The karyo-
types were analysed in G-banded chromosome prepara-
tions after proliferation for 9-34 days in vitro.

23, T-cell clonal karyotype abnormalities were found in
24 of 37 (65%) irradiated clones and in 2 of 43 (5%)
control clones. Balanced reciprocal translocations and
deletions were the predominating types of clonal aberra-
tions. Complex abermrations and unstable karyotypes were
found in about half of the irradiated clones. Some of the
T-cell clones demonstrated sequential change from normal
to aberrant karyotype. Other clones seemed to develop
multiple, heterogencous chromosomal aberrations during
growth in virro.

24. T cells imadiated with x rays and grown in long-
term culture displayed karyotype abnommalities in 60%-
80% of the cells, and the types of aberrations were similar
to those found in the individual irradiated T-cell clones.
An increasing number of cells with the same abnormal
karyotype was observed when the cultivation time was
extended, indicating preferential clonal proliferation.

25. These results demonstrate that a surprisingly high
proportion of T cells with stable and often complex
irradiation-induced chromosome aberrations are able to
proliferate and form expanding cell clones in virro.
Furthermore, they indicate that x-irradiation induces latent
chromosome damage and genomic instability in human
T lymphocytes. What would be interesting would be to
repeat this study by giving a conditioning dose of a few

tens of milligray before the challenge dose of 3 Gy and
obscrving if any reduction in proliferating T cells with
stable aberration occurred.

3. Cell survival and mutation frequency

26, Cell survival and chromosome aberration yield have
been measured in  phytohaemagglutinin-stimulated
lymphocytes exposed to 0.05 Gy from x rays followed by
acute exposure to 2 or 4 Gy, both exposures being in the
G, phase [S17]. In studies on six donors, the yields of
chromosome exchanges and deletions were found to be
less than in cells receiving the challenge dose only.
Lymphocytes from only two of the six donors tested
showed an adaptive response expressed as enhanced cell
survival with a challenge dose of 2 Gy and none after a
challenge dose of 4 Gy. A chromosome adaptive response,
therefore, does not necessarily coincide with a cell survival
adaptive response. Reductions in the number of cells with
several aberrations (multiply aberrant cells) can be the
result of a cytogenetic adaptive response, but if the pro-
portion of non-aberrant cclls is not increased, then a
survival adaplive response will not be seen.

27.  In a subsequent study, a lower challenge dose was
used. Lymphocytes from the six donors were exposed to
0.05 Gy from x rays, followed by 1 Gy in the G, phase
[S44]. Under these exposure conditions, most of the
aberrant cells would be expected to contain only one
chromosome aberration after the challenge dose. Cell
survival adaptive responses were seen in four of the six
donors, but the decrease in the numbers of singly aberrant
cells was not in itself sufficient to account for the increase
in cell survival. It was proposed, therefore, that some
increase in cell survival could have been due to repair of
lesions in cells that were at the level of the gene locus,
which would not be recognized by the cytological
techniques used to identify aberrations.

28, Cell survival has been measured concurrently with
the yield of mutations using 6-thioguanine (TG) selection
1o detect clones mutated at the X-linked hypoxanthine
phosphoribosyl transferase (fiprf) locus [S18]. Tritiated
thymidine was added during the Gy phase, followed by
exposure to 1.5 or 3.0 Gy from X rays in the G; phase.
Cell survival was not affected (Table 9), but tritiated
thymidine at concentrations of 3.7 and 37 kBq mI' in the
culture medium produced a significant decrease in the
number of mutations induced after the challenge dose
from x rays compared with cells receiving the challenge
dose only.

29. In support of this observation, the mutation
frequency was reduced by 70%, while cell survival was
not altected, when lymphoblastoid cells were exposed to
0.02 Gy from x rays, followed by a dose of 4 Gy in the
G, phase [R8)]. This decreased mutation frequency was



ANNEX B: ADAPTIVE RESPONSES TO RADIATION IN CELLS AND ORGANISMS 191

considered to be the result of an induced repair system,
which was shown to be absent from mutant cells deficient
in the /prt locus. Lymphocytes exposed in the G, phase
to a conditioning dose of 0.01 Gy from x rays, followed
by a challenge dose of 3 Gy from x rays in the G, phase,
also showed a reduced mutation frequency compared with
cells exposed to the challenge dose only (Table 10).

30. Reduced mutation frequency was demonstrated with
human HL-60 cells exposed to a conditioning dose of
0.01 Gy from Dco gamma rays at a dose rate of
0.078 Gy min’! and then exposed 18 hours later to a
challenge dose of 2 Gy [Z6]. After irradiation, the cells
were cultured for seven days in a non-selective RPM1-
1640 medium to allow phenotypic expression of fhprt”
mutants. The frequency of Aprt mutations resulting from
the dose of 2 Gy was 26.9 10, Treatment with the
conditioning dose reduced the mutation frequency to
10.7 10°.

31. Mutant colonies exposed to the challenge dose
showed gene deletions and rearrangements in 15 out of 32
colonies (46%). This compared to 12 out of 46 colonies
(26%) first exposed to a conditioning dose. Since gene
deletions and rearrangements are associated with
unrepaired or error-prone DNA double-strand breaks, it
could be concluded from this experiment that a DNA
double-strand fidelity repair mechanism had been induced.

32.  In contrast, the human lymphoblastoid cell line TK6,
which is belerozygous for the thymidine kinase gene
(TK*"), has been used in studies of mutation induction at
two independent genetic loci. One of these is the hprt
locus; the other is the autosomal thymidine kinase (7K)
locus. The selective agents 6-thioguanine (TG) and
triflucrothymidine (TFT) were used to measure mutation
at the Aprt and TK loci, respectively. Cell survival and
mutation rate were measured after protracted exposure to
tritiated water, followed by exposure to x rays at the rate
of 0.8 Gy min™ [T1]. The results of this experiment are
illustrated in Figure L

33. The cells were grown in a medium containing
0.74 MBq mi"! of tritiated water, the tritium irradiating the
cells at a dose rate of about 0.05 Gy dl. During the
overall period of incubation in the presence of tritiated
water, the cloning efficiency, determined after 10, 20 and
30 days of exposure, remained almost constant, and it was
comparable to that found for unirradiated cells. Afier the
challenge dose of up to 1.5 Gy from x rays, the survival
curves for TK6 cells, pretreated or not with tritiated water
for different lengths of time, were also similar, as shown
in the upper plot of Figure I. These results showed that
with a low-dose-rate, protracted conditioning exposure
from incubation in tritiated water, no adaptive effect on
cell survival was detectable. Furthermore, treatment with
tritiated water had no significant effect on the induction of
mutations. When the mutation frequency was plotted as a

function of the accumulated dose, regardless of the
radiation source and the modalities of treatment, a linear
relationship was found, indicating that the mutagenic
effects of protracted exposure 1o tritiated water and acute
exposure to x rays were additive, as can be scen from the
lower plot of Figure L.

4. Interaction with chemicals

34, A recent review of experiments involving the
activation of bacterial oxidative stress genes provides a
useful background for understanding adaptive mechanisms
in eukaryotic cells [D5]. One of the mechanisms involved
in DNA repair after exposure to low-LET radiation is
thought to be similar to that operating after exposure to
trace amounts of oxidizing radicals. In confirmation of this
hypothesis, exposing lymphocytes to low concentrations of
hydrogen peroxide, followed by a dose of 1.5 Gy from
x rays, was found to induce the adaptive response
(Table 11). Conditioning with a chemical and challenge
with radiation is termed cross-adaptation.

35. Other studies (see also paragraph 74) have
substantiated this finding, in which the adaptive response
was shown to occur in donors whose lymphocytes were
treated with 25-75 uM of hydrogen peroxide 24 hours
before a challenge dose of 1.5 Gy from x rays [C13].
However, when the cells were repeatedly exposed to
hydrogen peroxide at intervals of 24, 30 and 36 hours, the
adaptive response was not observed. The authors did not
give any explanation for this lack of response to repeated
doses [W3].

36. A rcduction in micronuclei frequency has becn
demonstrated in lymphocytes conditioned with hydrogen
peroxide [D6]. Lymphocytes were exposed to a 30-minute
pulse of hydrogen peroxide (25-250 M) 24 hours after
formation of the cultures and to a challenge dose of
1.5 Gy or 3 Gy from x rays 48 hours later.

37. Anadaptive response can be induced in the presence
of trace amounts of bleomycin, which is known to
produce double-strand breaks during the G, and M phases
of the cell cycle [V2, W8]. Thus, when lymphocytes
cultured in the presence of low concentrations of
bleomycin (0.01-0.1 ug ml'l) for 48 hours were challenged
with a high concentration (1.5 ug ml'l) of bleomycin or
with 1.5 Gy from x rays, lower than expected frequencies
of chromatid and isochromatid breaks werc found. This
cross-adaptation was not observed if cells were exposed to
methylating agents. In fact, radiation and methyl methane
sulphonate act synergistically in the samc way as a
combination of methylating agents (Table 12).
Conditioning with interferon (50 IF m]'l) has been
described [M30]. These experiments lend support to the
view that cross-adaptation may operate in lymphocytes to
reduce the damage caused by some, but not all, DNA-
damaging agents.
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S. Repair of specific DNA lesions

38. A study to identify the molecular lesions associated
with conditioning doses of several mutagens has recently
been reported [S19]. The end-points measured in the
lymphocytes from two donors included chromatid and
chromosome aberrations and sister chromatid exchanges.

39. To measure chromatid aberrations, the cells were
exposed to 0.05 Gy from x rays 24 hours after phyto-
haemagglutinin stimulation (i.e. in the G; phase) and
challenged with 2 Gy from x rays at 48 hours (i.e. in late
Sflearly G, phase). To measure chromosome aberrations,
the cells were exposed 1o 0.05 Gy from x rays 12 hours
after phytohaemagglutinin stimulation and challenged with
2 Gy from x rays at 18 hours (i.e. both exposures in the
G, phase). Cells from one donor showed an adaptive
response when challenged in the late S or early G, phase,
in contrast to cells from the other donor, which showed
the adaptive response when challenged in the G, phase.

40. Three drugs were used to induce sister chromatid
exchanges: ctoposide (VP16), 1,3-bis(2-chloroethyl)-1-
nitrosourea (BCNU) and cis-diamminedichloro-
platinum(ll) (cis-platin). Etoposide, a topoisomerase II
inhibitor, prevents the creation and resealing of DNA
strand breaks, as opposed to the base modifications caused
by cis-platin and inter-strand cross-links by BCNU. The
repair of DNA damage at specific sites from these drugs
is the result of the synthesis of enzymes involved in
excision and post-replication repair or the synthesis of
damage-recognition proteins (esterases) that prevent cross-
linking.

41. Cells were exposed to 0.05 Gy from x rays at 40
hours after phytohaemagglutinin stimulation and exposed
to drugs (0.5 ;M VP16, 10 uM BCNU or 0.67 uM cis-
platin) 6 hours later for 2 hours. At 48 hours, the drugs
were washed out and the cultures treated for 4 hours with
30 uM bromodeoxyuridine (BrdUrd). This technique
ensured that only the cohort of cells that spent sufficient
time in the S phase during the BrdUrd labelling would be
scored. Small but statistically significant reductions in
sister chromatid exchanges, consistent with an adaptive
response, were observed (Table 13). Both donors
responded similarly, showing reductions most ofien for
VP16-induced sister chromatid exchanges. Although
significant reductions were also observed for chromatid
deletions, analysis of the data showed that they occurred
independently of those for sister chromatid excbanges.
These results are consistent with the view that damage 1o
specific sites in DNA is repairable following a
conditioning dose of x rays.

42. No adaptive response was obtained when cells from
10 donors were exposed to mitomycin C, with and without
a prior conditioning dose of 0.01 Gy from x rays in the
Gy phase [M5]. This may be relevant and in contradiction

to the observation that a statistically significant decreased
number of sister chromatid exchanges was found in the
lymphocytes of workers who had been occupationally
cxposed 1o low doses of radiation and whose blood
lymphocyles were presumed to be in the G phase while
they were chronically irradiated [T2).

6. Summary

43. Anadaptive response to low-LET radiation exposure
has been demonstrated in mitogen-stimulated human
lymphocytes when they are acutely exposed to a con-
ditioning dose within the range 0.005-0.2 Gy prior to a
challenge dose of a few gray. The response has been
expressed as a reduction in the yield in chromatid or
chromosome lesions, typically to about one half the yield
expected. The adaptive response has been demonstrated
when both the conditioning and challenge doses are
applicd at late stages (S/G, phases) of the cell cycle.
However, there is disagreement as to whether or not the
adaptive response occurs if the conditioning dose is
applied in the resting or early stages (Gy/G;) of the cell
cycle. This important point needs to be clarified, since it
has implications for the circumstances in which cells are
chronically irradiated in vivo,

44. The cellular response is transient, lasting for about
three cell cycles in culture. Since radiation-induced double-
strand breaks are repaired, this could imply the production
of specific repair enzymes in addition to those involved in
the process of repair of damage in cells occurring during
normal metabolism.

45. There appears to be individual donor variation, with
no evidence of an adaptive response in the lymphocytes of
some blood samples tested even though the culture
procedures are identical to those producing a response.
Why this is so is not known. Several explanations have
been proposed. One possibility is that the adaptive
response requires the maintenance of a narrow range of
pH and the presence of specific growth-stimulating factors
in the culture medium. Another possibility is that the
adaptive response occurs at a precise time in the cell
cycle, so that cells outside this phase do not respond. A
third possibility is that in vivo factors such as the
nutritional status or the immunocompetence of the living
organism may influence the cellular response.

B. EFFECTS IN MOUSE CELLS
1. Splenic lymphocytes
46. The results of different studies with mouse
lymphocytes have been contradictory. In one experiment,

mice of the C57BI/6 strain received a whole-body dose of
0.05 Gy from gamma rays, at the rate of 1.25 mGy min’!
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on four consecutive days [W9]. Groups of mice were
killed at intervals up to 26 days thercafter. Lymphocytes
isolated from the spleens of sham-irradiated and irradiated
mice were exposed in virro to UV-radiation to induce
unscheduled DNA synthesis or to mitomycin-C to induce
sister chromatid exchanges. The results showed a higher
rate of unscheduled DNA synthesis and lower sister
chromatid exchange frequencies in the irradiated mice than
in the sham-irradiated controls. Irradiation in vivo with low
doses of gamma rays was consistent with an increase in
the rate of DNA repair, which is effective for
approximately 12 days. The results support those published
by Tuschl et al. [T2, T3] and Liu et al. [L9), who
demonstrated that it is possible to induce the adaptive
response in vivo.

47. However, the adaplive response was not observed
when lymphocytes obtained from the spleens of female
mice of the Heiligenberger strain were exposed in vitro,
either to 0.05 Gy from x rays at 24 hours or 32 hours
after phytohacmagglutinin-stimulation, followed by a
challenge dose of 2 Gy at 40 hours; or to 0.1 Gy at 32
hours or 42 hours with the challenge dose at 48 hours
[WS, W23]. A reduction in the number of chromosome
aberrations as a result of exposure to conditioning doses
was seen in the lymphocytes from only 1 of 14 mice
tested. Because of the high variability of the radiation-
induced break frequencies in the lymphocytes of the
different donors, the authors concluded that this one
positive result was due to chance and was not a genuine
adaptive response.

48. To determine if this lack of an adaptive responsc
was unique to the Heiligenberger strain, spleen
lymphocytes were collected from C57BI/6 female mice in
which, as discussed above, adaptive response to UV-
radiation-induced, unscheduled DNA synthesis and
mitomycin-C-induced sister chromatid exchanges had been
observed [WS5]. A dose of 0.1 Gy from x rays was given
after 32 hours, followed by a challenge dose of 1.5 Gy
after 48 hours of culture. Initial results indicated the
presence of an adaptive response in some of the CS7BI/6
mice. However, subsequent analysis of the aberration
scores of parallel lymphocyte cultures revealed a high
intra-individual variability. The authors concluded that the
results were a reflection of this variability rather than of
any induced adaptive response {W27).

49. Experiments have been reported in which colony-
forming units (CFU-S) cells were exposed to low doses of
radiation in the range 0.03-0.05 Gy [S20, S32]. The
adaptive response was obscrved from 4 hours until 28
days after each challenge dose and was more pronounced
after high-dose-rate cxposure. The response could be
potentiated by injecting the mice with 50 ug of
polynucleotide Poly [-Poly C two days before the
challenge dose.

2. Bone marrow cells

50. Male Kunming micc were exposed to a whole-body
conditioning dose of 0.1 Gy from x rays, followed 2.5-3
hours later by a challenge dose of 0.75 Gy from x rays
[C8,L10]. The combined exposure to the conditioning and
challenge doses resulted in a smaller number of chromatid
aberrations in bone marrow cells than in cells from
animals receiving the challenge dose only. These results
are given in Table 14. The whole-body exposure of female
C57Bl/6 mice to a conditioning dose of 0.002-0.5 Gy
from x rays, followed by a challenge dose of 0.65 Gy
within 3 hours, also resulted in an adaptive response at all
conditioning doses (Table 14). A similar adaptive response
was observed when the animals were exposed to thesc low
conditioning doses and then to a high dose of
mitomycin C (0.5-50 mg kg’l) instead of the challenge
dose from x rays [Y2].

51. In a sequel to this experiment, mice were exposed
to a range of whole-body doses from &co gamma-
radiation at a rate of 0.09 Gy min’! and iradiated 3 hours
later with a challenge dose of 1.5 Gy from x rays [J2}.
Significantly lower chromosome aberration frequencies
were observed in bone marrow cells after conditioning
doses of 0.05, 0.10 and 0.20 Gy, but not 0.50 Gy,
compared with animals receiving the challenge dose only.
The protracted whole-body exposure of male mice to Dco
gamma-radiation at the rate of 0.014, 0.025, 0.06 or
0.23 Gy d!, followed by a challenge dose of 0.9 Gy from
x rays within 3 hours after protracted exposurc had ceased,
also resulted in adaptive responses [Y2].

52.  Using a diffcrent end-point, male white SHK mice
were given whole-body exposures to B3¢ gamma-
radiation at the rate of 1.3 mGy h! over periods up to 80
days and then exposed to a challenge dose of 1 Gy from
x rays within a few hours after the protracted cxposure
ceased [G2]. The frequency of micronuclei in poly-
chromatic erythrocytes in chronically irradiated mice
exposed to the challenge dose was about one third of that
observed in mice receiving the challenge dose only. It was
also shown that chronic exposure before the challenge
dose resulted in a marked decrease in single-strand breaks
and an increase in DNA polymerase activity in splenic and
liver cells, consistent with the availability of a reservoir of
repair enzymes during chronic irradiation.

53. In another experiment, 9-12-weck-old male mice of
the Swiss albino strain were exposed in vivo to Do
gamma rays [F23]. The conditioning doses of either 0.025
or 0.05 Gy were given at a dose rate of 1.67 Gy min’l,
The challenge dose of 1 Gy was given at 2, 75, 13, 185
or 24 hours after the conditioning doses. At a time interval
of 2 hours, both conditioning doses reduced the frequency
of micronuclei in polychromatic erythrocytes and of
chromosome abermations in the bone marrow cells. After
exposure to 0.025 Gy, the adaptive response remained for
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24 hours. After exposure to 0.05 Gy, however, the
adaptive response was not present when the challenge
dose was given 13 or more hours later.

54. These experiments indicate that the adaptive
response can be induced in bone marrow cells in some
strains of mice after acute or chronic exposure to low-LET
radiation in vivo, provided that the challenge dose is given
within a few hours after the exposure to low doses has
ceased. The results contrast, however, with those of
Jacobsen-Kram and Williams [J1], who were unable to
elicit an adaptive response in the bone marrow cells from
their strain of mice irradiated in vivo. However, in the
latter experiments, the challenge dose was given 24 hours
after the conditioning dose, a time span possibly too long
for the DNA repair enzymes to remain effective in rapidly
dividing bone marrow cells.

3. Spermatocytes

55. Male Kunming mice were exposcd to a whole-
body dose of 0.01 Gy from x rays, followed 2.5-3
hours later with a challenge dose of 0.75 Gy from
x rays [C8]. The number of chromatid aberrations in
the spermatocytes of conditioned mice was less than
in the spermatocytes of mice receiving the challenge
dose only (Table 14).

56. In another experiment involving the whole-body
irradiation of male Kunming mice, the adaptive
response was shown by reduced chromosome damage
and dominant icthal mutations {C17]. A conditioning
dose of 0.05-0.2 Gy resulted in a statistically
significant reduction (p < 0.01) of chromatid and
isochromatid breaks in spermatocytes and in reciprocal
translocations in spermatogonia, compared with cells
from animals receiving only the 1.5-2 Gy challenge
dose.

57. Cross-adaptation has been shown using x rays
and low concentrations of mitomycin C, hydrogen
peroxide and cyclophosphamide as the conditioning
dose [M27]. Male Kunming mice were exposed to a
conditioning dose of 0.05 Gy from x rays; 3 hours
later, 0.1-0.5 mg mi! of mitomycin C or 0.1-1 M of
hydrogen peroxide was injected intraperitoneally or
directly into the testis. Twenty-four hours later, the
mice were exposed to a challenge dose of 1.5 Gy from
x rays. The frequency of aberrations in primary
spermatocytes was markedly reduced with the use of
mitomycin C or hydrogen peroxide. In contrast,
cyclophosphamide in the range 0.05-0.5 mg mi ! acted
synergistically with the conditioning dose of x rays.

4. Mammary carcinoma cells

58. Exposing culturcd mouse mammary carcinoma
(SR-1) cells to a dose of 0.01 Gy from “"Co gamma

rays, followed by a dose of 3 Gy from gamma rays
18-24 hours later, resulted in a decreased frequency of
induction of mutations at the hprt locus [Z.S}. When
cells were exposed to bleomycin (5-10 ug ml™) for 12
hours instead of 3 Gy from gamma rays, a similar
reduction in mutagenic response was observed. Since
blecomycin acts to produce double-strand breaks, it was
presumed that the reduction in the frequency of
radiation-induced mutations was also attributable to
the repair of double-strand breaks.

5. Pre-implantation embryos

59. Mouse embryos of the Heiligenberger strain were
exposed to a conditioning dose of 0.05 Gy from x rays
at times corresponding to the late G,/M phase of the
four-cell stage or the G/S phase of the eight-cell stage
cmbryos [M6, W5]. A challenge dose of 1.5 Gy from
x rays was applied 6 hours later, and cells were
arrested in metaphase immediately thereafter. The
interval of 6 hours between the conditioning and
challenge doses was chosen because it was found to
be the appropriate time for the expression of the
adaptive response in both human lymphocytes and in
cultured Chinese hamster fibroblast cells [I5]. The
results of these experiments are summarized in
Table 15. The yields of chromosomal break
frequencies and the percentages of aberrant cells give
no indication of an adaptive response compared with
cells receiving the challenge dose only.

60. It has been reported that rat mammary giand
cells irradiated in vivo may have a higher repair
capacity than cells irradiated in vitro, a phenomenon
called in situ repair [G4). To examine the possible
influence of in situ repair on the adaptive response in
embryos, the conditioning dose was applied in vivo
and the embryos were left in situ until shortly before
the challenge dose [W5]. One group of embryos given
a conditioning dose of 0.05 Gy was irradiated in vivo
with 2 Gy from x rays at 50 hours after conception
and isolated 4 hours later. Another group was isolated
at 48 hours after conception and irradiated with 2 Gy
from x rays in vitro at 50 hours after conception.
Colchicine was added at 55 hours and the metaphases
of the embryos in the 8-16-cell stage were harvested
at 62 hours after conception. The results of the in situ
repair experiments, given in Table 15, indicate that in
situ repair was not associated with an adaptive
response. They suggest that the mouse embryos are
either in site repair-deficient or that the optimal
conditions for the induction of an adaptive response
have not been achieved.

61. Wojcik et al. [WS5] pointed out that for an
adaptive response to occur in pre-implantation mouse
embryos, they must be able to perform DNA repair.
Unscheduled DNA synthesis does occur in both
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pronuclei of the one-cell embryo as well as in celis of
the later developmental stages. Until the late two-cell
stage, however, there is no gene expression in the
embryo, and all proteins required are synthesized
constitutively from mRNA inherited from the oocyte
[J3]. At the late two-ccll stage, the embryonic genes
are switched on and much of the maternally inberited
mRNA is destroyed. There is, however, evidence that
despite the transcriptionally active genome, some
genes inducible in somatic cells do not respond
inductively to the changing environment in embryos of
the preblastocyst stages. It is not clear whether
induced expression of repair genes in the embryo is
necessarily required for an adaptive response to
radiation. However, the negative outcome of the above
experiment could be due to a general inability of the
preblastocyst embryo to adapt to changes in its
environment.

62. To investigate the points further, pre-implantation
embryos were exposed to a conditioning dose of 0.03-
0.1 Gy, with a challenge dose 6-24 hours later [M6].
Table 16 gives the results of an experiment in which
two-cell embryos were exposed to 0.05 Gy in the early
G, phase and to 2 Gy when the embryos were in the
late G, phase of the same cycle. None of the end-
points measured indicates a statistically significant
effect as a result of the conditioning dose.

63. It is recognized that up to the early two-cell
stage, the absence of an adaptive response in early
embryonic development could depend on specific traits
of this system. Starting with the blastocyst, however,
there is no reason why genes coding repair enzymes
should not respond to signals calling for additional
enzyme synthesis. A similar experiment to the one
described for the embryo in the two-cell stage was
therefore carried out using blastocysts in which the
embryonic genome was active. No statistically
significant difference was seen between the effects
with and without the conditioning dose [M6].

64. It may be concluded that an adaptive response
cannot be induced in pre-implantation embryos, at
least with regard to the end-points measured, or that
the conditions arc ecntirely different from those
determined in other systems, in particular in human
lymphocytes.

65. The response of fetal tissue has also been
examined. Pregnant Sprague-Dawley-derived rats were
exposed to 0.02 Gy from B3¢y gamma-radiation at a
rate of 0.4 Gy min! at various times on day 15 of
gestation, prior to recciving a challenge dose of
0.5 Gy. Fetuses were examined 6 hours and 24 hours
after the challenge dose for changes in the developing
cerebral cortex [H20]. There was no evidence of a
cellular adaptive response under these conditions of

exposure, but the authors pointed out that the different
conditions of exposure need 1o be examined before the
absence of an adaptive response can be conclusively
stated.

C. EFFECTS IN FIBROBLASTS
FROM VARIOUS SPECIES

1. Human embryonic and skin fibroblasts
(@) Life-span and mutation frequency

66. The effect on the life-span of human embryo
fibroblast cells of chronic exposure to Oco gamma-
radiation delivered at a dose rate of about 0.001 Gy ! for
10 hours per day has been investigated [S25]. The average
life-span, which was measured by the number of mean
population doublings, was 1.2-1.6 times longer in
irradiated than in unirradiated ceils, The number of
chromosomes in the unirradiated cells remained constant
throughout their life-span. Conversely, the irradiated cells
showed numerical abnormalities with increasing time.
These results indicated that the life-span of chronically
irradiated cells at low dose rates was prolonged, but that
the cells showed chromosomal changes consistent with
abnormal phenotypes.

67. In another study [W10, W11] to determine the effect
on the growth ability of human embryo fibroblast cells in
vitro, the expression of abnormal phenotypes was
measured after fractionated low-dose gamma-radiation.
Cells were assayed for cell survival by their colony-
forming ability, for mutation at the Aprt locus and for
transformation by foci formation. After a dose of about
2 Gy had been accumulated, the mean population doubling
time was 1.3-1.6 times that of the controls. Although
transformed foci were not observed until the cells had
accumulated about 1 Gy, the numbers of cells with
abnormal phenotypes increased thereafter with increasing
dose. No cells, however, showed unlimited life-span in
vitro.

68. The mechanism responsible for the increased growth
potential of embryonic fibroblasts after fractionated low-
dose gamma-radiation in vitro remains obscure. Although
the data suggest that some damage is repaired during these
exposures, it cannot be assumed that all of the damage
resulting in the transformation of cells is repaired. The
prolonged life-span may allow additional time for the
expression of an otherwise unexpressed lesion, perhaps
associated with the development of additional karyotypic
changes and aneuploidy. This process might be very rare
among human diploid fibroblasts grown in vitro [K6, K7]
and might be specifically related to the immortalization of
human cells. The mechanism leading to the prolongation
of their life-span remains to be shown, but calcium ion
may act as a signal transducer during cell cycling [110].
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(b) Cell survival and clone-forming ability

69. The human skin fibroblast cell line (AG1522) has
been used to determine the effects of low-dose gamma-
radiation, followed by a challenge dose of x rays [A2].
Cell survival, colony growth rate and micronuclei
formation were measured to assess evidence of adaptive
response. Protracted exposure of plateau-phase cells to
gamma rays, delivered at a dose rate of 0.003 Gy min™!
over a period of 24 hours, reduced the effects of a
challenge dose of 4.25 Gy from x rays given immediately
after the chronic exposure. Figure II shows that up to a
twofold improvement in cell survival and a twofold
reduction in micronuclei formation were observed,
compared with the results obtained when cells were
exposed to the challenge dose only. Furthermore, after 7
days, the size of colonies from cells surviving the
combined exposurcs was about four times as great as the
size of colonies from cells given a challenge dose only.

70. The stimulation of clonogenicity at doses below
0.4 Gy from gamma rays has been observed in cultures of
human skin fibroblasts (strain GM 2185). The results,
illustrated in Figure 111, are compatible with the hypothesis
that cells that do not form clones in the absence of
radiation are stimulated to do so by low doses of radiation;
that is, additional colony-fonming cells are recruited from
formerly  non-clonogenic  cells. This  enhanced
clonogenicity was not obscrved in fibroblasts (A-T strain
GM 2531) in which DNA repair was deficient, although
the numbers of non-clonogenic cells are similar to those
observed in the normal fibroblast strain. It can be implied
from these results that enhanced clonogenicity is
dependent on DNA repair competence, but other
mechanisms could be involved [G5].

2. Chinese hamster cells
(a) Micronuclei formation frequency

71.  Proliferating Chinese hamster cells, cloned from the
V79-B310H ccll line, were exposed 1o beta- or gamma-
radiation from tritiated thymidine or tritiated water,
followed by exposure to 1 Gy from ¢y gamma rays [I5,
17, 111}. An adaptive response, expressed as a reduction in
micronuclei frequency, was observed. The adaptive
response was inhibited by 3-aminobenzamide (3AB) and
was not observed after one cell division following the
conditioning dose. The optimal range of the conditioning
dose was estimated to be between 0.001 and 0.1 Gy on
the basis of the amount of tritium incorporated into DNA.
When tritiated thymidine was administered at lower or
higher concentrations, a reduction in micronuclei induction
was not observed.

72.  Acute exposure to 0.01 or 0.05 Gy from gamma-
radiation also induced an adaptive response to a challenge

dose of 1 Gy, but exposure to high-LET radiation did not
This dependency on the type of radiation might reflect the
quality and quantity of chromosomal lesions that trigger
the adaptive response. The adaptive response did not fully
develop until 4 hours after the challenge dose and was not
observed if the time interval between the conditioning dose
and the challenge dose was extended to 6 hours. The
adaptive response can be attributed to the induction of a
mechanism that repairs DNA damage.

() Cross-adaptation

73.  Chinesc hamster V79 cells exposed to conditioning
doses (0.01-0.05 Gy) from gamma-radiation showed cross-
adaptation to challenge doscs of UV-B-radiation (97.5-
19517 n1’2) and mitomycin C (25-50 zg mi!) but not to
ethyl methane sulphonate (EMS) (100 ug ml'l) or cis-
platin (1 ug m]‘l), as evidenced by a reduction in the
number of sister chromatid exchanges. This could imply
that the adaptive response observed afier radiation could
be coupled to the repair network that copes with chromatin
lesions induced by mitomycin C and UV-B [17]. The
results observed afier exposure to cis-platin were contrary
to those observed when human lymphocytes were exposed
to this agent.

74. The effects of small amounts of hydrogen peroxide
on the killing and mutation of Chinese hamster V79 cells
by different agents is supportive of an adaptive response
from damage due to oxidative free radicals [G11, S22]. It
has been shown that low, non-toxic concentrations (e.g.
0.9 ug ml'l) of hydrogen peroxide render V79 cells more
resistant to subsequent killing by hydrogen peroxide (3-
15 ug ml'l), gamma rays (1-6 Gy) and N-methyl-N'-nitro-
N-nitrosoguanidine  (0.5-2.0 ug ml'l). However, such
pretreatment with hydrogen peroxide increased the
mutation yicld by N-methyl-N'-nitro-N-nitrosoguanidine or
gamuma rays, suggesting crror proneness of the induced
repair activity. Cycloheximide or benzamide prevented the
induction of repair, and they also suppressed the increase
in mutation yield.

75.  The treatment of Chinese hamster V79 cells or H,
ral hepatoma cells with fow concentrations of hydrogen
peroxide (1-5 M) also resulted in an adaptive response,
expressed as increased survival when the cells were
exposcd lo high doses of hydrogen peroxide (0.1-1.5 mM)
or to a challenge dose from gamma-radiation (up to 8 Gy)
[L20]. This adaplive response was observed in both
exponentially growing cells and plateau-phase cells, but
there was a reduced /iprt mutation frequency.

3. Mouse embryo cells
76. C3H10TY platcau-phase mouse embryo cells were

conditioned with dosces of 0.1, 0.65 or 1.5 Gy from 0o
gamma rays at a rate of 0.0025 Gy minl. Three and a
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half hours later they were exposed to a dose of 4 Gy from
gamma rays. The conditioning dose did not affect clono-
genic survival, but it led to a reduction in micronucleus
frequency in binucleate cells and to a twofold reduction in
transformation frequency per viable cell when cells were
subsequently exposed 10 4 Gy from gamma rays. The data
suggest that a conditioning dose of low-LET radiation
induces an adaptive response in C3H10T% cells, resulting
in enhanced DNA double-strand break repair when the
cells are exposed to the challenge dose. This enhanced
repair appears to be error-free, since the cells are less
susceptible to radiation-induced neoplastic transformation
[A17].

4. Derived human epithelial cell line

77. Adaptive response has been described in experiments
involving Hela cells [C21]. The cells were exposed fo a
conditioning dose of 0.03 Gy, followed by a challenge
dose of 2 or 3 Gy. A decrease in the number of induced
micronuclei occurred within 4 hours of the conditioning
dose and lasted for three cell cycles. If the conditioning
dose was increased to 0.4 Gy, the adaptive response
disappeared and the cells subsequently showed increased
radiosensitivity.

D. ADAPTIVE RESPONSE
TO CHEMICAL MUTAGENS

78. An adaptive response in human Kcratinocytes
exposed to low doses of the mutagen N-methyl-N'-nitro-
N-nitrosoguanidine has been described [K8]. Growing and
confluent human keratinocytes (Ha CaT cell line) were
exposed to different concentrations of N-methyl-N'-nitro-
N-nitrosoguanidine for onc hour, and the number of
single-strand DNA breaks was determined by measuring
nucleoid sedimentation through ncutral sucrose gradients.
Strand breaks cause the supercoiled DNA structure of the
nucleoids to relax, leading to a reduction in the
sedimentation rate. When the growing cells were treated
with low doses of N-methyl-N'-nitro-N-nitrosoguanidine,
the nucleoids were found to sediment faster than in cells
in the confluent phase. Similar shifts have been reported
following mitogen activation of human lymphocytes [J4]
and mouse splenic lymphocytes [G6). This effect was
attributed to the rejoining of DNA single-strand breaks
present in confluent cells.

79. The ADP-ribosylation system of chromatin responds
to radiation-induced damage by processing ADP-ribose
residues through a complex series of synihetic and
catabolic reactions. The key component of this muli-
enzyme system is poly(ADP-ribose) polymerase, a zinc-
containing protein that specifically binds to single- and
double-stranded DNA breaks. Binding activates different
catalytic reactions that lead to the synthesis of polymers
covalently bound to the polymerase [N3]. These polymers

then remove histones from the DNA, thereby allowing
access to other proteins, eg. DNA helicase A and
topoisomerase I, to encourage DNA excision repair
Inhibitors of poly(ADP-ribose) polymerase suppress the
adaptive response in mammalian cells.

80. Further evaluation [B9), however, has shown that
differences in the nucleoid sedimentation ratc might also
be explained by changes in the amount of RNA and
proteins, which affect the sedimentation velocity of the
nucleoids. To test this hypothesis, keratinocytes were
exposed to 0.0054M of N-methyl-N"nitro-N-
nitrosoguanidine for 1 hour, followed by a challenge dose
of 5 uM of N-methyl-N'-nitro-N-nitrosoguanidine 6 hours
later. The resulis can be interpreted as reflecting fewer
DNA breaks in the pretreated cells than in cells exposed
to the challenge dose only. The presence of 2 mM of
3-aminobenzamide blocked this response. Repair in the
presence  of low doses of N-methyl-N'-nitro-N-
nitrosoguanidine is consistent with an adaptive responsc of
the cells to the mutagen. However, a synergistic rather
than an adaptive response was observed in human
lymphocytes  pretreated  with  N-methyl-N'-nitro-N-
nitrosoguanidine, followed by a challenge treatment with
methyl methane sulphonate [W4].

81. Studies with hydrogen peroxide (0.1 M
conditiom'n% dose, 100 uM challenge dose) and bleomycin
(0.1 ng mI™ conditioning dose, 100 ng mi! challenge
dose) are also consistent with the view that exposure to a
low dose of these mutagens results either in an overall
decrease in the number of single-strand breaks or changes
in the nucleoid cage of the DNA. They provide
complementary evidence of an adaptive DNA repair
process.

F. SUMMARY

82. The adaptive responsc has been demonstrated in
proliferating cultured lymphocytes and fibroblasts, In
addition 10 a reduction in chromosome aberrations, the
response has been measured as a reduction in the expected
number of sister chromatid exchanges, of induced
micronuclei and of specific locus mutations. An increased
survival rate and an increased proliferative capacity have
been shown to be associated with increased mutation and
transformation frequency in some experiments.

83. Bone marrow cells and spermatocytes from mice
exposed in vivo 10 low doses (0.01-0.2 Gy) from x rays a
few hours before challenge doses (0.75-2 Gy) to the cells
showed reductions in the number of chromosome aberra-
tions compared 10 cells exposed to the challenge dose
alone. No adaptive response was observed in pre-implanta-
tion mouse embryo cclls, even though these embryonic
cells were tested at a stage of development in which they
were considered 10 be capable of synthesizing their own
DNA repair enzymes.
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84. There is evidence of cross-adaptation between some
toxic chemical agents and low-LET radiation. While it is
reasonable to assume that some common repair pathways
exist depending on the category of damage (for example,

damage caused directly by the ionizing events or indirectly
by induced hydroxyl radicals), the relation between ran-
dom radiation-induced DNA damage and specific chemi-
cally induced DNA damage neceds to be further resolved.

II. MECHANISMS OF ADAPTIVE RESPONSE

85. Studies of cultures of lymphocytes, bone marrow
cells, melanoma cells and fibroblasts have provided insight
into some aspects of the mechanisms involved in the
adaptive response. These include:

(a) the effects of radiation on the up-regulation of genes
and their influence on cell cycle kinetics;

(b) the identification of activated genes and their
enzyme products specifically involved in radiation-
induced DNA repair;

(c) the relationship between radiation-induced repair
genes and those activated by other mutagens;

(d) the ability of cells to remove toxic radicals;

(¢) theactivation of membrane receptors and the release
of growth factors;

() the effects of radiation on the proliferative response
to mitogens.

Other mechanisms may be involved, such as enhanced
immunosurveillance, which is discussed in Chapter IIL.

A. CELL CYCLE CONTROL

86. Research into the mechanisms involved in cell
cycling is advancing rapidly [M23, N1, N2, N5, $28). The
division of a cell into a pair of genetically identical
progeny depends on the precise timing of a sequence of
events. To divide successfully, the cell must have
completed DNA replication and repaired any DNA
damage to the extent that allows the formation of
chromosomes and their correct segregation.

87. Control of cell cycling is influenced by feedback
mechanisms that can detect failure to complete the above
processes and arrest progress at various stages in the cycle
(e-g. progression from the G, to the S phase and from the
G, to the M phase). Much of the basic knowledge of the
mechanisms has been derived from studies with yeast cells
and sea urchin eggs. Elucidating the mechanisms in
mammalian cells is proving more complex than doing so
in primitive cells. It is clear that the understanding is as
yet incomiplete, but there is sufficient information to allow
speculating on the principles involved.

1. Protein synthesis

88. The key components in mammalian cell cycle
control are two classes of protein, the kinases and the
cyclins, which are synthesized in a well-conserved
sequence. Cell-division-cycle (cdc) kinases are believed to

act at several check-points, switching cell cycle
progression on and off principally by interacting with
cyclins. Activation of the kinase-cyclin complexes requires
dephosphorylation of tyrosine phosphate, and possibly of
threonine phosphate, on the kinase molecule.

89. Passage from the Gy to the G; phase is thought to
be triggered by low cell population density, cell size, the
presence of mitogens and the activation of proto-
oncogencs. Progression in the G; phase seems to be
regulated by kinases similar to, but not identical with, cdc2
kinase encoded by the p34 °? gene [F20]. Cydclin D1
accumulates during the G, phase and associates with
many cellular proteins, including cdk2, cdk4 and cdkS
kinases [M24, X1].

90. The G to S phase transition appears to involve the
complexing of cyclin E with cdk2 kinase and of cyclin D
with cdk4 kinase. The cdc2-cyclin E complex may be
particularly important for the transition from the G, to the
S phase in human cells [K20].

91. A gene encoding a cyclin-like protein has recently
been isolated from rat fibroblasts [T12]. It is referred to as
cyclin G. Cyclin G mRNA is induced within 3 hours of
growth stimulation, that is, during the transition from the
G, to the S phase, and its level remains elevated with no
apparent cell cycle dependency, indicating its close
association with growth stimuli but not with the cell cycle.
The kinase-cyclin G complex remains inactive until
dephosphorylation of the kinase occurs.

92. A cdc2 kinase-cyclin A complex regulates S phase
progression [G9, P11]. Essential accessory growth factors
during the S phase include platelet-derived growth factor
(PDGF) and insulin-like growth factor (IGF-1).

93. On passing through the G, phase, proteins that
regulate the spindle assembly, chromosome condensation
and nuclear envelope breakdown are synthesized. If the
spindle assembly is not completed, then the cell is arrested
in the M phase. A cdc2 kinase-cyclin B complex controls
the transition from the G, to the M phase [G9, P11].

94. Cyclins A and B are rapidly degraded at the end of
mitosis. The process induces the synthesis of enzymes that
conjugate ubiquitin to the cyclins and thereby targets them
for degradation by proteolytic enzymes. Degrading the
cyclins negates the activity of the kinase-cyclin complexes,
and the cells proceed to interphase.
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95. The effect of radiation on the levels of cyclin present
at different stages of the cell cycle has been studied. In
normal cell cycling of unimadiated cells, the levels of
cyclin B protein increase rapidly in the G, and M phases
and decrease at the end of mitosis. If the cells are
irradiated in the G, phase, cyclin B mRNA is readily
detectable, although at slightly lower levels than in the
unirradiated controls. However, cyclin B protein is
markedly decreased in amount, as can be seen in
Figure IV, and this is associated with a delay in the
completion of the G, phase, which is associated with
diminished levels of activated kinase-cyclin complex. This
finding has been confirmed in experiments with Chinese
hamster cells [L13].

2. Tumour suppressor genes

96. As the role of tumour suppressor genes was
discussed in the UNSCEAR 1993 Report {U1] Annex E,
only the points relevant to their role in cell cycling are
referred to in this Annex. Current cvidence indicates that
the Rb tumour suppressor gene protein plays multiple roles
in the control of the cell cycle, not only in regulating the
response to early mitogenic signals to the cell but also in
mediating the transitional phases of the cycle itself. The
fundamental mechanism by which this is achieved is the
repression of cell growth and division by the Rb binding
of regulatory nuclear proteins, such as E2F and Myc,
which drive proliferative responses. Mutational loss or
inactivation of the Rb gene in an appropriate target cell
may therefore be viewed as a principal means of relaxing
these controls.

97. The phosphoprotein product of the p53 tumour
suppressor gene is also suspected of playing a role in cell
cycle regulation [L22]. It is thought to function as an
inhibitor of cell replication by delaying entry into the S
phase of the cell cycle through influencing the assembly
of the late G; protcin complexes that initiate DNA
replication. The inhibition of DNA synthesis is therefore
an active physiological process, and loss of the p53 gene
results in loss of this control.

98. Another possible mechanism of action is that p53
protein, by virtue of its DNA-binding properties, may act
as a transcriptional factor influencing critical gene
expression controlling a cyclin-dependent protein kinase
inhibitor (CKI). This is a p21 protein that can bind to and
inhibit a wide variety of cyclin-dependent kinases [N5]. A
simple hypothesis for cell cycle progression has been
proposed: cyclin-dependent protein kinases build up at the
G, phase and the G,/M transition owing to the presence
of cyclin-dependent protein kinase inhibitors. Surplus
cyclins then trigger the inactivation of cyclin-dependent
protein kinase inhibitors, and the cell proceeds through the
cycle. Inducible DNA damage may also cause the build-up
of cyclin-dependent protein kinase inhibitors, which may
be reversible or imeversible.

99. Proto-oncogenes, originally isolated as functional
genes supporting the proliferation of tumour cells, encode
proteins that are involved in nommal cellular proliferation.
Some of these proto-oncogenes are therefore concerned with
cell cycling. They are involved in signal transduction from
the cell surface 1o the nucleus, thereby integrating growth
signals so as to increase the biosynthesis of DNA. These
oncoproteins include growth factors (e.g. c¢-sis encoding
platelet growth factor), membrane binding receptors (e.g. c-
fms encoding macrophage-colony stimulating factor
receptor), signal mediators by subsequent phosphoryl
reaction (eg. c-raf encoding protein, which can be
phosphorylated during signal transduction), transcriptional
activators (¢.g. ¢-jun and c-fos encoding AP-1 transcriptional
activator protein) and replication-related proteins (e.g. c-myc
encoding nuclear protein). Some oncoproteins possess DNA-
binding activity afier phosphorylation.

100. As examples, the transition from the Gy to the Gl
phase has been associated with the increased expression of
¢-fos, c-jun and c-myc and EGR-1 proto-oncogenes that
become activated within minutes of a growth stimulus. All
of the products are directly bound with DNA to activate
transcription of the many genes necessary for entry into the
growth cycle. The c-fos gene transiently expresses prior 10
differentiation in a wide variety of premature blood cells.
After differentiation, several types of cell further express
different oncogenes, such as src [G7], c-sis [P5] and c-fims
|S29], depending on the type of ccll. Progression from the
G; to the S phase is thought to involve the up-regulation of
the ras family genes.

B. GENE ACTIVATION

101. The disruption of DNA structure is a consequence of
exposure to many physical, chemical and biological toxins.
To a lesser degree, as described earlier, it is also a con-
sequence of the changes that can take place during normal
metabolism. It is not surprising, therefore, that cells have
evolved a complex system of defence against circumstances
that might irreversibly damage them. A major role is played
by the activation of genes and gene products that initiate
DNA repair processes.

102. Evidence for the activation of genes associated with
growth control and DNA repair came initially from studies
in prokaryotes. These studies provided an insight into the
mechanisms operating in eukaryotic cells. For example,
genotoxic stress in the bacterium Escherichia coli induces
responses in which regulator genes (regulons) participate.
These include the lexA/recA-mediated SOS response [L3,
M1, P9, Rl, S4, W2, W24], the adaptive response to
alkylating agents [B1, K1, K2, K3, M2, O1, S4, S5, S6],
the axyR-mediated hydrogen peroxide response, the saxRS-
mediated superoxide response, and the activation of heat
shock protein (HSP) genes [D1, DS, F18, G1, S7, W8,
W24, 74).
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103. The response of mammalian cells to mutagens,
including radiation, is complex, but it is known that many
of the genes involved in nonnal cell cycling are activated.
These include genes responsible for growth stimulation,
growth control and differentiation [R9]. Genes associated
with growth control and activated by radiation exposure
were discussed in a recent review article [F19). Similar
types of genes arc activated by some alkylating agents and
hydrogen peroxide.

1. Cell growth arrest

104. An immediate reaction in proliferating cells exposed
to a mutagen is delayed progression through cell division,
and a number of genes have been identified that inhibit
cell cycle kinetics, among them the growth arrest and
DNA-damage-inducible (DDI) genes (L3]. Delayed
progression through cell division is accompanied by an
increase in the rate of transcription of genes that encode
for the production of enzymes to repair the DNA damage
caused by the mutagen [W1]. The different types of repair
enzymes produced in response to different types of
genotoxic stress are probably interrelated in the sense that
they are the products of similar regulons [S3].

105. Cell cycle delay is a primary response to DNA
damage that represents active processes mediated by
certain genes, such as those involved in the expression of
the cyclins, p53 tumour suppressor gene, ras oncogenes,
and the gadd (growth arrest and DNA-damage), gas
(growth-arrest-specific), spr (small proline-rich), MyD
(myeloid differentiation) and ¢/EBP growth armrest genes
[F19]. Genotoxic stess has the puzzling effect of
conditioning genes associated with both growth stimulatory
and inhibitory responses, but the main effect is inhibitory.
Many transcription factors and genes activated soon after
exposure to radiation are associated with both responses.
Many of the genes involved in signal transduction have
been implicated in both the initiation and progression
stages of carcinogenesis, and the same genes are often
induced by tumour promoters and DNA-damaging agents
[C15, D5].

106. A summary of the DNA-damage-induced (DDI)
genes found by various investigators to be induced within
a few hours of exposure is given in Table 17. The
complex mult-gene reaction after irradiation makes it
difficult to characterize the molecular mechanisms of any
patticular group of gencs. However, most of the DDI
genes listed in Table 17 are probably involved
immediately after DNA damage.

107. Experiments with cultured normal bone marrow
progenitor cells and with myeloblastic (ML-1) leukaemic
cells bave shown that the levels of p53 tumour suppressor
gene protein transiently increase while the rate of DNA
synthesis decreases after DNA damage, apparently
occurring via a post-transcriptional mechanism [K21]

Since cells with wild-type (wt) pS3 genes exhibited
transient arrest in both the G; and the G, phases after
gamma-irradiation, while cells with absent or mutant p53
genes arrested only in the G, phase, it was concluded that
wt p53 genes played a role in G; phase arrest

108. This observation was further supported by
experiments showing that the transfection of wt p53 genes
into malignant cells lacking endogenous p53 genes
partially restored the G; phase armrest afler gamma-
irradiation and that overexpression of a transfected mutant
P53 gene in tumour cells with wild-type endogenous p53
genes abrogated the G, phase arrest after irradiation [K22].

109. Becausc the tumour cell lines used for the
transfection  experiments had multiple genetic
abnormalities, the experiments were repeated in irradiated
normal murine embryonic fibroblasts in which the p53
genes had been disrupted by homologous recombination
[K23]. Under these conditions, the loss of both p53 alleles
in otherwise normal fibroblasts led to the loss of G, phase
arrest.

110. Further studies showed that imadiated cclis from
patients suffering from ataxia-telangiectasia were unable to
induce the gadd45 gene. Finally it was shown that wild-
type but not mutant p53 gene products bind strongly to a
conserved element in the gadd45 gene. It was concluded
that in normal mammalian cells, p53 and gadd45 genes
participate in a signal transduction pathway that controls
cell cycle arrest in the G, phase following DNA damage
and that this check-point pathway is defective in ataxia-
tclangiectasia patients.

111. The effect of radiation on the expression of two
DNA-damage-induced genes, designated gadd45 and
gadd153, has been examined in cultured human
lymphoblasts [P6]. These genes had previously been
shown to be strongly induced by UV-radiation and
alkylating agents in human and bamster cells. It was found
that the gadd45 gene, but not the gadd153 gene, was also
strongly induced by x rays. The level of gadd45 mRNA
increased rapidly after x-ray exposure at doses as low as
2 Gy (Figure V). After 20 Gy, gadd45 induction, as
measured by increased amounts of mRNA, was similar to
that produced by the most cffective dose of the alkylating
agent methyl methane sulphonate. No induction was seen
after reatment with 12-0-1ctra-decanoylphorbol-13-acetate,
a known activator of protein kinase C. Therefore, gadd45
represents an X-ray-responsive gene whose induction is not
mediated by protein kinase C. However, induction was
blocked by the protein kinase inhibitor H7, so that
induction is likely to be mediated by some other kinase.

2. Radiation-induced gene expression

112. The effects on gene expression of low doses of low-
and high-LET radiations have been studied in cultures of
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Syrian hamster embryo (SHE) cells [W16). These fibro-
blasts are normal diploid cells that can be transformed into
neoplastic cells by radiation. Genes coding virus-like 30
S elements, c-fos and B-protein kinase C have been shown
to be activated by exposure to x rays (0.75 Gy) or gamma
rays (0.9 Gy) but not by exposure to fission neutrons.
Further studies [W17] have revealed that the induction of
c-fos mRNA occurred within 3 hours of exposure, and a
protein-binding site has been identified that mediates
transcriptional response of the ¢-fos gene to serum factors

[T5).

113. Of particular interest was the response to radiation
of members of the protein kinase C (PKC) gene family,
which has been shown to play an important role in tumour
promotion and in the regulation of cell growth. The results
of these experiments showed that exposure to ganuna rays
can induce increased cxpression of PKC mRNA within
1 hour of radiation exposure (Table 18). However, PKC
inhibitors prevented the expression of PKC in Chinese
bamster V79 cells [111]. Dose effects were evident, with
increased accumulation of PKC mRNA at higher doses.
Levels of expression of PKC mRNA were increased
sixfold over unirradiated controls after exposure to
0.75 Gy from x rays (Figure VI).

114. The induction of PKC mRNA occurred at a time
when total cellular transcription was reduced following
irradiation. The activation of PKC directly stimulates
transcription of proto-oncogenes c-fos and c-jun, which are
typical early immediate genes. Cellular levels of c-fos and
¢-jun mRNA also increase transiently after irradiation [I9,
S48], and it has been reported that these oncogenes are
induced via the activation of PKC after irradiation [H12].
These results suggest that supplementation of PKC after
activation of the PKC gene is necessary for prolonged
expression of fos/jun genes, since depletion of PKC and
down-regulation of fos/jun mRNA occur after their
activation. On the other hand, several cytokine genes such
as interleukin (IL-IB) and tumour necrosis factor (TNF-o)
are found to be continuously expressed by irradiation
(Table 17). IL-IP is known as a radioprotector because the
survival rate after a sublethal dose of radiation is increased
by the administration of IL-If [N6). Since there is a
potential AP-1 (transcriptional activated protein, complex
of fos and jun protein) binding site at the 5'-upstream
region of these genes, it is considered that the genes are
continuously stimulated by regulators containing the
products of the early immediate genes as a later response
against radiation damage at a whole-body level [W25].
However, transient expression of the IL-If gene is also
observed together with transient expression of fos/jun early
immediate genes within 1 hour of imadiation [I9]. This
suggests the activation of early protective mechanisms as
a response to whole-body imradiation.

115. The effects of neutrons and gamma rays on the
expression of genes encoding the nucleus-associated

H4-histone, c-jun, c-myc, Rb and p53 proteins have also
been reported [W18]. Syrian hamster embryo cells were
irradiated at various doses and dose rates. After incubation
of the cell cultures for 1 hour following radiation
cxposure, the induction of transcripts for ¢-jun and H4-
histone was shown to occur following gamma-ray
exposure (Table 19) but not foliowing neutron exposure.
The expression of p53 protein was unaffected by either
gamma-ray or neutron exposurc. The increase in the
relative amounts of Rb mRNA was marginal, and the
expression of c-myc mRNA was repressed following
exposure to gamma rays and was unaffected following
exposure to ncutrons.

116. These ecxperiments provide support for the
hypothesis that radiation induces different cellular
responses to radiation-induced damage, be it DNA
damage, oxidative damage, protein denaturation or some
other intracellular event. Recent experiments implicating
oxidative damage as the inducing agent for c-fos, c-jun, c-
myc and other genes induced following DNA damage
would suggest that gamma-ray induction of these genes
may involve oxidative damage as the modulating agent

117. The activation of oncogenes, including c-raf, c-mye,
v-src, Ki-ras, ¢c-H-ras, v-H-ras, N-ras, v-k-ras and v-fims
genes, has been correlated with increased clonogenic
survival over the dose range 1-6 Gy [M25, S45]. The
adaptive response appeared to be a specific consequence
of the ras gene mutation rather than transformation, since
revertant cells that contained functional ras genes retained
their clonogenic survival properties.

118. The effect of oncogene expression on the sensitivity
1o gamma-radiation of the baematopoietic (32DCI3) cell
line has been measured [F21]. It was shown that these
hacmatopoictic progenitor cells transfected with the
oncogenes v-erb-B, v-abl or v-src also showed increased
clonogenic survival when exposed at dose rates of
0.05 Gy min™! over the dose range 1-10 Gy. Exposure of
NIH3T3 fibroblast cells transfected with the oncogenes
v-abl, v-fms or H-ras also showed increased clonogenic
survival.

119. In a more recent experiment, rat embryo cells from
the Fischer strain of rats and derived transfectants
containing the Ha-ras oncogenes were irradiated with
Oy gamma rays al dose rates between 0.018 and
0.72 Gy min™! [O6]. The oncogene-containing cells
exhibited higher survival levels at all doses compared with
the non-transfected cells.

120. In contrast, the measurement of colony-forming
ability following exposure to gamma-radiation was made
on transformed buman embryo retinoblast cell lines
containing mutant ras genes [G10]. No correlation was
found between transformation with activated ras,
adenovirus or SV40 genes and increased radiation-
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resistance. Nor was there any correlation between
clonogenic survival and the level of expression of ras21,
but two of the three ras transformants that were least
sensitive to gamma radiation were from cell lines
expressing the highest levels of ras21 polypeptide, which
plays a pivotal role in signal transduction and possibly
DNA repair. Notwithstanding the negative findings in
some laboratories, it is generally accepted that radiation-
induced oncogene activation can induce increased cell
survival in some circumstances [W25].

121. A human XRCC1 (x-ray repair cross
complementing) gene has been isolated that affects the
sensitivity of cells to radiation [C16, T13)]. The Chinesec
hamster ovary cell mutant, EM9, exhibits extraordinarily
high sister chromatid exchanges and is unable to
effectively repair DNA breaks caused by radiation and
certain alkylating agents. Introduction of the human
XRCCI gene corrects the EM9 DNA-repair defect and is
the first human gene to be cloned that has an established
role in DNA strand-break repair. The gene is 33 kb in
length and encodes a 2.2 kb transcript and a corresponding
putative protein containing 633 amino acids. Constructs in
which the open reading frame of the XRCCI gene were
transcribed from the SV40 promoter, or the genomic
promoter native to XRCC1 gene, were compared with
regard to their ability to correct the sister chromatid
exchange defect in the EM9 mutant. These transfectants
displayed significantly fewer sister chromatid exchanges
than other transfectants. The results suggest that
overexpression of the minigene from the SV40 promoter
may increase the repair capacity of EM9 mutant cells
relative to that of wild-type cells.

3. Induced protein products and DNA repair
(&) Human melanoma cells

122. Induced gene products synthesized in response to
low doses of radiation in human melanoma (U1-Mel
strain) celis and in a varicty of other human normal
and cancer-prone cells have been identified using two-
dimensional gel electrophoresis [B12]. Ul-Mel cells
were chosen since they have a high capacity for
potentially lethal damage repair. Eight proteins were
induced by radiation, and two proteins were repressed.
They were not found after heat shock treatment or
exposure to UV-radiation or certain alkylating agents.
The expression of onc protein termed XIP269 (to
indicate an x-ray-induced protein of approximately
269 kDa) at a dose of 0.05 Gy corrclated very well
with potentially lethal damage repair capacity. This
protein was found to be down-regulated by exposure
to caffeine or cycloheximide under conditions in
which both potentially lethal damage repair and
subsequent adaptive responses, expressed as cell
survival, were prevented [H3].

123. In addition to characterizing x-ray induced proteins,
the levels of x-ray-inducible genes have been measured in
cDNA clones isolated by differential hybridization. Some
of these genes were increased to over 20 times the
background levels by as little as 0.05-0.2 Gy; four have
been identified as T-diphorase, tissue-type plasminogen
activator [B13, B14, H3], thymidine kinase and the proto-
oncogene c-fps/fes.

124. The first phase of potentially lethal damage repair
occurs very quickly (2-20 minutes), presumably to
increase the chances of survival of irradiated cells. It is
associated with a rapid resealing of single- and, at a later
stage, double-stranded DNA lesions that are either created
initially by x rays or produced as a result of the repair of
various types of base damage. The second slower phase of
potentially lethal damage repair proceeds over a period of
a few hours following irradiation, during which attempts
are made to repair the remaining double-stranded DNA
breaks. This second phase of repair closely corresponds to
the restructuring of gross chromosomal damage and can
be partially blocked in some human cells by inhibiting
protein synthesis [Y3]. The rapid repair of potentially
lethal damage may be due to the immediate availability of
conslitutively synthesized repair enzymes such as DNA
ligases, topoisomerases or polymerases [B15]. In contrast,
it is proposed that the slow phase of potentially lethal
damage repair requires the induction on demand of
specific genes and gene products. These slow-phase,
potentially lethal damage repair responses may be further
enhanced if the genes are stimulated with low doses of
radiation before a high challenge dose is given.

125. 1In a further experiment, confluence-amrested human
normal (GM2936B and GM2907A) and neoplastic
(Ul-Mecl, Hep-2 and HTB-152) cells were tested for
evidence of adaptive survival recovery responses [B26,
M9]. Cells were exposed to 0.05 Gy each day for four
days at a rate of 1.13 Gy min™ and then challenged with
a dose of x rays giving a 20% cell survival. Only Hep-2
and Ul-Mel cells pretreated with 0.05 Gy showed an
improvement in survival after 4.5 Gy, compared with
untreated cells. Two genes, XIP5 (human growth
hormone-related) and a gene transcript related to XIPI2
(human angiogenin-related), showed increased expression
over time in these cells. Levels of cyclin A and, to a lesser
extent, cyclin B increased in the pretreated cells only after
the high challenge dose and were not expressed during
exposure to the conditioning dose or in cells receiving
only the challenge dose. A slight increase in glutathione S
transferase mRNA was noted after the primary dose, but
P53 suppressor gene and 10 XIP genes were not activated.

126. Under the conditions of this experiment, Ul-Mel
cells did not progress into the S phase as measured by the
uplake of tritiated thymidine into DNA. The induction of
cyclin A under these conditions may thus indicate an
involvement of cyclin A in specifically stimulating DNA
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repair. Based upon these preliminary data, a model has
been proposed in which an adaptive response to low doses
of radiation may be achieved in mammalian cells [M9].
Initially cells are assumed to be in the G, phase or at
some point in the G; phase. Upon repeated exposure to
low doses of radiation, for example 0.05 Gy, cells
progress to and pause at or near the G; phase or the
beginning of the S phase of the cell cycle. Gene transcripts
that build up slowly in response to conditioning doses then
produce proteins (e.g. cyclin A) that regulate or control the
transcripts that appear following a challenge dose. At that
point, cells are poised to stimulate various DNA repair
systems that are not inducible in the initial resting state.

127. In another experiment, human melanoma (G361
strain) cells were exposed to gamma radiation [O4].
Eleven induced proteins were extracted from cells with
molecular weights between 43 and 98 kDa, while in P39
strain cells, 21 induced proteins were extracted after
exposing the cells to 3 Gy. Their molecular weights
ranged from 32 to 98 kDa, and four of these, with
molecular weights of 57, 58, 77 and 88 kDa, were
considered to be specific DNA repair enzymes. These
proteins are of a lower molecular weight than those
isolated and characterized by Boothman et al. [B12].

(b) Human lymphocytes

128. Using two-dimensional gel electrophoresis, a specific
group of proteins was detected from human lymphocytes
exposed to a conditioning dose of 0.01 Gy from x rays
[W6, W8]. Cellular extracts from unirradiated lymphocytes
and from other cell types were separated by clectro-
phoresis and then exposed to a mixture of 32p_Jabelled
nick-translated and non-radioactive plasmid pCH110 on
nitrocellulose membranes. Several bands that bind 1o the
nick-translated DNA were detected, the protein binding
occurring as early as 1 hour after irradiation and reaching
its maximum by 6 hours. This binding was diminished by
a prior proteinase K treatment of the extracts, indicating
that the bands are related to proteins present in the
extracts. The cellular extracts contained three proteins (of
molecular weights 105 kDa, 35 kDa and 14-18 kDa) that
reproducibly bound to the labelled DNA. The binding of
the DNA probe to the 30-35 kDa and 14-18 kDa bands
was twice as great as that found in unirradiated cells, and
the 35 kDa band regularly separated into two bands.

129. The 30-35 kDa band proteins have been substantially
purified by affinity chromatography. If enough of the
proteins can be obtained, it should be possible to see if
their introduction into cells will lead to a reduction in the
yield of chromosomal aberrations induced by a dose of
1.5 Gy from x rays, even though the cells are not pre-
exposed to the conditioning dose of 0.01 Gy. An
alternative approach could be to introduce engineered
genes into cells and look for the adaptive response. It is
likely that the binding proteins are single-chain molecules

and that the binding site does not require a conformation
dictated by internal disulfides; and it is unlikely that the
14-18 kDa band protein is a subunit of the larger 34 kDa
band protein. Further studies should confirm this.

130. The existence of a specific DNA-binding protein in
the nuclei of human lymphoblast cells exposed to
radiation, which was not detected in nuclear extracts from
unperturbed cells, has been reported [S33] The effects of
this binding protein were shown to be dose-dependent and
transient, reaching a maximum 1 hour after irradiation and
disappearing from the nuclei by 9 hours. The protein was
induced in cells by a mechanism not requiring de novo
protein synthesis, and the response was specific for
radiation and radiomimetic agents; neither UV-radiation
nor heat shock invoked a response. The DNA-binding
protein was present in the cytoplasm of unimadiated cells,
apparently being translocated to the nucleus only after
radiation exposure. Analysis demonstrated that the nuclear
and cytoplasmic proteins were approximately the same
size, that is, 43 kDa.

131. Similar experiments with irradiated lymphocytes
from bumans, mice and rabbits have been reported [L28].
Human lymphocytes in vitro and mice in vivo were
irradiated  with 200kV  xrays at a nmte of
0.0125 Gy min"!. Rabbits were exposed in vivo to Oco
gamma-radiation at a dose rate of 0.0056 Gy h! for 9
hours, resulting in an accumulated dose of 0.05 Gy.
Extracts of cells or separated cytosolic and nuclear
fractions were subjected to two-dimensional
elecrophoresis. Four protein spots not present in the
unirradiated cells appeared in the extracts of human
lymphocytes 4 hours after in vitro exposure to 0.05 Gy,
with molecular weights of 25, 167, 168 and 174 kDa.
Nine spots were detected in the cytosolic extract from
mouse lymphocytes 4 hours after in vivo exposure to
0.075 Gy with molecular weights of 51, 69-70, 145 and
160-179 kDa, and four spots were found in the nuclear
extract with molecular weights of 70, 90, 230 and
247 kDa. Five spots were detected in the extract from
rabbit lymphocytes with molecular weights of 105, 135,
138, 145 and 174 kDa. When compared to the protein
spots identified after exposure of cells to mitomycin C and
heat (41°C), it was found that the proteins induced by
these treatments showed many aspects in common,
although there were some differences in their
electrophoretic mobility.

132, Crude extracts of splenic lymphocytes from
irradiated and sham-irradiated mice were subjected to gel
filtration with sephadex G-100 and aliquots tested for
biological activity. Both stimulatory and suppressive
effects were noted when separate fractions were added to
normal splenocytes exposed to concanavalin A, the
stimulatory effect of one protein fraction being more
marked in the cluted fraction from the irradiated mice.
These various proteins were found to have molecular
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weights below 100 kDa. When the fraction with
stimulatory effects was added in 10 ng amounts to
lymphocyte cultures, it was found that the addition 42
hours after phytohaemagglutinin stimulation reduced the
frequency of chromatid and isochromatid breaks produced
by a dose of 1.5 Gy from x rays to a magnitude similar to
that observed when a conditioning dose of 0.05 Gy from
X rays was given 42 hours after phytohaemagglutinin
stimulation.

4. Stress-response proteins

133. There are several examples of genotoxic stresses
influencing the expression of proto-oncogenes and their
products. Temporary hypoxia or glucose deprivation, for
example, induces the expression of several proteins. The
increased expression of intracellular proteins termed
"oxygen regulated protcins” in Chinese hamster ovary cells
has been described [W19]. These proteins are different
from the heat shock proteins, but two with molecular
weights of 80 kDa and 100 kDa appear to be identical to
two proteins that are induced by glucose deficiency [S31].

134. Haemoxygenase is a protein associated with oxi-
dative stress. Increased levels of this 33 kDa protein
transcript have been observed in human skin fibroblasts
and can be induced by treatment with UV-A-radiation,
hydrogen peroxide and sodium arsenite [K9), heat shock
(S8] and temporary hypoxia.

135. Changes in expression of protein kinase C can
follow exposure to physical or chemical agents. Protein
kinase C is often up-regulated in proliferative cells
compared with quiescent cells in these circumstances.
Moreover, the intracellular distribution of protein kinase C
in cells is also affected [A3]. Consistent with this, low
doses of UV-A-radiation have been shown to increase
protein kinase C activity in cultured mammalian fibroblasts
and also to inhibit EGF-binding [M10].

136. While some degree of homology between the effects
of various stresses has been reported, there are clear
differences. The expression of the c-fos and c-jun genes,
both involved in the regulaiory mechanisms of cell
progression, arc increased by heat shock [B16] and
radiation [W16]. However, hypoxia followed by re-
oxygenation has been shown to elevate only c-fos mRNA.
Radiation causes up-regulation of the gadd45 gene, while
both UV-radiation and alkylating agents up-regulate
mRNA for gadd45 and gadd153. Up-regulation of the
B-polymerase gene is an example of chemical agents that
cause DNA damage affecting transcription, whereas
x-radiation and UV, both potent agents for DNA damage,
have no effect [F6].

137. The possibility that low doses of radiation induce an
adaptive increase in the antioxidant defence mechanism
has also been considercd [N2]. The expression of stress

proteins was given special attention, in view of the finding
that these proteins are present in monocytes whose
antioxidant activities have been elevated [C9, P7). A
similar response has been observed in mitogen-stimulated
lymphocytes [F7, H4]. Male C57BI/6 mice, six weeks of
age, were exposed to a dose rate of 0.04 Gy d! from
x rays on five consecutive days each week for four weeks
[M19]. Three days after the last exposure, their spleens
were assessed for the constitutive and mitogen-stimulated
levels of heat shock protein (HSP) 70 mRNA and protein.
Glyceraldehyde-3-phosphate dehydrogenase (GAPD), a
housckeeping gene, was used as a reference. The results
indicate that low doses augment the constitutive levels of
HSP70 mRNA and HSP70 protein (Table 20). Thus, the
magnitude of the proliferative response of splenocytes to
T-cell mitogen stimulation can be directly related to the
constitutive and mitogen-stimulated levels of HSP70
mRNA and protein. These results are consistent with the
view that splenocytes need to accumulate some minimal
constitutive level of HSP70 protein before they can
undergo an augmented proliferative response to mitogenic
stimulation and that T cells adapt to low doses by
augmenting their HSP70 gene expression.

138. It was shown subsequently that the chronic
irradiation of mice increases the expression of HSP70
genes in tissues [M11]. The mice were irradiated at a dose
rate of 0.03 Gy d’!, and the levels of HSP70 genes were
analysed. Increased but transient expression of HSP70 in
lung, spleen and intestinal cells was observed,
commencing on day 5 of irradiation. In an-extension of
this experiment, the effect of dose rate was examined. The
data indicated that chronic irradiation within the range
0.03-0.06 Gy d’! can activate the transcription of HSP70
genes and their respective protein products. In this respect,
the results were consistent with those of Nogami et al.
[N4], who observed the induction of HSP70 protein in
resting splenic T cells after chronic irradiation at a dose
rate of 0.04 Gy d’!, but not at rates above 0.1 Gy d! with
a total dose not exceeding 0.2 Gy. However, increases in
HSP70 protein were not seen in Chinese hamster ovary
cells [A14] unless the dose was in the region of 400 Gy
[S46].

139. In support of a common mechanism, the effects of
viral and activated cellular oncogenes on the sensitivity of
Syrian hamster (Osaka-Kanazawa) cells exposed to
gamma-radiation, UV-radiation and beat shock have
recently been described [S41]. Greater tolerance to
gamma-radiation was conferred by the introduction of
v-mos and c-cot genes, which encode for serine/threonine
kinase. Cells transfected with v-mos and c-cor genes were
also more tolerant to UV-radiation and heat shock. Of the
activated ras genes, the N-ras gene developed a cell
phenotype resistant to UV-radiation and gamma-radiation.
The Ha-ras gene produced a cell type resistant to UV-
radiation and heat shock, while introduction of the Ki-ras
gene did not affect sensitivity. The v-erb B gene was
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found to be involved in the development of resistance to
heat shock. Transfection with neo, c-myc and v-fgr genes
had little or no effect on survival. The karyotypes of the
original cell type and the oncogene-containing cells were
compared, and no alterations were seen in the cells
carrying the foreign genes. These results suggest that
activation of serine/threonine kinase may be involved in
common processes occurring after gamma-radiation, UV-
radiation and heat shock treatment, and that each oncogene
may have a different effect on the development of a
resistant phenotype. However, cDNA clones for a variety
of DNA-damage-inducible (DDI) transcripts have been
isolated that may represent more specific responses to
DNA damage [F17).

C. OTHER MECHANISMS
1. Radical detoxification

140. In addition to cell cycle amrest and induced genes
and gene products to initiate DNA repair, an alternative
mechanism has been proposed to explain the adaptive
response [F8, F9, F10, F11, F12, F13, F14, F15, F16,
M12, Z1]. It relates to the ability of cells to remove toxic
radicals. Radicals are known to be generated in small
amounts and detoxified during normal metabolism. The
process of detoxification involves the mobilization of
enzymes, such as catalase, peroxidase, superoxide
dismutase, from the cytosol [S34]. Membrane-bound
vitamin E is thought to scavenge the radicals as they are
formed; the latter are then detoxified by the cytosolic
enzymes. The purpose of this radical detoxification system
is to maintain the structural and functional integrity of the
cell by preventing damage to cellular constituents such as
membrane-bound DNA [S35].

141. Evidence in support of this hypothesis is based on
the results of a series of experiments in which male Wistar
rats were exposed to x rays within the dose range 0.05-
0.5 Gy. Levels of superoxide dismutase were found to be
increased in spleen, thymus and bone marrow 4 hours
later, while lipid peroxides were decreased [Y4).

142. It has been reported that the concentration of serum
thymidine kinase increases after acute cxposure 1o
radiation [H5]. This was associated with a decrease in the
concentration of the enzyme in bone marrow cells and a
delay in the incorporation of the radioactive thymidine
analogue, 5-iodo-2-deoxyuridine (IQSIUdr), into DNA in
these cells. The function of thymidine kinase is to prepare
extraccllular thymidine for its incorporation into DNA.
Measuring changes in thymidine kinase activity has proved
to be a convenient probe for studying changes in radical
detoxification.

143. In one procedure of this kind, female (NMRI strain)
mice received whole-body B¢ gamma-irradiation, and

the relative activity of thymidine kinase was measured in
bone marrow cells after one or two exposures, each of
0.01 Gy. A dose of 0.01 Gy produced a reduction in
enzyme activity that reached a minimum about 4 hours
after the irradiation, with full recovery after 6-8 hours. If
a second exposure to 0.01 Gy was given within 30
minutes of the first exposure, the decrease in enzyme
activity was accelerated, as was the rate of recovery. If a
second exposure to 0.01 Gy was given 4 hours afier the
first, there was no change in enzyme activity, and a
sccond exposure 12 hours after the first resuited in a
reduction of enzyme activity similar to that observed after
a single dose of 0.01 Gy [F8].

144. These reductions in thymidine kinase activity closely
followed the decreased rate of uptake of 251Udr into bone
marrow DNA, and there was a simultaneous increase in
the radical scavenger glutathione. These responses were
absent in cells exposed to a strong magnetic field, which
transiently alters lipid membrane structure. A deficiency of
vitamin E, which is known to be a radical scavenger, also
prevented the response.

145. The effect of low-dose radiation on 2> JUdr incor-
poration has also been measured in mouse intestines,
spleen and thymus [M20]. Young female BALB/c mice
were irradiated within the range 0.05-0.23 Gy with x rays
at a dose rate of 0.05-0.2 Gy min’}, followed at various
times thereafter by an injection of 151Udr. The incorpora-
tion of '>[Udr was decreased for several hours after a
single exposure to X-radiation in a dose-dependent manner
in spleen and thymus. At 4 hours afler imradiation, for
example, the decrease relative to controls was 79% in
spleen and 86% in thymus. If the first irradiation was
followed 4 hours later by a second irradiation (0.05 Gy or
0.1 Gy, for example) the second irradiation did not
enhance the inhibitory effect of the first exposure, thus
confirming the observations of Feinendegen et al. [F8}.

146. To put these studies into perspective, it has been
calculated that a radiation dose sufficient to create an
average of one ionizing track per cell would produce
enough radicals to delay the rate of DNA synthesis in
metabolically active cells [F9). This time dclay was
sufficient to ensure the availability of radical scavengers to
cope with radicals produced by a second dose of radiation
a few hours later.

147. Other calculations reveal that 0.01 Gy of low-
LET radiation could produce about 6 nM of oxidative
radicals in each cell [K10]. This concentration should
be compared with the cellular steady-state concentra-
tion of radicals from normal metabolic processes
involving oxygen, which is about 1 nM . Therefore, it
has to be assumed that a small transient increase in
radical concentration above that normally present in
the cell is able to cause a measurable activation of
normal detoxilication mechanisms.
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2. Activation of membrane receptors

148. The activity of adenylate cyclase increases markedly
in isolated membranes from rat hepatocytes after acute
exposure to between 1 and 2 Gy from gamma rays [K17].
This was confirmed by cxperiments with isolated plasma
membranes from rat lung tissue, in which the increased
adenylate cyclase activity, induced by a low concentration
(0.02 mM) of isoproterenol, was further increased if the
membranes were irradiated with gamma-radiation at the
rate of 0.36 mGy d’! [K18, R4]. When mitogen-stimulated
human lymphocytes [K19] and Raji cells derived from
human lymphoma cells [RS5] were grown in the presence
of serum growth factors, increased cellular proliferation
was observed if the cclls were irradiated at dose rates of
036 mGy d’l. The conclusion from these studies was that
low doses of radiation activated membrane-bound

enzymes.

3. Stimulated proliferation of splenocytes

149. The effect of radiation on the in virro proliferation
of thymocytes and splenocyles was measured in rats
previously irradiated in vivo [13]. The animals received a
whole-body dosc of x-radiation in the range 0.01-2 Gy.
Cells isolated from the spleen and thymus were then
cultivated in the presence of various mitogens, and cell
proliferation was evaluated by the rate at which tritiated
thymidine was incorporated into DNA.

150. The results showed that the proliferation of
splenocytes induced by concanavalin A (Con A) was
enhanced by the use of x rays within the dose range 0.01-
0.1 Gy, whereas that of thymocytes was not affected, as
can be seen in Figure VII. Irradiation with 0.05 Gy also
enhanced the proliferative rate of splenocytes stimulated
by phytohaemagglutinin (PHA) or lipopolysaccharide
(LPS), although their rcsponses were less than that
produced by Con A. This enhancement in the mitogen-
induced proliferation of splenocytes was observed only
within a few hours after irradiation, suggesting that low-
dose, whole-body irradiation can induce an adapting effect
in splenocytes.

151. This study was followed by a study of mouse
splenocytes in which interlcukin-1 (IL-1) production was
measured [I4]. The bioavailability of intracellular IL-1 of
splenocytes stimulated with LPS was enhanced following
whole-body irradiation with 0.025 Gy from x rays.
Furthermore, if splenocytes from an unirradiated mouse
were exposed 1o Con A, the addition of a small amount of
serum from an irradiated mouse augmented the pro-
liferative effect of the Con A. This could imply the
presence of growth-enhancing substances (e.g. cytokine) in
the irradiated serum.

D. SUMMARY

152. Studies to characterize gene expression in relation to
the radiation-induced adaptive response are continuing, and
specific genes and their protein products induced after
acute exposurc to doses of radiation in the range of a few
tens of milligray to a few gray have been identified. It has
been shown that groups of genes coding for transcription
factors, nuclear proteins, oncogenes, viruses, membrane
receptors, functional proteins and enzymes can be
activated during the few hours afier acute cxposure to
radiation. Recent experiments have implicated oxidizing
radicals as onc activating mechanism.

153. While there is a general consensus that the adaptive
response can be considered as a consequence of damage
to the DNA molecule, other mechanisms have been
proposed. A recent review of the mechanisms of induction
of transcription factors by damaging cnvironmental agents
provides useful insight into these other mechanisms [H11}.
As an example, reactive oxygen intermediates and free
radicals may directly influence regulatory proteins, such as
the transcription factors, which in tum may condition the
cellular adaptive response by inducing the expression of
genes. The presence of stress-induced proteins at dose
rates of 0.04 Gy d’! has also been demonstrated. Protein
kinase C is a common factor in many of these responses,
and since it plays a central role in cellular signal
transduction, its activation could represent a general
response to molecular damage.

1Il. EFFECTS ON THE IMMUNE SYSTEM

154. The obscrvations of a radiation-induced adaptive
response in mitogen-stimulated lymphocytes and of
changes in the immune system after exposure to low doses
of radiation could imply an essential role for
immunocompetence in the living organism. Understanding
the mechanisims of T-cell signalling and how they are
affected by low doses of radiation may therefore explain
some aspects of the adaptive response.

155, Steady progress is being made in identifying the
receptors on T cells that permit specific recognition of the
infinite variety of non-self molecules and in determining
how the signal from the T-ccll antigen surface receptor is
transmitted to the cell interfor. The functioning of the
unmunosurveillance system of the organism, its response
1o radiation and its possible involvement in adaplive
response arc considered in this Chapter.
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A. CELLS OF THE IMMUNE SYSTEM

156. T cells are lymphocytes that develop in the
thymus. They are primarily responsible for ensuring
cellular immunity and delayed hypersensitivity
response. They mediate their acquired immune
responses first by activation of specific T cells, then
by a phase of clonal expansion and finally by a phase
in which some of the lymphocytes become effector
cells.

157. There are at least three functionally distinct
classes of T cells:

(a) cytotoxic T cells, which kill virus-infected cells
and tumour cells directly;

(b) helper T cells (Ty), which amplify responses by
secreting a variety of local chemical mediators
(interleukins) that stimulate activated T cells to
proliferate, help B cells to make antibodies, and
activate macrophages;

(c) suppressor T cells (Tg), which inhibit the
responses of helper T cells.

Helper and suppressor T cells are the principal
regulators of immune responses, and the ratio between
the two cell subsets is an important factor in ensuring
immunocompetence in the living organism.

1. T-cell ontogeny

158. Most T cells bear an antigen receptor consisting
of a heterodimer of transmembrane o and f
polypeptide chains. Both chains are required for
antigen recognition [D3). These polypeptide molecules
resemble antibodies in structure and interact with
antigens that are presented to T cells as proteolytic
digestion fragments associated with Class I and Class
IT major histocompatibility complex proteins on the
surface of antigen-presenting cells. The specific
binding of antigen histocompatibility complexes on the
surface of a target cell to antigen receptors on the
surface of the T cell is often not strong enough to
mediate a functional interaction between the two cells.
Various cell-cell adhesion glycoproteins on T cells
help to stabilize such interactions by increasing the
overall strength of cell-cell binding. The characteristics
of these accessory glycoproteins are summarized in
Table 21. Among the best characterized are the CD4
and CD8 glycoproteins, which are expressed on the
surface of helper and cytotoxic T cells, respectively.

159. The T-cell receptor is also associated with a
group of glycoproteins, collectively referred to as the
CD3 complex, which is involved in receptor assembly
[C10]. The T-cell receptor CD3-a/f heterodimer is
expressed on the surface of the vast majority of
mature CD4* or CD8* cells in peripheral human blood

lymphocytes and lymphoid organs [AS, H6, M14].
(The presence or absence of accessory proteins on
T cells is designated by the superscripts + and -, e.g.
CD4*CDS8"). A second group of glycoproteins con-
sisting of y and d chains is also CD3-associated and is
found mainly in the double-negative (CD4CDS8")
T-cell population [B17]. According to current under-
standing, CD4°CD8 T cells are thought to be the
precursors of thymocytes, which differentiate into
CD4*CD8* T cells, which in turn differentiate into
CD4*CD8 or CD4'CD8* T cells [S36]. These last two
cell types become the antigen-positive mature T cells.

160. Spontaneous loss and alteration in antigen
receptor expression in mature human CD4* T cells
obtained from healthy donors have been described
[K11]. The T-cell receptor CD3 compiex plays a
central role in antigen recognition and activation of
mature cells, so abnormalities in the expression of this
complex should be related to the unresponsiveness of
T cells to antigen stimulus. Using flow cytomelry,
variant T cells with loss or alteration of T-cell receptor
CD3 expression among CD4" cells were detected and
enumerated. Variance was demonstrated by defects in
protein expression and partial protein deletion. The
variant frequency in peripheral blood increased with
age in normal donors and was highly elevated in
patients with ataxia telangiectasia. Thus, alterations in
antigen-receptor expression may be induced by the
spontancous somatic mutation of T-cell receptor genes,
and these alterations could be important factors related
to age-dependent, discase-associated T-cell dysfunction
and radiation-induced T-cell damage.

161. Over the past decade, knowledge of T-cell
renewal, differentiation and maturation in the mouse
has been remarkably advanced by the development
and use of specific moroclonal antibodies that identify
T cells at the various stages of differentiation. It
should be noted that a different terminology for
identifying glycoproteins is sometimes used in the
mouse. Thus, CD4" equates with L3T4* and CD8"*
equates with lyt2*. It is now generally agreed that a
small progenitor cell compartment exists in the thymus
that expresses neither L3T4 nor lyt2 surface antigens
(i.e. it is double-negative). The progeny of these
cycling cells become the major cell population in the
thymus and ecxpress both L3T4 and lyt2 antigens
(double-positive). At present, there is insufficient
evidence to determiine whether the mature thymocytes,
which express either L3T4 or lyt2, differentiate from
a subset of double-positive cells or whether they
derive directly from the double-negative cells. In either
case, the majority of double-positive cells are not
selected because of inappropriate major histo-
compatibility complex reactivity. The single-positive
functional effector cells are exported to peripheral
lymphoid tissue, where, in contrast to their behaviour
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in the thymus, they become the predominant cell
populations. A model for the various stages in T-cell
ontogeny, as defined by L3T4 and lyt2 antigen
expression, is schematically presented in Figure VIIL

2. Apoptosis and radiation-induced
interphase death

162. The mechanism responsible for producing T cells
is unusual in that the vast majority of differentiating
cells are destroyed prior to their complete
differentiation and release to the peripheral lymphoid
tissues. This phenomenon, known as apoptosis, occurs
within the thymus and results in the death of most of
the developing thymocytes. The process is thought to
ensure that differentiating cells with potential for
reacting against the host are eliminated, thereby
preventing an auto-immune response, and it essentially
involves double-positive T cells. One feature of
apoptosis is then an alteration in the differentiation
rate of developing T cells in the thymus [L.15].

163. Some types of lymphocytes die soon after
exposure to radiation and before entering the mitotic
phase of the cell cycle. The process is referred to as
interphase cell death. To determine any similarity
between apoptotic death and radiation-induced
interphase death, thymocytes were collected from male
C57BI1/6 mice between five and six weeks old,
separated into CD4°CDS8", CD4*CD8*, CD4*CDS8" and
CD4'CD8* T-cell subsets and exposed to gamma-
radiation [M19]. They were assayed 8 hours later for
evidence of cell death by measuring the amount of
DNA fragmentation. The results given in Table 22
show that double-positive CD4*CD8* T cells are
extremely sensitive to radiation. With a 350%
fragmentation index (FDgy) at 0.22 Gy, it would
appear that a small but significant fraction of the
double-positive T cells die as a result of apoptosis
following exposure to low doses of radiation. Since
the double-positive T cells constitute the majority of
the parenchymal cells in the thymus in an intermediate
stage of differentiation, elimination of a fraction of
them could conceivably alter the dynamic balance
between cells in different stages of differentiation.

164. On this basis, interphase cell death caused by
radiation may be considered similar to, if not identical
with, apoptosis [D4, W20, W21]. The elimination of
cells damagced by radiation ensures that the clonal
expansion of renegade T cells is prevented.

165. A biochemical mechanism responsible for
radiation-induced interphase cell death in lymphocytes
has recently been proposed [Z2]. Within tens of
minutes after exposing rat thymocytes to radiation, a

sharp increase in mRNA polymerase II was observed.
This was followed within 2 hours by an increase in
intracellular calcium ion concentration and the
appearance of newly synthesized polypeptides. In
particular, there was a sharp increase in the
phosphorylation of three proteins with molecular
weights of 20, 35 and 48 kDa [Z3]. Different stress-
related proteins of molecular weights of 48, 70 and
90 kDa were also detected after heat shock or after the
addition of glucocorticoids to the culture medium
[M16].

3. Signalling processes in thymocytes

166. Some consensus has emerged regarding the
nature of the signalling process that couples antigen
recognition to changes in lymphocyte behaviour. It is
postulated that the activation of T cells requires two
signals, one through the CD3 complex, the other from
antigen-presenting  cells.  Antigenic, allogenic,
mitogenic or monoclonal antibody stimulation of the
T-cell antigen receptor (TCR/CD3 complex) leads to
a serics of biochemical processes, including the
activation of phospholipase C, with subsequent
hydrolysis of phosphatidyl inositol-4,5-diphosphate to
generate two second messengers, inositol-1,4,5-
triphosphate (IP3) and diacylglycero! (DG) [H7, 112,
J5, T14|. These two messengers cause an increase in
intracellular calcium ion concentration (Ca**) and the
activation of protein kinase, respectively. The two
events are considered essential in the expression of the
“early immediate” gene, c-fos, to be followed later by
the expression of c¢-myc, gamma interferon,
interleukins 1 and 2 (JL-1 and IL-2) and transferrin
receptor, which are crucial in the activation and
proliferation of T cells [K26]. Activated T cells
secrete interleukin-2, which results in division in those
cells expressing interleukin-2 receptors. The T cells
produce a series of lymphokines that clonally expand
activated B cells and cause their maturation into
antibody-synthesizing cells [S37, W22]. Signals
derived from the T-cell receptor could also regulate
the inaturation and selection of immature T-cell
progenitors in the thymus [V3].

167. The kinases responsible for protein synthesis
have not yet been fully identified, but it is known that
T cells contain transcripts encoded by at least three
members of the src family of protein-tyrosine kinase
genes: namely Ick, fyn and yes [C11, S38). The p56"’k
protein was first identificd by virtue of its over-
expression in a murine lymphoma cell line. It is the
product of the Ick proto-oncogene, which is closely
related to the c-src gene, and hence is a potential
signal transduction clement [P8]. Two pieces of
evidence suggest the type of signalling event that may
be mediated by p56'°k. First, expression of Ick mRNA
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and of p56'°K is altered by stimuli that induce
lythokmc release from T cells [M15]. Secondly,
pS6 ck is associated with CD4 and CD8 glycoproteins
[V6]. When p56"’k is brought into proximity with the
T-cell antigen recognition unit by CD4 or CD8
glycoproteins, its activity may increase to reflect
receptor occupancy.

168. A second membrane-associated protein tyrosine
kinase, p59fy“, the product of the fyn proto-oncogene,
is also abundant in T cells [C11]. Using transgenic
mice in which a lymphocyte-specific protein-tyrosine
kinase isoform, pS9¥™D was 20-fold overexpressed
in developing T-lincage cells, it was found that
thymocytes from these animals were highly sensitive
to stimulation [C12]. Furthermore, the phenotypes
produced by overexpression of p59fy" were different
from those produced by overexpression of p56'yk.
Although p59%® may regulate early steps in the T-cell
receptor signalling, it cannot by itself confer a mature,
responsive phenotype upon otherwise refractory,
immature thymocytes. Thus, CD4*CD8* thymocytes
from lyk-fyn transgenic mice exhibit enhanced calcium
ion accumulation following activation, but they do not
release interleukin-2 or proceed to proliferate. Hence,
components of the signalling cascade that are essential
for activation are apparently unavailable or inactive in
immature thymocytes in these transgenic mice.

B. RESPONSE IN THE ORGANISM

169. The cell types involved in the immune response
exhibit a broad spectrum of radiosensitivity with
consequent effects in the organism [A6]. Some
populations of lymphocytes are exceedingly
radiosensitive, while plasma cells and macrophages
are, by comparison, relatively radioresistant, The basis
of these differences in radiosensitivity is not well
understood, but the effects of radiation on the immune
system have been extensively studied. Several reviews
have been published that provide comprehensive
background information [A6, A7, A8, S39, T6].

1. Effects in animals

170. Irradiation at high doses is known to inhibit the
immune response. A dose-response relationship was
observed almost three decades ago by Kennedy et al.
[K12]. They exposed mice to x rays within the dose
range 0.5-7 Gy and 10 days later injected the animals
with antigenic sheep red blood cells. Four days after
injection of the antigen, they measured the number of
splenic plaque-forming cells. The effect of exposure to
between 1 and 3 Gy from x rays was to reduce the
number of splenic plaque-forming cells to about 30%
and 1%, respectively, compared with the numbers of

plaque-forming cells observed in sham-irradiated
animals. The results are illustrated in Figure IX.

171. Morc recently, the immediate and long-term
effects of radiation on the immune response of
specific-pathogen-free mice were described after
exposing mice to a dose of 3 or 6 Gy from x rays and
measuring the surviving fraction of T-cell subsets
[S39]. At high doses (>1 Gy), Ty and Tg cells were
equally radiosensitive but there was a marked
difference in the radiosensitivity of T cells between
C3H, BALB/C, C57Bl/6 and B10BR strains of mice.
No long-term effect of radiation at these high doses on
the immune system was found in terms of accelerated
ageing of the immune function in animals exposed as
young adults.

172. Other experiments bave shown an enhancement of
the immune response following whole-body exposure to
low doses. As an example, rabbits were exposed to small
doses of x rays (about 0.25 Gy) beforc or after
immunization with antigenic sheep red blood cells [T7,
T8]. These small doses were able to stimulate the
proliferation of plaque-forming cells. This finding has been
confirmed in experiments in which human and murine
T cells were exposed to low doses [A8, A9, D8, L9, L16,
L17, M17, S40, S51, T9].

173. In contrast, four different strains of pathogen-free
mice (B10/Sn, B10/SgSn, C3H/HeMsNrs and
C57B1/6]S1c) were exposed to doses of 0.025-0.25 Gy
from x rays [K13]. Nine hours later, they were
injected with sheep red blood cells; the number of
direct plaque-forming cells per spleen was assessed
after 4.5 days. There was no evidence of enhancement
of the plaque-forming cells in any of the strains within
the dose range used. In an extension of this
experiment, C57B1/6] mice were immunized with
sheep red blood cells and exposed two days later to
higher doses (1.5-3.0 Gy) from x rays. Numbers of
indirect and direct plaque-forming cells per spleen
were assessed at intervals thereafter. Mice exposed to
1.5 Gy were found to have a significant increase in the
number of indirect plaque-forming cells 11 days after
the injection of the sheep red blood cells. This was
highly corrclated with an increase in the CD4*/CD8*
cell ratio during the first three days after radiation
exposure, followed by a rapid decline, as shown in
Figure X. These results suggest that the ratio of Ty to
Tg subsets changes in favour of helper celis shortly
after exposure, possibly contributing to the obscrved
enhancement of the indirect plaque-forming cell
response.

174. Anderson and Lefkovits [A9] proposed that the
enhancing effect within the dose range 1-7 Gy could
be due to the eclimination of the more bhighly
radiosensitive Tq cells. These investigators questioned,
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however, whether the same mechanism operated when
doses below this range were used. Under these
circumstances, they postulated that Tg cells could
proliferate. The enhancing effect on murine splenic
T cells, which is illustrated in Figure XI, is however,
effective over only a narrow range of doses [M18].
The maximum effect occurs at about 0.25 Gy.

175. To determine the fate of proliferating T cells,
animals from a normal C57BI1/6J+/+ strain of mouse
were chronically exposed to gamma-radiation in the
range 0.005-0.04 Gy d”! during 20 days in a four-
week period [J7]. Animals from an immunologically
depressed C57BI/6] Ipr/lpr strain were exposed under
similar conditions. A dose-related proliferation in
thymocytes and splenocytes was noted in both strains
up to cumulative doses of about 0.8 Gy. This is
illustrated in Figure XII. The mitogen-responsive
L3T4*lyt2" and L3T4'lyt2* T cells increased with
dosc, while the mitogen-unresponsive L3T4'lyt2" and
L3T4*y12* T cells decreased in both strains relative
to sham-irradiated animals.

176. However, the magnitudes of the changes in
thymic and splenic T cclls . subsets were different,
according to whether or not the animals were fed on
a caloric-restricted diet. The immunologically
depressed mice were more sensitive to these dietary
changes. It was proposed that these experiments
support the hypothesis that the stress of continuous
low-dose irradiation is consistent with an adaptive
mechanism for cell renewal and maintenance of
mitogen-responsive cells.

177. Two recent reviews [L16, M19] provide the basis
of a hypothesis with which to explain a radiation-
induced T-cell response to low doses of radiation. At
the cellular level, the question as to whether or not
some subsets arc more radiosensitive than others
remains unresolved. The evidence points to the need
for an intact thymus, in that thymectomy prevented the
adaptive response [J6]. Mitogen-responsive T cells
appear to be a prime target, and their stimulation is
associated with enhanced expression of the HSP70
gene and its related proteins. There may be selective
destruction of mitogen-unresponsive T cells. The
interpretation is complicated by the evidence that the
metabolic status of irradiated animals can influence the
responsc and that therc is a marked difference in
radiosensitivity between the strains of animals used in
the experiments.

178. Liu ct al. [L8, L9, L16] have investigated several
reactions of splenocytes in two strains (C57Bl/6 and
Kunming) of mice irradiatcd with x rays. The dose-
effect relationships for antigenic (plaque-forming cell)
ability, mixed lymphocyte reaction, mutagenic
(concanavalin A)-stimulation, antibody-dependent cell-

mediated cytotoxicity, natural killer cell activity,
interleukin-2 and interferon secretions, and the
lipopolysaccharide reaction are given in Table 23.
Interestingly, the maximum response in most of these
reactions occurs at 0.075 Gy.

179. Some specific features of the reactions occurring
at maximum response are summarized in Table 24. An
analysis of cell-cycle progression by measuring the
uptake of tritiated thymidine showed an increase in the
number of thymocytes entering the S phase, with a
corresponding decrease in the number of cells in the
Gy phase 3-7 days after exposing mice to 0.075 Gy.
The Ty/Tg ratio of thymic lymphocytes was the same
for the first three days, with a lowering of the ratio
after seven days, which the authors claim was due to
a decreasc in the number of CD4*CD8 cells
(compared with CD4'CD8* cells) in the thymus.

180. A parallel examination of the phenotypic changes
of the thymocyte subsets, with flow cytometry using
fluorescence-labelled monoclonal antibodies against
surface antigens, showed a significant increase in the
percentage of the double-negative (CD4°CD8") cells in
the thymus after 0.075 Gy, implying an enhanced
rencwal of thymocytes. These results are also included
in Table 24. At the same time, the secretion of colony-
stimulating factors by thymocytes was stimulated. It is
known that the colony-stimulating factors secreted by
the thymocytes act on macrophages to facilitate the
production of interleukin-1, which, in turn, serves as
a signal for the maturation of immature thymic
lymphocytes. All these changes occurring in the
thymus following low doses should increase the
supply of mature lymphocytes.

181. Liu etal. [L26] proposed a mechanism to explain
their findings after the whole-body irradiation of mice
at low doses. This is summarized in Figure XIII,
which outlines the changes in signal transduction of
T lymphocytes. It is a process similar to that
postulated for apoptosis and interphase death. How it
might be influenced by neurocndocrine factors is being
investigated. What is known is that exposure to
0.075 Gy causes a decrease in serum corticosterone in
the course of a few weeks accompanied by an increase
in 5-hydoxytryptamine from the hypothalamus and a
decrease in adrenocorticotropic hormone {L27]. It is
not known how these changes in endocrine function
following low-dose irradiation affect the signal
transduction process in T cells, but it is an area of
research worth pursuing.

2. Effects in humans

182. Several parameters of cellular immune function
have been assessed for 168 persons who survived the
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atomic bombings of Hiroshima and Nagasaki but who
now reside in the United States [B18, B19, B20].
Persons exposed to doses between 0.01 and 1 Gy were
compared with persons exposed to less than 0.01 Gy.
Lymphocytes were isolated from the peripheral blood
of these individuals and assessed for the following
parameters of cellular immunity: (a) mitogenic
response to phytohaemagglutinin; (b) mitogenic
response to allogenic lymphocytes (mixed lymphocyte
response); (c) natural-cell-mediated cytotoxicity; (d)
interferon production. In every case, the response of
the group exposed to 0.01-1 Gy was greater than that
of the group exposed to less than 0.01 Gy, although
only the difference for natural cell-mediated
cytotoxicity was statistically significant (Figure XIV).
It is not possible to say whether the increase in
natural-cell-mediated cytotoxicity observed in these
survivors of the atomic bombings exposed to very low
doses of radiation is a genuine adaptive response that
was modulated by post-radiation environmental con-
ditions or a chance finding.

183. In more recent studies carried out among 1,328
survivors of the atomic bombings and now living in
Japan, there was an age-related decrease in the total
number of T cells (CDS*, CD4*, CD8*) [K14].
Although the differences were not statistically
significant, the overall impression is that ageing of the
T-cell-related immune system is accelerated in older
persons receiving doses in excess of 1 Gy, compared

with the control group, who received doscs of less
than 0.01 Gy.

184. The responsiveness of peripheral blood lympho-
cytes to allogenic antigens in mixed lymphocyte
cujture was measured in 139 survivors of the atomic
bombings. In contrast to the findings in paragraph 182,
the study revealed a significant decrease in mixed
lymphocyte culture response with increasing dose of
previous radiation exposure. This decline was marked
in the survivors who were older than 15 years at the
time of the bombings. It suggests a possible relation-
ship between the recovery of T-cell-related function
and the thymic function that processes mature T cells
for the immune system. Thus it may be that in the
persons who were older at the time of the bombings,
the thymus function had started o involute, allowing
less recovery of T-cell function than in younger
survivors, who had adequate processing T-cell activity
[A19].

185. As indicated in paragraph 160, the spontaneous
loss and alteration of antigen receptor expression in
mature CD4 cells has been found in blood cells taken
from 127 healthy donors who had not been exposed to
other than natural background radiation [K11]. The
mean frequency of mutant T cells in males with
altered T-cell receptor expression was 2.5 104, equal

o about 1.3 107 per single T-cell receptor locus
among the CD4 cells, increasing with age.

186. The mcan frequency of mutant T lymphocytes
was measured in 203 survivors of the atomic bomb-
ings, 78 of whom received doses greater than 1.5 Gy
and 125 of whom received doses less than 0.005 Gy
[K16). The results were 1.39 + 0.63 10~ mutants per
cell in exposed males compared with 1.20 + 0.35 107
in unexposed males and 0.99 + 0.39 10 in exposed
females compared with 0.89 + 0.38 10%in unexposed
females. There was no statistical difference in mutant
frequency between the two groups, although the
frequency was higher in males than females. The
smoking habits of the males may have contributed to
the higher values.

187. Antibody titres to Epstein-Barr virus antigens
were determined in the sera of 372 atomic bomb
survivors to evaluate the effect of the previous
radiation exposure on immune competence against the
latent infection of the virus, The proportion of persons
with high titres (=1:40) of IgG antibodies to the early
antigen was significantly elevated in the exposed
survivors. Furthermore, the distribution of IgM titres
against the viral capsid antigen was significantly
affected by radiation dose, with an increased
occurrence of titres of 1:5 and 1:10 in the exposed
survivors, although the dosc ecffect was only
marginally suggestive when persons with rheumatoid
factor were eliminated from the analysis. These results
suggest that reactivation of Epstein-Barr virus in the
latent stage occurs more frequently in the survivors,
cven though this might not be affected by the radiation
dose. Otherwise, there was neither an increased trend
in the prevalence of high titres (>1:640) of IgG
antibodies to the viral capsid antigen among the
survivors nor a correlation between the radiation
exposure and distributions of titres of IgA antibodies
to the viral capsid antigen or antibodies to the nuclear
antigen associated with anti-Epstein-Barr virus [Al1].

188. The effects on the immune system of long-term
low-level radiation exposure were measured in two
areas in Gaungdong Province, China [Y8]. The annual
effective dose in the area of low background radiation
in Enping County was about 2.0 mSv. In the area of
high background radiation in Yangjiang County, the
annual effective dose was about 5.4 mSv. The annual
cquivalent doses from external gamma-radiation to the
red bone marrow were estimated to be about 0.77 mSv
and 2.1 mSv, respectively. Twenty-five healthy male
subjects from the high-background-radiation area and
27 subjects from the control (low-background-
radiation) area were divided into three age groups, and
the frequency of interleukin-2-secreting cells was
measured as an index of immune competence in
peripheral blood lymphocytes.
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189. The results shown in Table 25 indicate that the
frequency of interleukin-2-secreting cells was signi-
ficantly greater in subjects from the high-background-
radiation area than in those from the control (low-
background-radiation) area. The increased production
of interleukin-2 in lymphocytes after low-dose
irradiation has also been demonstrated [Z7], consistent
with the view that long-term exposure to low doses of
radiation may affect the immune system. However,
other factors, particularly differences in smoking
habits, could also have contributed to the differences.

190. A study of the T-cell subsets in occupationally
exposed persons revealed no significant influence of
radiation on their profile [T10]. Data were pooled into
two groups, one with individual exposures less than
0.5 mSv and another with exposures in excess of
0.5 mSv in the previous three months. The average
doses for the two groups were 0.36 *+ 0.09 mSv and
1.06 * 0.77 mSv, respectively. Natural background
radiation was estimated to be 0.06 mSv during the
period. The results shown in Figure XV indicate no
statistically significant difference in the percentage of
CD2*, CD4*, CD8* and HNK-1 (natural killer cells).
However, as indicated by the data given in Table 26,
significant differences were shown as an effect of
cigarette smoking.

3. Effects on tumour growth

191. The precise involvement of the immune system
in the natural course of cancer remains uncertain. It is
known that white cells cultured in vitro in the
presence of the cytokine interleukin-2 acquire the
capacity to kill tumour cells [S50]. The phenomenon
was termed lymphokine-activated Kkiller activity. The
use of in vitro techniques to study cytokine kinetics
has given some insight into their role in tumour
biology. Some cytokines (e.g. gamma-interferon) can
render tumour cells resistant to cell-mediated killing,
while others (e.g. transforming growth factor B) can
enhance the growth of some tumour cells. Thus,
cytokines interact to generate immune responses and
modulate the outcome of effector mechanisms on
target cells.

192. Thus, the response of a cell to a cytokine
depends on the context in which the cytokine signal is
received. For example, if white cells are mixed with
tumour cells in culture, the ability of the white cells to
kill the tumour cells in the presence of cytokines can
be measured. This is shown in Figure XVI. Inter-
leukin-2 can profoundly increase the cytotoxicity of
the white cells. Conversely, if either interleukin-4 or
transforming growth factor B is added at the same
time as the interleukin-2, the cytotoxicity is signifi-
cantly reduced. However, if the white cells are first

stimulated with interleukin-2 and then interleukin-4 or
transforming growth factor § is added, the reduction
in cytotoxicity does not occur.

193. Low doses of radiation (0.25-1 Gy) have been
used to augment the effect of immunization of animals
to reduce tumour growth [A4]. The immunization
procedure involved injecting animals with an antigen
of non-active tumour cells before exposing them to
live tumour cells. The antigen was prepared by
treating the ascitic form of a methylcholanthrene-
induced fibrosarcoma (Sal cells) with mitomycin and
paraformaldchyde. These mitomycin-treated cells were
then injected subcutancously into the A/J strain of
mouse and, to assess immunity, the mice were injected
subcutanecously with an amount of living Sal cells
known to induce subcutaneous tumours. The effect of
irradiation upon this immunization process can be
measured. Figure XVII shows the effect of whole-
body exposurc to 0.15 Gy from x rays on the response
of A/l mice to mitomycin-treated Sal cells.
Immediately after irradiation, the mice were injected
with varying numbers of treated Sal cells, as indicated
in the Figure. Twenty-one days later, they received a
subcutaneous injection of 10% viable Sal cells into the
left flank, and the size of the growing tumour was
measured over a period of 26 days. The non-irradiated
control group (solid line) did not receive the
mitomycin-treated cells. Injection with 103 10 1
mitomycin-treated tumour cells resulted in variable
degrees of immunity in both sham-irradiated and
irradiated groups, expressed in terms of smaller
tumour size than in the control group. However, the
degree of immunity was almost always greater in the
irradiated mice. Low-dose augmentation was less
pronounced in recipients of thymus-derived T cells.
From these results it was suggested that exposure to
low doses of radiation reduces the number of Tg cells,
which normally suppress tumour rejection.

194. In a follow-up to these studies, the effect of
radiation was shown in an in vitro system in which the
effect of irradiating donor spleen cells could be
measured [Al8]. One procedure (Winn assay)
invalved injecting viable Sal cells into A/J mice and
killing them two days later. The spleens were sham-
irradiated or irradiated with 0.15 Gy, and 10* spleen
cells were mixed with 10% Sal cells. This mixture was
injected subcutaneously into A/J mice and tumour size
measured over 18 days. Figure XVIII shows the
inhibitory affect of the radiation.

195. The effects of low-dose radiation on another type
of experimental tumour, the Lewis cell carcinoma,
have been measured [L29]. C57Bl/6 mice received
whole-body x-irradiation giving doses in the range
0.05-0.15 Gy at a dosc rate of 0.0125 Gy min!. All
mice were injected intravenously with 7 10° cells of



ANNEX B: ADAPTIVE RESPONSES TO RADIATION IN CELLS AND ORGANISMS 213

Lewis lung carcinoma 24 bours after the irradiation
and were killed 14 days later. The lungs were
removed and the tumour nodules on the lung surface
were counted. The mean number of lung tumour
nodules was 16 in the 0.05 Gy dose group, 27 in the
0.075 Gy group, 20 in the 0.1 Gy group and 27 in
0.15 Gy group, all significantly lower than the 85
nodules counted in the sham-irradiated group
(p < 0.01-0.001). This supports the view that there
may be an inhibitory effect of low-dose radiation on
the pulmonary dissemination of Lewis lung carcinoma
in mice.

196. Miyamoto and Sakamoto [M28] demonstrated
the anti-tumour effects of low doses of radiation in
mice of the WHT/Ht strain. Mice were exposed to
250 kV x rays in the dose range 0.05-1 Gy at a dose
rate of 1.23 Gy min™}. They were then injected with
squamous carcinoma cells, and the effect of the
radiation on subsequent tumour growth was measured.
For example, whole-body irradiation of 0.1 Gy to mice
bearing primary leg tumours followed 12-24 hours
later by localized tumour irradiation delayed the
growth of the tumours more than did localized
irradiation alone. The results for various times and
amounts of local irradiation are given in Table 27. The
in vitro immune responses of splenocytes from
tumour-bearing mice exposed to 0.1 Gy are compared
to those from sham-irradiated tumour-bearing mice in
Figure XIX. The selective depression of Tg cells may
have been responsible for this low-dose effect.

197. Immune response and tumour growth have also
been studied in humans. In a study of non-Hodgkin’s
lymphoma patients, the effect of whole- or half-body
X-irradiation on the various T-cell subsets was
measured [T16]. Patients received 0.1-0.15 Gy per
fraction, delivered two or three times per weck, until
the cumulative dose was 1.5 Gy. The changes in the
T-cell subsets are shown in Table 28. A statistically
significant increase in helper T cells and helper-
inducer T cells was found, with no change in the
suppressor cells or natural killer cells. The direct anti-
tumour effect was evaluated in 10 patients. Two
patients showed complete remission, seven partial
remission and one, no change. In four patients given
half-body irradiation, the tumours showed complete or
almost complete remission even though the primary
tumours in the tonsils or neck lymph nodes were
outside the irradiation field. Anti-tumour activity in the
other patients was obscured by chemotherapy received
after the irradiation. The changes in T-cell subsets and
tumour responses could be consistent with an adaptive
feedback control signal that up-regulates stem cells,
with preferential proliferation of differentiating Ty
cells. These studies need to be substantiated to
eliminate the possibility of spontaneous remission.

C. SUMMARY

198. Studies to characterize the role of the immune
response 10 low doses of radiation are continuing. The
mechanisms responsible for T-cell selection during normal
differentiation in the thymus and activation of the
signalling process that couples antigen recognition to
changes in lymphocyte behaviour are gradually being
elucidated. A sequential role for phospholipase C,
intracellular calcium ion and protein kinase C, followed by
transcription of genes such as c-fos, and interlecukin-2
production in the activation of T cells has been proposed.
Similar sequences of events appear to be associated with
apoptosis and in low-dose-radiation-induced interphase
death, which causes enhanced DNA replication and
proliferation of T cells. Whole-body imradiation of mice
results in a dose-related enbancement of the T-cell
response 1o antigenic, allogenic and mitogenic stimuli at
doses below about 0.1 Gy.

199. As an aliernative explanation to radiation-induced
interphase death, experimental studies using mice bave
shown selective depression of radiosensitive suppressor
T cells within the dose range 0.025-0.25 Gy, with an
optimum response at 0.075 Gy. This needs to be
investigated further as a possible mechanism of the
adaptive response.

200. The evidence for changes in the Tg/Ty ratio of
T cells in humans exposed to radiation remains equivocal.
Reported changes in the ratio of these cells in the blood of
atomic bomb survivors over 40 years after exposure are
difficult to interpret, the effects of the long time interval
and of changes in the environment and cigarette smoking
being confounding and inexplicable factors. A Chinese
study of the chronic exposure of a large population to
background levels of external radiation of about
5.4 mGy a’! indicated that levels of interleukin-2-secreting
cells were significantly increased in persons from this area
compared with persons living in an area of lower radiation
background where the annual effective dose from external
exposure was about 2.0 mSv; the authors acknowledged,
however, that differences in geochemical and other
environmental factors provide an equally plausible
explanation. A study of workers chronically exposed to
low doses of radiation showed no statistical difference in
the percentage of helper or suppressor T cells or of natural
Killer cells in groups with average doses of 0.36 and
1.06 mSv, however significant differences were found in
relation to cigarette smoking.

201. A role for the neuroendocrine system in influencing
T-cell proliferation after low doses of radiation has
recentdy been proposed. The blood vessels in most
lymphoid tissues are innervated with sympathetic nerves,
and the lymphoid tissues are under the control of
hormonal factors via the hypothalamus. There is evidence
to support the view that radiation can activate the
neuroendocrine system and enhance the immune response.
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202. A cytotoxic effect of imradiated T cells on tumour
cells has been demonstrated. It is postulated that low doses
of radiation act by modulating antigen-stimulated clonal
growth. There is evidence of a down-regulating effect on

tumours in animals, but the evidence for a similar
effect on human tumours is sparse. There is a need to
investigate these effects, which could be of clinical
significance.

1IV. EXPERIMENTAL STUDIES OF RESPONSE IN MAMMALS

203. The effects of radiation in animals have been studied
in numerous experiments. Evidence of possible adaptive
responses have sometimes emerged in lifetime studies of
animals exposed to acute or chronic low-LET radiation at
doses well below those associated with bone marrow
failure. Life-span and incidence of neoplastic discases have
been assessed. Other experiments have been done with
animals exposed to non-lethal conditioning doses prior to
acute cxposures to potentially lethal doses. It should be
noted that in many of these studies the conditioning doses
were well above the range of doses producing the adaptive
response in cellular systems.

A. SHORT-TERM SURVIVAL FOLLOWING
ACUTE, HIGH-DOSE EXPOSURE

204. Experiments were carried out in the 1950s and
1960s to investigate the hypothesis that stimulating
haematopoietic stem cells to proliferate before exposing
animals to a potentially lethal dose of radiation could
improve their chances of recovering from acute bone
marrow failure. A historical review of these experiments
was given by Dacquisto and Major [D2].

205. In one of these early experiments, adult female
Swiss white mice (Bethesda Naval Medical Research
Institute strain) were acutely exposed to a dose of about
1.2 Gy from 250 kV x rays at weekly intervals over a
period of three weeks [C18]. Thirty days after the third
exposure, the mice were acutely exposed to a challenge
dose of about 5.6 Gy, which was known to be the dose
approximating the LDy, 5. Of the animals in this group,
26% dicd after 28 days, compared with 41% in the control
group, which received only the challenge dose.

206. This observation was confirmed by another study in
which adult female Swiss white mice (Walter Reed strain)
were acutely exposed to a conditioning dose of about
0.4 Gy from x rays, either 10 or 15 days before deter-
mining LDy, 44 values [D2]. The LDy, 4, values for the
two imadiated groups were about 4.48 + 0.25 Gy and
494 + 0.25 Gy, respectively, compared with 3.90 *
0.21 Gy for animals not cxposed to the conditioning dose.
There was no evidence of splenic or thymic hypertrophy
in animals that received the conditioning doses, in contrast
to an earlier observation that localized splenic irradiation
1o a dose of about 0.16 Gy caused transient hypertrophy

[P13).

207. Agc at exposure was shown to be an important
factor influencing survival. Female mice of the BDF/J
(CS7B1/6] x DBA/2J) strain were exposed 10 0.8, 2.4
or 3.2 Gy from 250 kV x rays at 90 days of age, and
LDgypo values were determined at various ages
thereafter [S55]. The results, given in Table 29,
showed that there was no statistically significant
difference in LDgg values between controls and those
pretreated with 0.8 Gy in animals below the age of
550 days. With higher conditioning doses, however,
there was residual damage in the animals resulting in
lower resistance to a lethal dose (expressed as reduced
LDg, values).

208. As a recent example of these short-term survival
studies, two-month-old SPF mice of the C57BI strain
were acutely exposed to a range of doses from x rays
between 0.025 and 0.1 Gy [Y9]. Two months later,
they were acutely exposed to 7.75 Gy, and 30-day
survival was measured. The results, given in Table 30,
showed a marginally significant increase in the life-
span of animals receiving the lowest conditioning dose
and a definite improvement in survival at conditioning
doses of 0.05 and 0.1 Gy compared with animals not
exposed to a conditioning dose. The improvement in
survival rate coincided with an increase in endogenous
colony-forming units, consistent with increased
prolifcration of haematopoietic stem cells following
the conditioning doses.

209. In a subsequent experiment, mice were irradiated
with x rays to doses of 0.025-0.5 Gy at six weeks of
age and exposed two months later to a dose of 7 Gy
from x rays [Y7]. A dose of 0.025 Gy was insufficient
to affect survival after exposure to the high dose, but
pretreatment with 0.05-0.1 Gy produced a significantly
increased survival rate. However, the response to
pretreatment with 0.05 Gy after two months was
strain-specific. It occurred in C57Bl but not in
BALB/c mice. Surprisingly, an increase in survival
was not observed in animals pretreated with 0.2 Gy if
exposure to the challenge dose occurred up to 1.5
months after the conditioning dose; and pretreatment
with 0.5 Gy resulted in an increase in survival if the
challenge dose was given two weeks later but not after
two months. These findings persuaded the authors to
postulate different mechanisms involving time-related
stimulation of haematopoiesis, although they were not
specified.
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B. LONG-TERM SURVIVAL FOLLOWING
SUB-LETHAL EXPOSURE

210. Studies using rodents and beagle dogs have provided
some insight into the long-term effects of acute exposure
to low doses and of chronic exposurc at low dose rates.
They date from the early pionecring work of Russ and
Scott [R2, R3].

1. Experiments with rodents

211. The effect of chronic iradiation of mice was
described by Lorenz et al. [L14, L19] in an early
experiment in which both survival and tumour incidence
were measured. Male and female mice of the (C57BI x
A)F, strain, referred to as LAF;, were exposed from the
age of one month for the duration of life to gamma rays
from 25Ra delivered at the rate of about 1 mGy for 8
hours each day. Control mice were housed in a room
adjacent to the exposure room. Almost a year after the
start of the experiment, the control mice developed
dermatitis and had to be replaced by mice not directly
related to the irradiated mice but from crosses of the same
inbred strains.

212. The mean survival times of the irradiated male mice
was significantly higher than those of the control mice, but
there was no statistical difference between the two groups
of females, although there was a tendency for the females
to live longer than the males (Table 31). However, the
differences in life-span in the males cannot be accepted
without reservation, since the replacement control group
may have been subject to different environmental
conditions and may have possessed genetic characteristics
slightly different from those of the original group.

213. Although no single cause of death predominated,
pyelonephritis appeared to be a major contributing factor.
Its occurrence is frequently associated with dermatitis,
particularly among wmales. There was an increase in the
incidence of lymphosarcomas and other tumours of the
reticular tissues in both male and female imradiated mice,
and mammary carcinoma incidence was also higher in the
irradiated females (p < 0.1). The imadiated females
showed an increase in ovarian tumours (p < 0.05), and the
irradiated males showed an increase in lung tumours
(p < 0.05). These results were essentially confirmed in a
study in which guinea g)igs of the Tumble Brook Farms
strain were exposed to ° Co gamma rays from the age of
100 days for the duration of lifc at a dose rate of about
1 mGy d! [R11].

214. Sacher and Grahn [S52], in a study of the survival
of mice exposed for the duration of life, also reported an
increase in the life-span of animals exposed to Qo
gamma rays at a dose rate of up to about 30 times that of
the background radiation. Male and female mice of the
LAF; strain were exposed to a wide range of doses at

different dose rates. Non-imradiated animals scrving as
controls were placed either in a corridor adjacent to the
irradiation facility or in an adjoining room. It was
subsequently discovered that the control group in the
comridor were in fact exposed to stray radiation from the
irradiation facility at a rate of between 1.6 and
4.9 mGy a’l. This compared to about 0.14 mGy a’lin the
control group in the adjoining room. The mean survival
times are shown in Table 32. For comparison, the results
for animals irradiated at the rate of 40 mGy a’l are given.
There was a statistically significant increasc in the mean
survival times of males but not of females exposed to
between 1.6 and 4.9 mGy a! compared with those
exposed to dose rates of 0.14 mGy a™l,

215. One interpretation of these studies is that any in-
crease in survival for male mice receiving the higher doses
of radiation reflects a decreased number of deaths in early
life. A possible explanation could be that minimal injury
to the haematopoietic system causes a rebound in stem
cell proliferation. This regencrative hyperplasia could then
create a larger mass of tissues devoted to the defence
against intercurrent and potentially lethal infection. This
mechanism, however, does not prevent the occurrence of
tumours that appear in late life, which are not necessarily
the causc of death. Why this response is confined to males
cannot be explained.

216. Upton et al. [U12, U13] studied the late effects of
low-LET radiation in RF/Un mice. Life-span and the
incidence of ncoplastic discases were assessed. The effects
of mean accumulated doses up to about 3 Gy at varying
dose rates between 0.05 Gy d! and 0.8 Gy min! are
shown in Table 33. Several interesting features emerge
from these studies. In males, there was little effect on life-
span (mean age at death) at dose rates of 0.8 Gy min’!
until the accumulated dose approached about 1 Gy; there
was litte effect of dose rate in the range 0.05-0.77 Gy da!
at an accumulated dose of about 1.5 Gy; and, overll,
gamma rays were less effective at low dose rates than at
high dose rates at accumulated doses of about 3 Gy. In
females, therc was no significant change in the mean age
at death at dose rates of 0.067 Gy d! untl the
accumulated dose reached about 2 Gy; reducing the dose
rate to 0.01 Gy d’! increased the mean age at death at
accumulated doses of about 3 Gy.

217. The mean age at death of animals with neoplasms
was also influenced by dose rate. Thus in males, irradiated
animals died earlier than controls at dose rates of
0.8 Gy min!, even at the lowest accumulated dose of
0.25 Gy, but there was no significant difference compared
with controls at dose rates of 0.15-0.77 Gy d?! at an
accumulated dose of about 1.5 Gy, with a marginal
difference at a dose rate of 0.05 Gy d’L. In females, earlier
death from neoplasms occurred at dose rates of
0.067 Gy d’! after an accumulated dose of about 2 Gy,
and there was no difference from controls at doses of
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3 Gy, if the dose ratc was reduced to 0.01 Gy d’.. In
summary, these results support the view that at low dose
rates and accumulated doses of a few gray there is no
apparent life shortening or carly appearance of neoplastic
discases causing death of the irradiated animals compared
with unirradiated controls. There is, as well, no support for
an apparent increase in life-span or decrease in tumour
incidence due to the radiation exposures at the lowest
doses.

218. Ullrich and Storer [U14, U15] also described the
influence of radiation on life-span and tumour induction in
mice of the RFM and BALB/c strains. Sfeciﬁcally, a
study was made of the effects produced by ! 7Cs gamma-
radiation delivered at 0.4 Gy min"! or0.083 Gy d!, within
the dose range 0.1-4 Gy for RFM mice and 0.5-4 Gy for
BALB/c mice. At the lower dose rate, the life-shortening
effect in BALB/c mice could be described as a linear or
linear-quadratic function of dose, although the lowest dose
used was 0.5 Gy. The influence of dose at a dose rate at
0.083 Gy d"! on the incidence of neoplastic disease in
female BALB/c mice is shown in Table 34. For RFM
mice, thymic lymphomas were the predominant reticular
tissue neoplasm, the solid tumours being lung adenomas
or endocrine-related tumours. The incidence of tumours
was at all doses higher than in the unirmadiated controls.

219. Sato et al. [S42, S53] exposed male and female
mice of the C57BI/6J strain to 2'Cs gamma rays at rates
of 0.029-0.38 Gy dl. Exposures at the rate of
0.029 Gy d”! started at four weeks of age. The mean life-
span of female mice was 628 * 10 days, with a mean
accumulated dose of 16.4 Gy; for male mice, the mean
life-span was 723 + 10 days, with a mean accumulated
dose of 18 Gy. The mcan life-spans of unirradiated
females and males were 693 + 11 days and 725 * 15
days, respectively. In the irradiated females, this life
shortening was statistically significant; in the males, it was
not. In a follow-up study, life shortening at the higher dose
rates was associated with the occurrence of thymic
lymphomas, which occurred more frequently in exposed
younger mice [O5]. At the highest dose rate, and at
accumulated doses of 39 Gy over a period of 105 days,
life shortening was also associated with haemorrhage and
infectious diseases owing to depletion of the stem cells of
bone marrow.

220. Covelli et al. [C20] studied the effects of x rays on
life-span and tumour induction as a function of age at
exposure. Male and female mice of the BC3F, strain were
acutely exposed to 250 kV x rays, either in utero at 17
days after coitus, at 3 months, or at 19 months of age. The
doses varied from 0.3 to 2.1 Gy for in utero irradiation
and from 0.5 to 7 Gy at 3 months or 19 months of age.
Prenatal irradiation or irradiation at 19 months of age did
not result in clearly measurable life shortening (Table 35).
There was, however, a trend suggestive of life shortening
in animals exposed at 3 months of age at doses in excess

of about 2 Gy, albeit the confidence limits were ex-
tremely wide. There was a non-significant trend suggesting
an increase in life-span in animals exposed at 19 months
of age at a dose of 2 Gy. Life shortening was associated
with an increased incidence of reticulum cell sarcoma (a
non-thymic malignant lymphoma that infiltrates the spleen,
liver and mesenteric lymph nodes). Primary tumours of
the lung and liver, mostly benign adenomas, and
subcutancous fibrosarcomas were also found. However, no
difference could be detected in the patierns of total tumour
incidence for irradiated and non-irradiated (control)
animals.

221, Sasaki and Kasuga [S54] compared the effects of
B3¢ gamma rays on female mice of the B6C3F; strain
exposed under specific-pathogen-free conditions until
natural death. Mice were irradiated at 17 days in utero, or
at birth, or at 15 wecks of age with doses of 1.9, 3.8 or
5.7 Gy. There was a decrease in life-span at 1.9 Gy in all
groups, but no statistically significant increase in total
tumour incidence between irradiated and control groups
was observed (Table 36). Mice in the fetal period were
found to be susceptible to pituitary tumours and liver and
lung tumours. There was an ecxcess of malignant
lymphomas at a dose of 5.7 Gy, and the total time until
incidence was less than with controls. The exposure of
young adults was associated with the induction of myeloid
leukaemias and Harderian gland tumours.

222. Maisin et al. [M29] measured life-span and disease
incidence in the C57BI/Cnb strain of mouse exposed to
acute and fractionated doses of 37Cs gamma rays.
Twelve-week-old mice were exposed to doses ranging
from 0.25 1o 6 Gy at a dose rate of 0.3 Gy min? in a
single session or in 10 sessions delivered 24 hours apart,
or in 8 sessions, delivered 3 hours apart. The results of an
acute exposure are shown in Table 37. There was no
indication of an increase in life-span at these doses;
decreases in life-span were not statistically evident until
the dose approached 1 Gy. A fractionated exposure was
less effective in reducing survival time than an acute
exposure, and life shortening was not observed in the 8
and 10 fraction protocols until the dose approached 2-3 Gy
and 4 Gy, respectively.

223. The causes of death in unirradiated mice could be
segregated into late degenerative changes in lung and
kidney (glomerulosclerosis) (~60%), leukaemias (~21%)
and carcinomas (mainly liver adenocarcinoma) and
sarcomas (~16%). The incidence of thymomas was low
(~1%), and no radiation-induced excess of lymphoma was
observed until the doses approached 2-4 Gy, but the
tumours did result in death at an earlier age than in
unirradiated animals. The incidence of all malignancies
was less than in the unirradiated mice after acute doses
between 0.25 Gy and 1 Gy, with no significant change in
the alpha parameter of the Cox linear proportional hazard
models within this dose range. Fractionation increased the



ANNEX B: ADAPTIVE RESPONSES TO RADIATION IN CELLS AND ORGANISMS 217

incidence of all malignancies: thus their incidence was
45% and 52% at 1 Gy and 2 Gy, respectively, for the
8-fraction protocol and 40%, 32% and 36% at 0.25 Gy,
05 Gy and 1 Gy, respectively, for the 10-fraction
protocol. The authors concluded that these differences
between fractionated and acute exposures were small and
not well enough established from a statistical viewpoint.

224. The effects of gamma rays and fission neutrons on
the life-span of mice has been studied for many years at
the Argonne National Laboratory in the United States.
Earlier studies of low-LET radiation principally involved
0o gamma rays delivered either as acute exposures or
continuously [C19, T15]. For the most part, the acute
exposures were delivered over a 20-minute period at dose
rates ranging from 0.0083 to 0.094 Gy min”. The
exposure regime began when the animals were 110 days
of age.

225. The results obtained on the mean survival after
irradiation of male mice of the B6CF, strain exposed for
22 bhours each day, five days each week have been
reported [T15]. The exposures were continued for either
23 or 59 weeks, the accumulated doses ranging from 2.1
to 24.6 Gy. The effects of these exposure conditions are
shown in Table 38. There was no indication of an increase
in life-span at any dose in this range. Life shortening from
deaths due to all causes did not become significant until
the total dose approached 4 Gy for a 23-weck exposure or
5 Gy for a 59-weck cxposure. These values were not
significantly altcred when the analysis was restricted to
mice dying from tumours. Above ~4 Gy, thc dose-
response relationship was linear and inversely dependent
on the protraction period. The life-shortening coefficients
for the 23-week continuous and 59-week continuous
protocols were 0.16 and 0.08 days lost per 0.01 Gy,
compared with 0.39 days for an acute single cxposure,
thus showing a marked dose-rate effect

2. Experiments with beagle dogs

226. The effects on life-span of external whole-body
exposure of beagle dogs to x or gamma rays has been
studied. In one study, dogs were exposed to 0.16 Gy or
0.83 Gy from Do gamma rays at 8 28 or 55 days in
utero or 2 days after birth. In addition, some dogs were
exposed to 0.83 Gy at 70 days or 365 days after birth. The
status of these studies in 1982 is shown in Table 39.
Through 10 years of age, no differences in survival were
evident in any of the exposure groups [B23]. Irradiation
during the fetal period was, however, associated with
abnormmalities of skeletal, dental and central nervous
system development. Perinatal irradiation resulted in
kidney dysplasia and, in animals receiving higher doses, in
chronic renal disease. The thymus gland, particularly the
thymic epithelium, was found to be highly radiosensitive
during fetal development.

227. In another study, dogs were exposed bilaterally
to 250 kV x rays, delivered in different numbers of
fractions and different fractionation intervals, to total
doses of 1-3 Gy. The dogs were exposed between 8
and 15 months of age. Some dogs were bred after
exposure, distinguished as parous or nulliparous. The
dogs listed in each group shown in Table 40 are those
surviving at least 90 days after the irradiation. Two
general summaries of the data have been published,
one before all the animals were dead [A13], the other
emphasizing the effects on life-span and tumour
induction [R12].

228. There was no increase in survival time, expressed as
median survival after exposure, of any of the irradiated
dogs compared with the unimadiated controls. Although
life shortening was only marginal in animals given acute
or fractionated doses up to 1 Gy, it occumred in some
groups of animals given 2 or 4 fractionated doses of
between 0.75 and 1.5 Gy total dose and fractionated doses
of 3 Gy. The main causes of death were similar in
irradiated and unirradiated dogs. The development of non-
neoplastic discases (essentially fibrosis) at an earlier age in
irradiated animals at the higher dose explained, in large
part, the observed life shortening. However at 1 Gy, the
incidence of non-neoplastic diseases, mammary tumours
and non-mammary tumours was broadly similar to that
observed in the unirradiated group.

229, In a third study, dogs were cxposed to Do gamma
rays continuously until death or, in a companion
experiment, until they had received a predetermined total
dose [F1, F22, G13]. Dosc rates ranged from 0.003 to
0.054 Gy d’!, and the accumulated doses at termination of
exposures ranged from 4.5 to 30 Gy. At dose rates greater
than 0.019 Gy d!, the responses were dose-rate-dependent
and limited primarily to damage of the haematopoietic
system (Table 40). At dose rates between 0.003 and
0.008 Gy d!, myeloproliferative diseases ultimately
expressed as myelogenous leukaemia were the limiting
factor for survival [K25].

C. SUMMARY

230. Observations of adaptive responses in in vitro
cellular studies cannot be readily extrapolated to postulate
adaptive response in the irradiated animal. The different
exposure patterns in animal studies (acute versus chronic
lifetime exposure) could involve mechanisms different
from those involved in the cellular adaptive response to a
low conditioning dose followed by a high challenge dose.
The complexity of multicellular organisms, including the
crucial role of immunosurveillance and endocrine factors
in maintaining the healthy state, must be taken into
account. The careful management of the animal colonies
to avoid infections and stress and the need to recognize
strain-specificity of tumours should not be overlooked in
future experiments.
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231. Stimulating the hacmatopoictic system to
proliferatec by exposing the bone marrow in vivo to
between about 0.025 and 0.1 Gy has been shown to
improve the short-term survival (expressed as LDgg )
of mice subsequently exposed to a potentially lethal
dose of radiation. Whether a similar mechanism is
responsible for improving the longer term survival of
animals chronically exposed at low dose rates is
unclear. It is plausible to suggest that improvement in
long-term survival could be a result of chronic
minimal injury to the bone marrow, causing a rebound
in stem cell proliferation and protection against
infections, but occurring along with this effect is an
increased risk of malignancy due to the proliferation
of potentially malignant cells.

232. Experiments in the 1950s indicated that the mean
life-span of male, but not female, mice could be
increased if the animals were exposed daily to low-
LET radiation from a few milligray to several hundred
milligray per year above the level of background
radiation. A feature of these observations was that the
mean increase in life-span reflected a dccreased
number of deaths in younger irradiated animals, Why
the response was confined to males is not apparent.

233. Other experiments related life-span to the
incidence of neoplastic discases. Taken together, the
results of these experiments could be interpreted as
demonstrating that, compared with the pattem
observed in unirradiated controls, there was no signi-
ficant effect on mean life-span following exposure to

accumulated doses up to a few gray, at dose rates
between 0.005 and 0.3 Gy d'l, or on the time of
appearance of tumours or on tumour incidence among
irradiated animals. Why some experiments resulted in
an increase in life-span is not easily cxplained. While
the observed increase in life-span could be due to
random variability, it is possible that the effect is real.
If so, it is important to understand the precise con-
ditions under which life-span is increased.

234. More recent experinients using mice have con-
firmed that there is no statistically significant change
in tumour incidence in iradiated mice compared to
unirradiated controls below about 2 Gy, depending on
the strain of mouse used. At higher doses there is a
dose-related increase in several tumour types causing
death and a corresponding decrease in mean life-span.

235. The results of experiments using beagle dogs are
in general agreement with those obtained using mice.
In addition, they confirmed the increased sensitivity of
the fetus and young animals. Observed life shortening
at accumulated doses greater than a few gray could be
related to the development of non-neoplastic diseases
at an earlier age than in unirradiated animals.
Irradiated animals were susceptible to the development
of myeloproliferative disorders, which were frequently
expressed as myclogenous leukaemia at dose rates
above about 0.003 Gy d’! and after accumulated doses
of a several gray. Error-prone DNA repair mechanisms
were proposed to explain the onset of myelopro-
liferative disorders.

V. EPIDEMIOLOGICAL STUDIES OF RESPONSE IN HUMANS

236. The cffectiveness of a cellular adaptive response
in humans, cxpressed in terms of a reduced rate of
spontaneously occurring cancers or of a reduction in
the expected numbers of radiation-induced cancers,
would be most convincingly demonstrated if it were
the outcome of epidemiological studies involving
exposure to low doses. The general results of these
studies are discussed in Annex A, "Epidemiological
studies of radiation carcinogenesis”, most of which
indicate steadily increasing cancer incidence with
increasing dose. Only those cases in which exposures
were only marginally above the natural background
level are re-examined in this Chapter. For inherent
reasons, the cvidence of an increase in the spontancous
incidence of cancer is in these cases equivocal.

237. There are theoretical reasons based solely on the
nature of DNA damage and repair to expect that cancer can
occur at the lowest doses without a threshold in the

response, although this effect would perhaps not be
statistically demonstrable. The dose-response relationship has
been judged to be lincar without threshold for all cancers
excluding leukaemia. For lcukaemia, the relationship that
best fits the data is lincar-quadratic and linear at low doses.
An increase in total cancer mortality has been statistically
demonstrated at doses above ~0.2 Gy of low-LET radiation
but not at lower doses, except in special circumstances such
as cancer in childhood following in wero imadiation and
thyroid cancer after acute exposure of the thyroid to low-
LET radiation during childhood.

238. Among the limitations on the confidence of low-dose
cpidemiological studics, by far the most consistent problem
has been the lack of statistical power. This has been due to
a combination of factors, including insufficient numbers in
the imadiated population, inadequate follow-up and doses
that are collectively too small 1o have any chance of
providing a dose-response relationship.
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A. INHABITANTS OF HIGH-BACKGROUND
AREAS

239. Examples of background radiation studies in France,
Japan, Sweden, the United Kingdom and the United States
are reviewed in Annex A, "Epidemiological studies of
radiation carcinogenesis”. The conclusion from these
studies is that there is no demonstrable association
between leukaemia and other cancers and background
radiation.

240. Updated estimates of the cancer risk for a population
of about 80,000 persons continuously exposed to natural
background radiation at a dose rate about three times
higher than the world average have recently been reported
[W29, W30]. This population lives in two areas in
Yiangjiang County of Guangdong Province, China. A
comparison is being made with a population of similar
size and age structure in a nearby control area of low
background radiation in Enping County. Details of the
doses are given in paragraph 188. These populations arc
stable in that there is little movement into and out of the
arcas. Their age structure is biased towards younger age
groups compared with the rest of China. Ascertainment of
cause of death is of a high standard, and the dose
measurements, based on several different techniques, are
in good agreement. The rates of site-specific cancer
mortality and estimates of excess risk in the high-
background-radiation arca, relative to the control arca, are
given in Table 41 [W29]. The high incidences of primary
liver cancer and nasopharyngeal cancer arc peculiar to the
whole of Guangdong Province and are probably related to
local environmental factors, which include infection with
hepatitis B virus and smoking, respectively. These two
cancer types comprise the largest number of cancers in the
two areas and are highest in the low background arca. The
totals of all cancers other than leukaemia are not striclly
comparable with these cancers included.

241. While there are slight differences in the site-specific
cancer mortalily rates between the two populations, the
overall differences in leukaemia and other cancers
combined are not statistically significant, and the resuits so
far do not provide clear evidence of the presence or
absence of deleterious effects due to low doses of
radiation in the environment. This may not be surprising,
considering the difference in cumulative dose between the
two areas, based on a 5S0-year exposure, of about 60 mSv,
The problem, then, is the lack of statistical power to detect
an effect on risk at such low doses.

242. Thyroid nodularity following continuous low-dose
exposure in China was determined in about 1,000 women
aged 50-65 years living in the high-background-radiation
area and in a similar number of controls living in the low-
background control area [W28]. Cumulative doses to the
thyroid were estimated to be about 0.14 Gy and 0.05 Gy,
respectively. For multiple nodular disease, the prevalences

in the high-background-radiation area and in the control
area were 9.5% and 9.3%, respectively. For single
nodules, the prevalences were 7.5% in the high-
background area and 6.6% in the control arca (prevalence
ratio = 1.13; 95% CI: 0.82-1.55). No differences were
found in serum levels of thyroid hormones. Women in the
high-background region, however, had significantly lower
concentrations of urinary jodine. The prevalence of mild
diffuse goitre was higher in the high-background-radiation
region, perhaps related to a low dietary intake of iodine.
The authors suggested that continuous exposure throughout
life to a total dose of about 0.1 Gy in excess of the low
background level did not influence the risk of thyroid
nodular disease; however, this study did not provide
statistically significant results.

B. OCCUPATIONALLY EXPOSED
INDIVIDUALS

243, Studies of the cffects of radiation following
occupational exposures are useful in clarifying the possible
relationship between relatively low doses of gamma-
radiation and the risk of cancer. One relevant study was of
nuclear shipyard workers in the United States [M13].
From a database of almost 700,000 shipyard workers,
including about 108,000 nuclear workers, three study
groups were selected, consisting of 28,542 nuclear workers
with working lifetime doses 25 mSv (many of them
received doses well in excess of S mSv), 10,462 nuclear
workers with doses <5 mSv and 33,352 non-nuclear
workers. The type of work carried out by the three groups
was identical, except that the nuclear workers were
exposed additionally to Do gamma-radiation. The
median age of entry into employment for the three groups
was similar, that is, about 34 years. The study included
exposures received from the beginning of nuclear ship
overhauls in the 1960s until the end of 1981. All groups
worked in areas where intakes of asbestos were possible.

244, Deaths in each of the groups were classified as due
to all causes, leukaemia, lymphatic and haecmatopoietic
cancers, mesothelioma and lung cancer. The results,
summarized in Table 42, demonstrate a statistically
significant decrease in the standardized mortality ratio for
the two groups of nuclear workers for "death from all
causes” compared with the non-nuclear workers. This was
due in part to a higher incidence in the non-nuclear
workers of deaths from diseases other than cancer, which
included cardiovascular discase and respiratory, genito-
urinary and digestive tract disorders. Both groups of
nuclear workers had lower death rates from lcukaemia and
from lymphatic and haematopoietic cancers than the non-
nuclear workers, but this was not statistically significant
All three groups of workers had lower death rates from
lymphatic and haematopoietic cancers than the general
population in the United States. This has been referred to
as the healthy worker effect. Mesothelioma was the only
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cancer that showed a significantly higher incidence for
all groups. The slightly higher, but non-significant,
incidence of lung cancer for all three groups compared
to the general population of the United States could
have been associated with asbestos exposure.

245. Two features of this study nced to be
emphasized. First, the collective lifetime doses from
occupational exposurc in the two nuclear worker
groups were estimated to be 1,450 man Sv and
26 man Sv, respectively. The estimated collective
doses from natural background radiation in the same
periods were 1,067 man Sv and 409 man Sv,
respectively. The collective dose to the non-nuclear
workers from background radiation was estimated to
be 1,275 man Sv. It is difficult to draw conclusions
about the incidence of discases that might be
associated with low-level occupational radiation
exposures when the doses are comparable to, or less
than, the doses from natural background radiation.
Also, the statistically significant decrease in
standardized mortality ratio for deaths from all causes
cannot be duc to the healthy worker effect alone, since
the non-nuclcar workers and the nuclear workers were
similarly selected for employment and were afforded
the same health care thereafier.

246. A study of about 95,000 radiation workers in the
United Kingdom has recently been reported. The
cohort received a collective lifetime dose of
3,200 man Sv, with an average individual dose of
34 mSv [K15]. Up to 1988, 6,600 workers had died.
The standardized mortality ratio for all causes of death
after excluding the first 10 years following the start of
radiation work was 0.85 (p < 0.001). The standardized
mortality ratios for all malignant neoplasms in 23
organs or tissues and for all known, non-violent causes
other than malignant neoplasms were 0.86 (p < 0.001)
and 0.84 (p < 0.001), respectively. For most other
tissue-specific cancers, the standardized mortality
ratios were below unity, but they were not statistically
significant. The only cancer for which an clevated
standardized mortality ratio reached statistical
significance was thyroid cancer (SMR = 3.03). It is
not unexpected that one organ or tissue showed an
increased standardized mortality ratio by chance. The
excess relative risks for all cancers and for leukaemia,
excluding chronic lymphocytic leukaemia, were 0.47
(90% CI: -0.12-1.20) and 4.3 (0.4-13.6), respectively.
A confounding factor in this study was that cancers
could have been associated with exposure to chemical
carcinogens.

247. Since the healthy worker effect complicates the
interpretation of standardized mortality ratios, greater
importance was attached by the authors to internal
analysis or to testing for the trend in risk with dose, in
which steps are taken to compensate for the factors

that lead to the healthy worker effect. Positive trends
with dose were found for all malignant neoplasms
taken together and for leukaemias, excluding chronic
lymphatic leukaemia (Figure XX). The former trend
did not reach statistical significance (p = 0.10, one-
sided test), while the latter was statistically significant
(p = 0.03). Because it was considered possible that
cigarcttec smoking may have influenced the results,
Figure XX also shows the relative risk for the
malignant neoplasms, excluding both lung cancer and
leukaemia. The scatter of the points showing the
average relative risk and the wide confidence intervals
on these points provide no reliable information on the
risks at doses below about 0.2 Gy.

248. Updated internal analyses of mortality in 33,000
workers monitored for six months or longer at the
Hanford site in the United States provide no evidence
of a correlation between cumulative occupational
external dose and mortality from leukaemia and from
other cancers [G12]. The relative risks and their
confidence intervals are summarized in Table 43. Of
24 tissue-specific cancer categories evaluated, only
cancer of the pancreas and Hodgkin’s disease showed
positive correlations with dose that approached
statistical significance (one-tailed p-values of 0.03 and
0.04, respectively). These correlations were interpreted
by the authors as probably spurious. A significant
corrclation (p < 0.05) was obtained at doses above
50 mSv but not at 10 mSv. Earlier analysis of
mortality from multiple myeloma had shown a
significant excess risk [G14], but the extended analysis
of these data now show that the excess relative risk
for this form of cancer is no longer statistically
significant [P1, R10).

249. A study has been under way since 1980 on the
mortality of past and present employees of Atomic
Energy of Canada Ltd. [G8]. The study population
consists of 13,491 persons, 9,997 males and 3,494
females, for a total of 262,403 person-years at risk
until 1985. The number of female deaths (121) was
too small for detailed analysis, but the 1,178 deaths in
the male population gave a limited basis for study.
Montality patterns in the cohort between 1950 and
1985 were examined by comparing the observed
mortality with that expected in the general population
for three groups of workers: those with no
occupational exposure, those with up to about 50 mSv
and those with more than 50 mSv. The number of
deaths was fewer than would have been expected on
the basis of general population statistics for males in
the three groups. The findings were similar for the
groups "all cancer deaths” and "all other causes of
death”. In the occupationally exposed males, elevated
standardized monality ratios were seen for non-
Hodgkin’s lymphoma and for buccal cavity, rectum,
rectosigmoid and prostate cancers. But in the
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unexposed male group. there were elevated
standardized mortality ratios for lymphatic and
myeloid leukaemias and for large intestine, prostate,
brain and biliary system cancers. The number of cases
identified of all these cancers was small and the
confidence limits were wide, such that nonc of the
clevated standardized mortality ratios were statistically
significant.

C. SURVIVORS OF THE
ATOMIC BOMBINGS

250. The epidemiological study of the survivors of the
atomic bombings in Japan has up to now been the
primary source of data from which to estimate the
effects of radiation on humans. A dose-response
analysis of these data for doses less than (.5 Sv was
recently presented [S30]. The cnd-points measured
were cancer mortality, cancer incidence and non-
cancer mortality. The relative risks with 95%
confidence intervals and the dose-response
relationships fitted by the authors are illustrated in
Figure XXI.

251. For mortality from leukaemia, the relative risks
varied among the five dose groups (0.010-0.019,
0.020-0.049, 0.050-0.099, 0.100-0.199, 0.20-0.49 Sv),
but they did not differ statistically from the control
group, which received less than 0.010 Sv (p > 0.10).
The relative risks for the three dose groups less than
0.1 Sv were less than unity but still within the range
of what the authors considered to be random variation
about a value equal to unity. For leukaemia mortality,
a linear-quadratic model fitted marginally better than
a linear model (p = 0.07 compared with 0.06).

252. For all cancers other than leukaemia, the relative
risks gencrally increased with dose, as shown by the
dose-response curve, although the lowest four dose
groups had relative risks not significantly different
from unity. The highest dose interval (0.20-0.49 Sv)
showed a statistically significant increase in mortality.

253. Mortality from lung cancer and incidence of
thyroid cancer by dose group, based on data from the
Hiroshima and Nagasaki tumour registries during
1958-1987, were also analysed. A pattern similar to
that observed for mortality from all cancers except
leukaemia was seen, that is, the relative risk varied
among comparison groups with wide confidence limits
but did not differ statistically from unity within the
lowest dosc intervals.

254. For mortality from all diseases other than cancer,
a significantly clevated risk was observed at higher
doses (estimated threshold dose: 1.5 Sv) for younger
survivors of the atomic bombings (age at the time of

bombings <40 years). However, the relative risks for
the various low-dose groups (<0.5 Sv) did not differ
and were closc to unity with the exception of one
significant point at the dose interval 0.20-0.49 Sv (RR
= 0.83). It is interesting to note that the decrease in
relative risk at this point corresponds to a significant
increase in relative risk for mortality from all cancers
except leukaemia.

D. PATIENTS EXAMINED OR TREATED
WITH RADIATION

255. There arc several examples in clinical practice where
low doses have been used for diagnostic purposes. These
are X-ray examinations to detect fetal abnormalitics, x-ray
fluoroscopy to check the efficacy of artificial pneumo-
thorax in the treatment of pulmonary tuberculosis, (c.g.
[B2)), x-ray examinations to assess the progress of skelctal
development during treatment for scoliosis and 1By
diagnostic tests to detect thyroid abnommalities.

256. The available studies [G3, H19, M8, M22, M26,
S24] of in utero exposure are discussed in detail in Annex
A, "Epidemiological studies of radiation carcinogenesis”.
The main conclusion is that the low-dose exposure of the
fetus in diagnostic examinations is associated with a
positive risk of cancer induction, but quantification of the
risk is subject to much uncertainty. There is nothing to
support the assumption that adaptive processes could be
operating after irradiation that could reduce the incidence
of radiation-induced cancers.

257. The evidence for radiation-induced breast cancer is
discussed in Annex A, "Epidemiological studies of radia-
tion carcinogenesis™. Although exposure to radiation at
high doses and high dose rates is associated with excess
breast cancer, the potential hazard from low-dose,
fractionated exposures during early breast development has
not been thoroughly evaluated. The failure to detect
increased breast cancer in several large studies is
surprising, and no satisfactory explanation is forthcoming.
However, many of the women were over 35 years of age
at exposure.

258. A retrospective study of 35,074 Swedish patients
recejving B for suspected thyroid disorders between
1951 and 1969 has been reported [H17, H18, H21). It is
not possible to be precise about the doses delivered to
individual thyroids because of differences in By uptake
and variations in mass of the thyroids. However, the
average amount of 131y activity administered was
1.92 MBq, dclivering an estimated average dose of
approximately 0.5 Gy to the thyroid. The data are given in
Table 44. Patients given BIT for reasons other than a
suspected tumour were not at increased risk (standardized
incidence ratio = 0.62; n = 162. Overall, the data provide
no indication that exposure to 31 for diagnostic purposes
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increased the incidence of thyroid cancer in the follow-up
period after 10 years. It was concluded by the authors that
the observed increase in the 5-9 year period was most
likely to be due to a high level of medical surveillance,
leading to an increased detection of indolent tumours.

E. SUMMARY

259. The buman epidemiological studies following
exposures at low doses and low dose rates to low-LET
radiation do not at present provide evidence of an adapt-
ive responsc expressed as a decrease in the prevalence

of spontaneously occurring human cancers. This is not sur-
prising in view of the low statistical power of these
studies. The results have been interpreted variously as
being consistent with the upper bound on the confidence
limits of total cancer risk at low doses obtained by
extrapolating from high-dose and high-dose-rate data; or
as indicating no additional risk at low doses compared
with the spontaneously occurring rate. Statistical limita-
tions do not permit a decisive choice at the present time.
Caution is necessary when using isolated examples in the
epidemiological literature to justify either an increased or
a decreased risk at doses of a few hundred milligray,
bearing in mind the statistical limitations of the data.

CONCLUSIONS

260. Adaptive response is the collective term used to
describe the results of experiments in which a small dose
of radiation can condition cells so as to induce repair
processes and/or to stimulate proliferation. One
consequence of DNA repair might be to reduce the natural
incidence of cancer in its various forms or the likelihood
of excess cancers being caused by further radiation
exposure. A great deal of effort is being directed into
characterizing these processes, and in recent years results
of research especially at the cellular level have become
available.

261. There is convincing evidence that the number of
radiation-induced chromosome aberrations and mutations
that occur in proliferating mammalian cells after an acute
dose of low-LET radiation in the range 1-3 Gy can be
reduced by exposing the cclls to an acute dose of between
a few milligray and a few tens of milligray several hours
before the high dose. These experiments involving a low
conditioning dose and a high challenge dose were
designed to demonstrate the adaptive response as a
laboratory phenomenon. They were carried out under
clearly defined conditions using mitogen-stimulated
lymphocytes, proliferating bone marrow cells, spermato-
cytes and fibroblasts. The response has not been
demonstrated so far in other cell systems or convincingly
in cells under conditions of chronic exposure.

262. The evidence that is becoming available indicates
that following radiation-induced damage to cells, a number
of changes occur. Among these changes are the activation
of several classes of genes, including those coding for the
synthesis of enzymes involved in the control of cell
cycling, proliferation and repair. It is not entirely clear
how these changes may specifically improve repair
capacity. There is some evidence to indicate that radiation-
induced enzymes, which remain to be isolated and
characterized, are related to stress-response proteins. There
seems to be some similarity in the types of damage

induced by radiation and other toxic agents. The adaptive
response may therefore be a common feature of cellular
responsc to damage.

263. A multi-step process has been proposed to explain
the cellular adaptive response. After acute doses of several
hundreds of milligray, cell cycling in proliferating cells
may be delayed. The period of delay allows enzymes
induced by the radiation to repair damage before the cells
proceed through cel! cycle and undergo mitosis [Y5, Y6).
The adaptive response at these higher doses may therefore
depend on whether or not the cells in cycle are
temporarily blocked. There is no direct evidence, however,
to suggest that cell cycle delay occurs afler acute doses
ranging from a few milligray 1o a few tens of milligray,
even though the adaptive response has been observed in
this range of doses. The fate of cells exposed to a
radiation dose in the resting phase remains to be
established.

264. In evaluating the cffectiveness of the adaptive
response in cells exposed to a conditioning dose of up to
a few tens of milligray or to concentrations of toxic agents
below that concentration known to produce a toxic
reaction, it is important to recognize the unstable nature of
DNA in living cells during normal metabolism [H2, L11,
L21, V3, V4]. Tt has been estimated that the DNA
molecule within each nucleus undergoes several thousand
detectable changes every hour as a result of metabolism
[B10, L12, S27, W12, W13, W14, W15]. Despite this
high rate of spontancous molecular change, few stable
mutations accumulate in the genome. Thus, cells have
evolved efficient processes for the correction of meta-
bolically induced changes.

265. This inhcrent ability to repair DNA needs to be
taken into account in assessing the ability of cells to repair
the damage caused by doses of radiation in the wide range
of a few milligray per year to a few tens of milligray
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delivered in minutes. Just how capable the existing
mechanisms are of coping with the additional radiation-
induced damage is not readily obvious. But it would be
reasonable to assume from the evidence that damage
caused by natural background radiation, in which the
energy deposition events in a particular nucleus are
scparated by weeks or months [B21], should be readily
reparable by the available metabolically driven
mechanisms.

266. However, errors in repair do occur, even during
metabolism, such as small base-sequence changes (point
mutations), gene deletions or rearrangements, although the
overall DNA integrity may be retained [F3, F4, F5]. It
needs 10 be recognized, therefore, that the effectiveness of
DNA repair in irradiated mammalian cells is not absolute,
some fraction of the cells retaining stable mutations. Thus,
the same low conditioning doses that result in an adaptive
response are likely also to result in malignant cellular
transformations by the mechanisms discussed in Annex E,
"Mechanisms of radiation onco-genesis” in the UNSCEAR
1993 Report [U1]. It would seem important to judge the
balance between the fidelity of repair, residual damage and
malignant transformations and whether indecd these effects
interact with each other. The Committee hopes that more
data will become available in the near future lo address
this point.

267. Altemative cellular mechanisis have been proposed
to explain the adaptive response. These include the
detoxification of reactive radicals, thereby reducing the
potential for damage, and the activation of membrane-
bound receptors stimulating cell proliferation. Efforts
should be made to characterize the possible role of these
processes.

268. It remains doubtful whether the immune system
plays a significant role in any of the adaptive processes at
low doses. In the UNSCEAR 1993 Report [U1], the
Committee concluded that the immune system may not
play a major role in moderating human radiation onco-
genesis, although immune function in certain organs may
ensure that some early ncoplastic cclls are eliminated
before they become established. The data in this Annex
are not in conflict with this generalized conclusion. Some
transient effects on the ratio of subsets of T cells and in
accelerating programmed cell death in damaged lympho-
cytes have been identified. It is interesting in this respect
o note that a dose of a few hundreds of milligray can
influence tumour growth kinetics, expressed as a transient
reduction in tumour size in experimental animals. The
evidence for changes in the human immune system long
after exposure is not convincing,

269. Animal experiments in the 1950s and 1960s showed
that chronic exposure of rodents at doscs of up to a few
milligray per day from low-LET radiation could result in
increased lifc-span compared 1o controls exposed to only

background radiation. However, some anomalies in these
experiments need 1o be explained. Why was the response
confined to male mice, and why was it not observed
consistently in pathogen-free mice?

270. More recent experiments with rodents and beagle
dogs exposed at various ages to low dose rates of low-
LET radiation have generally been unable to demonstrate
any statistically significant difference in life-span of
irradiated and control groups after accumulated doses of
up to about a gray. However, tumour incidence did not
increase until the dose was in excess of about a gray,
depending on the mouse strain and the susceptibility of the
animals to developing spontaneous tumours. In some
studies there was a non-statistical trend towards a lower-
than-expected incidence of tissue-specific tumours, but in
other studies there was a non-statistical trend towards a
higher-than-expected incidence at doses of 22 Gy. A
reduction in life-span or an increase in tumour incidence
after fractionated exposures was not of statistical
significance until accumulated doses exceeded a few gray.

271. The low statistical power of most human epidemio-
logical cancer surveys with exposures at low doses makes
it difficult to reach a decisive conclusion on the existence
or absence of an adaptive response. Studies of exposure to
higher-than-average levels of natural background radiation
have made little contribution so far to estimating the risk
of cancer from low-dose-rate, low-LET radiation. Studies
of occupational exposures have recently shown more
promise of yiclding positive results, especially after
moderate doses, but in the low-dose region the confidence
limits are so broad that the results are still equivocal. The
Life Span Study of survivors of the atomic bombings
shows no significant excess of total cancer montality below
about 0.2 Gy. All cancers other than leukaemia are in
excess but not statistically significant down to a dose
range of 0.01-0.05 Gy. Leukaemia shows a deficit at doses
less than 0.1 Gy, which again is not statistically
significant. At present no conclusion can be drawn about
the dose response below 0.2 Gy because of statislical
limitations.

272. In conclusion, there is substantial evidence of an
adaptive responsc in selected cellular systems following
acute exposure to conditioning doses of low-LET radia-
tion. The precisc molecular processes involved in the
adaptive response are not well understood at present, but
cellular repair is likely to play a role by mechanisms
similar to those involved in the generalized stress response.
The presence of an adaptive response is not readily
evident from the results of experiments in mammalian
organisms in terms of reduced tumour induction. Inter-
pretation of these experiments is complicated by variations
in the susceptibility of different animal strains to
spontancous tumour induction. The low statistical power
of the epidemiology studies also prevents a clear statement
on the presence of an adaptive response in humans
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exposed to low doses. It is to be hoped that better
understanding of mechanisms of radjation cffects
obtained in molecular studies might provide a basis
upon which to judge the role of adaptive response in
the organism. In the meantime, it would be premature
to conclude that cellular adaptive responses could con-

vey possible beneficial effects to the organism that
would outweigh the detrimental effects of exposures
to low doses of low-LET radiation. The Committee
recommends that this research be continued in order to
clarify the nature and importance of the effects of
radiation-induced adaptive response.
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Table 1
Adaptive response in human lymphocytes conditioned with tritiated thymidine
(02]
Chromosome aberrations in 100 cells
Conditioning treatment Challenge treaiment
Breaks Exchanges Deletions °
None (control) 3 0 0
Tritiated thymidine (370 Bq mi™") 3 (] 2
Tritiated thymidine (3700 Bq mi) 6 0 5
1.5 Gy (x rays) 12 1 36
Tritiated thymidine (370 Bq ml™) 1.5 Gy (x rays) 9 3 23 (38)
Tritiated thymidine (3700 Bq mi*!) L5 Gy (x rays) 10 3 13t (41)
°  Expected number in parentheses.
b p<00L
Table 2
Adaptive response in human lymphocytes conditioned with x rays
(W3]
Clromasome aberrations in 100 cells (for donors 1, 2, 3)
Conditioning treatment Challenge ireatment
Breaks Exchanges Deletions Total °
Nonc (control) Lyl 0,00 0,0,0 L1l
0.1 Gy (x rays) 7,11 001 0,00 7,13
1.5 Gy (x rays) 240, 34, 41 27,58 3,12 300, 54, 61
0.01 Gy (x rays) 1.5 Gy (x rays) 181, 18, 23 18,7, 7 3,00 23k 328 37k
“  Exchanges and delctions counted as two breaks.
b p < 0.05.
Table 3
Adaptive response in human lymphocytes inhibited by cycloheximide
[v1)
Chromatid deletions in 200 cells
Conditioning treatment Challenge treatment
Male donor Female donor
None (control) 2 0
0.01 Gy (x rays) 4 1
10 pg mi™ of cycioheximide 0 0
0.01 Gy (x rays) and cycloheximide 2 0
1.5 Gy (x rays) 74 94
0.1 Gy (x rays) 1.5 Gy (x rays) 39 % 59 b
0.1 Gy (x rays) and cycloheximide 1.5 Gy (x rays) 75 78

a

b

p < 0.001.
p < 0.01
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Table 4
Inhibition of adaptive response in human lymphocytes by 3-aminobenzamide
[S12]
Chromosome aberrations in 200 ceils °
Conditioning treatment Challenge treaiment
Breaks without 3-aminob id. Breaks with 3-aminobenzamide
None (control) 4 4
0.005 Gy (x rays) ) 6
0.01 Gy (x rays) 6 6
1.5 Gy (x rays) 81 ”
0.00S Gy (x rays) 1.5 Gy (x rays) 45 b(81) 69 (81)
0.01 Gy (x rays) 1.5 Gy (x rays) 48 b(83) 73 (81)
¢ Expected number in parentheses.

p < 0.005.

Table §

Adaptive response in human lymphocytes following successive conditioning treatments
(F2]

Conditioning treatment Challenge treatment Total breaks in 400 cdls °
None (control) 3
0.01 Gy (x rays) 6
0.01 Gy (x rays) after 4 h 7
0.01 Gy + 0.01 Gy (x rays) after 4 h 9
1 Gy (x rays) 117
0.01 Gy (x rays) 1 Gy (x rays) 66 5 (120)
0.01 Gy (x rays) after 4 h 1 Gy (x rays) 71 8 (121)
0.01 Gy + 0.01 Gy (x rays) after 4 h ) Gy (x rays) st

Expected number in parentheses.
p < 0.005.
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Table 6

Influence of extracellular pH on adaptive response in human lymphocytes

(B8]

Conditioning treaiment

Challenge ireatmens

Chromatid deletions for challenge dase at 50 howrs

pH at time of treaiment

pH at time of reatment

PH at time of reatment

7.2-74 7.0-7.2 6.2-6.9
None (control) 10 10 13
0.02 Gy (x rays) 8 9 12
0.3 Gy (x rays) 372 518 1219
0.02 Gy (x rays) 0.3 Gy (x rays) 400 5937 1155

Chromatid deletions for challenge dose at 78 howrs

PH at time of treatment

pH at time of treatment

pH at time of treatment

7.2-8.2 6.8-6.9 6.4-6.8
Noae {coatrol) 14 9 11
0.02 Gy (x rays) 7 1n 15
0.3 Gy (x rays) 732 642 1137
0.02 Gy (x rays) 0.3 Gy (x rays) 696 snb 983 ¢
®  Synergstic response.
b p<0.5.
¢ p<000L
Table 7

Influence of cell cycle phase on adaptive response in human lymphocytes

(K4]

Conditioning treatment

Challenge trectment

Chromasome aberrations in 100 cells ©

0.03 Gy (x rays) in G, phase
0.03 Gy (x rays) in G phase
0.03 Gy (x rays) in S phasc

o

Tritiated water

3 Gy (x rays) in Gy phase
L5 Gy (x rays) in G, phasc
1.2 Gy (x rays) in G, phase

88
2
11

0.03 Gy (x rays) in Gg phase
0.03 Gy (x rays) in G| phase
0.03 Gy (x rays) in G phase
0.03 Gy (x rays) in G, phasc
0.03 Gy (x rays) in S phase

3 Gy (x rays) in G, phasc
3 Gy (x rays) in G, phase
1.5 Gy (x rays) in G, phase
1.5 Gy (x rays) in G, phase
1.5 Gy (x rays) in G, phase

107 (92)
96 (96)
14 2(26)
20 °(28)
125 (29)

Tritiated water

1.5 Gy (x rays) in G, phase

20 5(28)

b

Expected numbser in parentheses.
p < 0.05.
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Table 8

Adaptive response in rabbit lymphocytes conditioned in vivo and challenged in vitro

(L8]

Conditioning freaiment

Challenge ir

Cells with aberrations (%) ©

in vivo in vitro Challenge dose in G, phase Challenge dose in G phase
Nane (control) 1.5 Gy 12832 173213
0.30 Gy (gamma rays) 1.5 Gy (x rays) 728222%(141) 118 = 1.9 5(18.6)

0.75 Gy (gamma rays)
0.90 Gy (gamma rays)
1.20 Gy (gamma rays)
1.50 Gy (gamma rays)
1.80 Gy (gamma rays)

1.5 Gy (x rays)
1.5 Gy (x rays)
1.5 Gy (x rays)
1.5 Gy (x rays)
1.5 Gy (x rays)

6.3 1.9 %(14.3)
25175050
8.0+ 2.2 %(16.5)
10.5 = 4.1 € (16.5)

133+ 205(188)
11.8 + 3.5 £(19.5)
135 + 4.9 £ (21.0)
17.8 = 5.0 (21.0)
2352 3.3(29)

Includes all types of chromosome aberrations; 400 cells scored; expected number of aberrations in parentheses.

b p<ooL
¢ p<00S.
Table 9
Relative survival and mutation frequency in human lymphocyltes conditioned with tritiated thymidine
[S18]
Conditioning ireatment Challenge treatment Relative survival of clone-forming cells Mutation frequency (1 %)
Noae (control) 1.00 22205
Tritiated thymidine (37 Bq ml'!) 0.86 + 0.07 23207
Tritiated thymidine (370 Bq mi"}) 0.99 + 0.07 32209
Tritiated thymidine (3700 Bq mi*!) 100 = 0.1 22205
Tritiated thymidine(37000 Bq ml') 1.00 = 0.1 33205
1.5 Gy (x rays) 0.80 = 0.05 152 +20
Tritiated thymidine (3700 Bq ml'}) 1.5 Gy (x rays) 0.82 = 0.04 39209°
Tritiated thymidine(37000 Bg mi™") 1.5 Gy (x rays) 0.84 = 0.06 63218°
3.0 Gy (x rays) 0.52 = 0.03 197 =238
Tritiated thymidine (37 Bg ml™") 3.0 Gy (x rays) 0.64 * 0.06 144 6.2
Tritiated thymidine (370 Bq mi*!) 3.0 Gy (x rays) 0.56 = 0.06 215218
Tritiated thymidine (3700 Bq mi™!) 3.0 Gy (x rays) 0.55 = 0.08 72+37°
Tritiated thymidine{37000 Bq ml'l) 3.0 Gy (x rays) 0.57 = 0.05 9.5= 177
2 Significant difference.
Table 10
Mutation frequency in human lymphocytes conditioned with x rays
Conditioning treatment Challenge treatment Cloning gfficiency (%) Muation frequency (1 0’6)
None (control) 244=x79 26203
0.01 Gy (x rays) 240 2120 45223
3.0 Gy (x rays) 21084 155+ 80
0.01 Gy (x rays) 18.4 £ 6.6 52=28°

3.0 Gy (x rays)

Significant diffcrence, p < 0.5.
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Table 11

Adaptive response in human lymphocytes conditioned with hydrogen peroxide

wej

Conditioning treatmens

Challenge treatment

Aberrations in 100 cells

Nooe (control) 0.5
Hydrogen peroxide (0.1 M) 1.0
Hydrogen peroxide (1 #M) 0
Hydrogen peroxide (10 M) 0.5
Hydrogen pcroxide (25 uM) 1.0
Hydrogen peroxide (50 M) 0.5
1.5 Gy (x rays) 340

Hydrogen peroxide (0.1 xM) 1.5 Gy (x rays) 2157
Hydrogen peroxide (1 M) 1.5 Gy (x rays) 204t
Hydrogen peroxide (10 zM) 1.5 Gy (x rays) 21.5°%
Hydrogen peroxide (25 uM) 1.5 Gy (x rays) 205°
Hydrogen peroxide (50 (M) 1.5 Gy (x rays) 25.0 €

¢ p<00L

b p <0000l

¢ p<0.05.
Table 12

Synergistic response in human lymphocytes conditioned with x rays or methylated chemicals

(w4

Conditioning treatment

Challenge ireatment

Aberrations in 200 cells

None {control) 3
0.01 Gy (x rays) 3
Methyl methanc suiphonate (0.42 mM) 114
0.01 Gy (x rays) Methyl methane sulphonate (0.42 mM) 169 ¢
Methyl methane sulphonate (0.018 mM) 2
Methyl methane suphonate (0.42 mM) 97
Methyl methane sulphonate (0.018 mM) Methyl methane suphonate (0.42 mM) 133
N-methyl -N’ -nitro-N-nitrosoguanidine (600 ng mi"!) 1
Methyl methane sulphonate (0.42 mM) 97
N-methyl -N'"-nitro-N-nitrosoguanidine (600 ng mi"Y) Mecthyl methane sulphonate (0.42 mM) 147

Synergistic response, p < 0.01.
Synergistic response, p < 0.001.

Table 13
Adaptive response in human lymphocytes exposed to drugs
(S19]
Chromatid exchanges (%)
Conditioning treatment Challenge treatmens
Donor A Donor B
None (coatrol) 3.58 £ 0.6 4202
0.05 Gy (x rays) 3.7+03 45202
VP-16 (etoposide) 11.1 =13 12.0+07
0.05 Gy (x rays) VP-16 (etoposide) 9.8z 1.2 10.7 = 0.8
BCNU (1,3-bis (2-chloroethyl)-1-nitrourca) 8.7+04 10.1 = 0.4
0.05 Gy (x rays) BCNU (1,3-bis (2-chloroethyl)-1-nitrourea) 80=05 9.0=12
cis-Pt (cis-diaminodichloroplatinum(IT) 128212 143=13
0.05 Gy (x rays) cis-Pt (cis-diaminodichloroplatinum(IT) 119211 138+ 14
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Table 14

Adaptive response in mouse bone marrow cells and spermatocytes

Chromasome aberrations (%)

Conditioning treatment

Challenge treatment

in vivo Bone marrow cells Spermatocytes
Male Kunming mouse [C8]
Coatrol 0.75 Gy (x rays) 38.5 126
0.01 Gy (x rays) 0.75 Gy (x rays) 19.5° 8.4°
Female CSTBI/6 mouse [Y2)
Noue (control) 0.5
0.65 Gy (x rays) 271
0.002 Gy (x rays) 0.65 Gy (x rays) 2.8
0.005 Gy (x rays) 0.65 Gy (x rays) 8.8
0.010 Gy (x rays) 0.65 Gy (x rays) 35
0.050 Gy (x rays) 0.65 Gy (x rays) 9.5
7 p<00L
Table 15
Investigation of response in pre-implantation mouse embryos
[W5]
Conditioning treai Challenge Aberrations per 100 metaphases Aberrant cells
freat Breaks Exchanges Rearrangements Total (%)
None (control) 9.4 0 0 9.4 6.9
0.05 Gy (x rays) in vitro 7.0 [} 0 7.0 6.4
1.5 Gy (x rays) in virro 39.7 0 0 39.7 28
0.05 Gy (x rays) in vitro 1.5 Gy (x rays) in ritro 271 5 0.5 378 6.4
Nonc (control) 73 0 0.6 7.9 6.4
0.05 Gy (x rays) in vivo 10.2 0 1.3 11.5 7.6
1.5 Gy (x rays) in vitro 243 6.8 1.7 39.6 27.0
0.05 Gy (x rays) in vivo 1.5 Gy (x rays) in vioo 25.2 6.2 27 40.3 28.0
Repair in situ
Noac (control) 122 [} 0 12.2 4.9
0.05 Gy (x rays) in vivo 2 Gy (x rays) in vivo 50.7 323 10.7 126.0 523
None (control) 9.4 0 0 9.4 6.9
0.05 Gy (x rays) in virro 2 Gy (x rays) in virro 58.2 20.0 16.4 114.6 56.4

Table 16
Investigation of response in two-cell mouse embryos
[M6]
Results at 144 hows after conception © < Resudts at 192 howrs afier conception b <
Conditioning Challenge
treatment © treatment * Cells Haiched Trophoblast Inner Two-cell layers
per blastocysts outgrowth cell mass (endoderm and
embryo (%) (%) (%) ectoderm) (%)
None (control) ™ T 92 88 48
0.05 Gy (x rays) 87 81 84 71 36
2 Gy (x rays) 40 20 31 2 8
0.05 Gy (x rays) 2 Gy (x rays) 44 (44) 29 (21) 31 (28) 18 (18) 7(6)

8

¢ Expected results in parentheses.

Conditioning treatment given in the early G, phase, challenge treatment given in the late G, phasc.
5 Results for 144 hours after conception and 192 hours after conception were oblained in independent cxperimental series.




Table 17
Some DNA-damage-Induced genes Identified in mammalian cells
[F19)

Inducing agents ° Dose Detection time
Gene Detection after exposure Species Cell Ref.
For positive response For negative response (hours)
Coding transcription factor

c-fos X rays 0.75-0.9 Gy Syrian hamster SHE fibroblast cell line [(W16]
X rays 20 Gy mRNA 3 Human HL-60 [S48]

X rays 20 Gy mRNA 0.5 Mouse Myeloid cell [19)
X rays 20 Gy mRNA Human Epithelium cell lines [H12]
MMS 100 peg ml? mRNA 2-8 Chinese hamster CHO-K1 [H15]
H,0, 0.4 mM mRNA 3 Chinese hamster CHO-K1 [H15]

H,0, 0.25 mM mRNA 0.75 Human HelLa-38 [D7)

c-jun H,0, 0.25 mM Activity Human Hela-3S D7)
X rays 20 Gy mRNA 1-6 Human HL-60 [S548]

X 1ays 20 Gy mRNA 36 Human U937 [S48)

X rays 20 Gy mRNA 14 Human AGIS22 [548)
X rays 20 Gy mRNA >0.5 Human Epithelium cell lines [Hi2)
Gamma rays 2 Gy mRNA 1 Syrian hamster SHE-fibroblast cell line [W26]

junB H,0, 0.25 mM mRNA 0.75 Human HeLa-3S (D7)
junD X rays 20 Gy mRNA 3.6 Human HL-60 {548}
EGR1 H,0, 025 mM mRNA 0.75 Human HeLa-38 [D7)
NF«B gene X rays 20 Gy mRNA Human Epithelium cell lines [H12)
Gamma rays 20 Gy mRNA 36 Human KG-1 [B24)

Gamma rays 20 Gy Activity 0.56 Human KG-1 [B24]

H,0, 0.1 mM Activity 0.5-1 Human Burkatt T [547)

Coding nuclear protein

pS3 gene Gamma rays 4 Gy Protein 1 Human Colon carcinoma [K22]
Gamma rays 4 Gy G, -arrest Human Colon carcinoma [K22)
Gammn rays 2 Gy Protein 1 Human Lymphocyte cell line [K23)

Other oncogenes

MoMuSV-LTR X rays 0.7 Gy Activity 3-24 Mouse (Transfectant) NIH?3T3 {L24)
N,K and H-ras X rays 1-10 Gy Survival Mause NIH/3T3 |G10)
N,K-ras Gamma rays 1-5 Gy Survival Human Retinoblasts [G10]
v-ab, B, v-sis, v-abl, v-sve Gamma rays Survival Mouse 32Dcl3, NIHAAT3 [G10]
Ha-ras Gamma rays 1-40 Gy Survival Rat Embryo cells [G10)

Coding cytokine or receptoe

IL-1B gene Neutrons 0.021 Gy mRNA 3 Syrian hamster SHE-fibroblast cell line [W26)

X rays 20 Gy mRNA 0.5 Mouse Myelaid cell {19}

Gamma rays 8.5 Gy mRNA 24-48 Mouse Spleen [19]

‘INF-a gene X tnys 20 Gy mRNA 3 Human HL-60 derivative [H14]
X rays 5 Gy mRNA 3 Human Sarcoma cell line [H13]
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Table 18

Accumulation of a-interferon mRNA and protein kinase C following gamma-ray exposure of Syrian hamster

embryo fibroblasts

[W16]
Dose ° Relative amount ®
Gy) 1 hours © 3 howrs ©
a-interferon mRNA
0.02 10 1.0
0.12 1.0 1.5
0.25 1.0 3.9
0.5 6.9
1.0 1.5 3.7
20 0.9 3.8
B-protein kinase C
0.02 1.0 1.0
0.12 1.7 1.9
0.25 21 24
0.50 24
1.0 2.9 3.4
20 35 4.3

a

<

Gamma rays administered a1 a dose rate of 0.14 Gy min™",

1

Amount of a-interferon mRNA in untreated cells was set at 1.0. All other values are expressed relative to that. Standard deviation for all values was =0.1.

Incubation time following completion of the radiation exposure.

Table 19
Relative expression of transcripts encoding nuclear proteins following gamma-ray exposure ¢
[W18]
Dose Dose raze Relative amount of RNA for transcripts &
(Gy} (Gy min'l) cjun Rb HA-histone ps3 c-myc ©
0 0 1.0 (0.04) 1.0 (0.01) 1.0 (0.04) 1.0 (0.11) 1.0 (0.03)
0.06 0.01 1.6 (0.04) 4 0.9 (0.05) 1.4 (0.08) 1.1(0.09) HND
0.25 22(0.07) ¢ 1.3 (0.03) 1.4 (0.03) 1.3 (0.09) HND
0.50 1.8(0.12) ¢ 1.7(0.03; € 1.7 (0.08) © 1.3 (0.06) HND
0.75 1.7 (0.17) 1.3 (0.08) 2.0 (0.07) € 1.4 {0.02) HND
0.25 0.14 L5(0.11) ¢ 0.9 (0.09) 1.4 (0.02) 1.1(0.02) HND
0.50 0.8 (0.21) 0.7 (0.11) 1.6 (0.04) © 1.3 (0.07) HND
0.75 1.1(0.12) 1.3 (0.06) 1.1 (0.05) 1.3 (0.02) HND
2.00 47 (0.03) ¢ 1.7 (0.19] < 1.4 (0.05) 0.9 (0.11) HND
®  Cydling cells were irradiated with ®Co gamma rays at the doses or dose rates indicated 1 h prior to RNA harvest.
5 Standard deviations are in parentheses.
¢ HND = Hybridizations not detected.
4 Significantly different from control, p < 0.05,
Table 20
Relative constitutive levels of mRNAs and proteins in splenocytes of mice conditioned with x rays
(M19]
Relative level of constituent
Constituents
Controls Irradiated cells °
HSP70 (heat shock protein) mRNA 0.38 0.72
GAPD (glyceraldehyde-3-phosphate dehydrogenase) mRNA 1.98 201
HSP70 (heat shock protein) 0.24 0.54

a

Total dose was 0.8 Gy from 0.04 Gy d™! for 20 days.
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Table 21
Accessory glycoproteins on the surface of T cells in the blood
[A12]
Protein * Alternative nam Approximate molecular Ex; ed o Puati tion
e name weight (kDa) pressed on ative functio
2 Tii 50 All T cells Promotes adhcsion between T cells and thetr target
Thy 1 in mice cells by binding to LFA-3 on target cells
3 T3 y chain: 25; b chain: 20 All T cells Helps transduce signal when antigen-MHC complex
Thy 1 in mice ¢ chain: 20; E chain: 16 binds 1o T cell receptors
CD4 T4 in humans 50 Helver T cells Promotes adhesion to antigen-presenting cells and B
L3T4 in mice P cells, probably by binding to class 1l MHC
molecules
CD8 T8 in humans 60 (homodimer) Cytotoxic T cells Promotes adhesion to virus-infected target cells,
Lyt2, Ly13 in mice 70 (heterodimer) probably by binding to class | MHC molecules
LFA-1 - a chain: 190; B chain: 95 Most white blood cells Promotes cell-cell and ccll-matrix adhesion

CD stands for cluster of differentiation, as each of the CD proteins was originally defined as T cell "differentiation antigen® recognized by multiple monoclonal
antibodies. Their identification depended on large-scale collabarative studies in which hundreds of such antibodies, generated in many laborataries, were
compared and found to consist of relatively few groups (or "clusters™), each recognizing a single cell-surface protein.

Table 22

Gamma-ray-induced DNA fragmentation of thymic T cells

[M19]
Thymocyies FDgy " (Gy) 95% Cf
CD4°CD8" 1.98 1.86-2.10
CD4*CD8” 0.2 0.210.23
CD4" (D8’ 206 1.81-2.31
CD4°CDs* > 8.00 (Not determined)

a

Gamma-radiation dose to induce 50% fragmentation.

Table 23
Dose-effect relationship for immune functions in mouse splenocytes after x-irradiation 4
[L16]
Percentage of control ai dose
Immunologic parameter
0.025 Gy 0.05 Gy 0.075 Gy 0.10 Gy 0.25 Gy

PFC reaction 109.6 1434 1738 ¢ 61.3 84.1
MLC rcaction 108.8 133.3°¢ 1222 1248 110.7
Reaction to Con A 1911 2548 529.7 ¢ 104.9 446
NK activity ¥ 111.8 109.0 1188 ¢ 115.4 120.1
ADCC activity 109.0 1276 131.7 ¢ 1503 € 1117
LPS rcaction 129.4 1719 169.5 65.9 545
IFN- secretion 103.8 1108 130.3 1309 ¢ 87.3
IL2 secretion - . 166.0 4 . -

*  The immunologic parameters were examined on splenocytes of mice aficr whale-body irradiation expressed as a percentage of controls.

b

o N

The peak stimulation was found at 0.5 Gy, where the relative value was 145.0% of contral.
p < 0.5 compared to sham-irradiated control.
p < 0.01 compared to sham-irradiated control.
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Table 24
Response of mouse splenic and thymic lymphocytes to whole-body x-irradiation of 0.075 Gy
{L16, L18]

Time after irradiation Cell cycle progression
(days) Percentage in Percentage Percentage
G,y and G; phases in S phase in G, and M phases
Sham-contral 86.0 (0.6) ° 10.8 (0.3) 3.3(0.3)
3 82.1(0.7)° 14.7 (0.7) € 3.1 (0.3)
4 819 (0.7 % 14.8 (0.8) 3.4(0.2)
7 822(0.5)° 14.4 (0.6) ¢ 3.4(03)
Time after irradiation Ratio of T({CD4") 10 T(CD8") cells
(days) Thymus (number of samples: 12) Spleen (number of samples: 6)
Shamcontrol 299 (0.14) ° 1.14 (0.04)
3 285 (0.19) .
4 3.41 (0.20) 1.17 (0.09)
7 2.44 (0.13) ¢ 1.17 (0.05)
Time after irradiation Percentage change in thymocyie subsets
(days) Ch4CDS CcD4*CD8* cD4*CD8 CD4CD8*
Sham-coatrol 2.09 (0.06) * 80.89 (1.43) 12.65 (0.98) 4.37 (0.45)
3 3.56 (0.29) ® 80.25 (1.20) 11.84 (1.22) 4.37 (0.61)
4 3.50 (0.15) * 8068 (1.33) 12.14 (0.94) 3.68 (0.33)
7 3.16 (0.16) ° 83.64 (1.06) 9.36 (0.73) 4 3.84 (0.25)
7 Mean value; standard arror in parentheses.
b p<0.00l
¢ p<0.0L
4 5<005.
Table 25

Comparison between frequency of interleukin-2-secreting cells from human lymphocytes in inhabitants of a high-
background-radiation area and a control (low-background-radiation) area in China

[Y8]
Inhabitants of high-background-radiation area Inhabitanis of low-background-radiation area
(Yangjiang County, Gaungdong Province, China) (Enping County, China)
Age group (Control population) P value
Number analysed Frequency (%) Number analysed Freguency (%)
< 20 years 9 20.11 = 0.66 9 17.02 = 0.69 >0.05
20-50 years 9 19.89 = 0.58 9 17.17 = 0.79 <0.05
> 50 years 7 20.71 = 032 9 15.78 = 0.52 <0.01
Total 25 2020 = 0.32 27 16.63 = 0.53 <0.01
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Table 26

Analysis of the eflect of cigarette smoking on the percentage of lymphocytic subsets In occupationally exposed
persons

[T10]
Number of cD2* ch4* cps* HNK-1* Ratio
persons ° (%) (%) (%) (%) CD4ICD8
Noa-smokers 120 776 = 57 399 = 8.1 212 +9.5 1772 5.1 1.7
Smokers 39 T3=67 39.1 =846 303 =89 184 =53 14
p-value (Wilcoxon two-sample test) 0.63 0.45 0.03 0.59 0.05

E]

Data were pooled for all persons tested in cach category.

Table 27
Influence of a whole-body pre-irradiation of 0.1 Gy on the growth of primary murine squamous carcinoma
subjected to localized irradiation

(M28]
Growth delay compared 1o controls (days)
Dase of local irradiation

(Gy) 4-5 mm tumour 9-10 mm tumour
6 0 4

10 1.8 5

15 6-7

35 3.0

a

Tumour size at time of irradiation.

Table 28
Change In the percentage of functional subsets of peripheral blood lymphocytes in non-Hodgkin’s lymphoma
patients before and after low-dose whale-body or half-body irradiation

[T16]

Subsets of lvmphocyres Before irradiation (% + SE) After irradiation (% = SE)
Suppressor-inducer T (CD*2H4%) £89 =243 75+57
Helper T (CD4*2114%) 21=17 331:17°
Helper-inducer T (CD4*4B4%) 2.7 +68 287:72°
Suppressor T (CD8'CD11%) 9.7 2 6.6 9.3+49
Cytoxaxic T (CD8*CD117) 210 = 85 214269
Active helperfinducer T (CD4*HLA-DR*) 41:16 68:25%
Active suppressor/cytotoxic T (CD8*HLA-DRY) 83=+356 108 = 7.4
NK activity (++) (CD16*Leu?’) 5924 54225
NK activity (+) (CD16*Leu7") 143:94 1402 7.6
NK activity (+) (CD16'Leu7") 210 9.2 200 = 8.0
Normalized ratio Ty Tg 1.0 142+ 086

a

p < 0.05.
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Table 29
LDgy a9 for mice pretreated with non-lethal doses of 250 kV x rays
[S55]
Treatment group
Age at No treatment (controls) 0.8 Gy (100 R) ® 2.4 Gy (300 R) ® 3.2Gy (S00R)®
testing ©
(d) Number LDgy3 £ SE Number LDsy 3 + SE Number LDsy3p = SE Number LDy * SE
of mice (Gy) of mice (Gy) of mice (Gy) of mice Gy)
120 90 6.10 > 0.12 90 6.31 = 0.09 90 5.90 + 0.13 89 5.67 = 0.10
150 40 6.42 = 0.11 - - 40 6.65 *+ 0.16 40 6.60 = 0.13
240 40 6.80 * 0.14 40 6.74 = 0.17 40 6.60 = 0.06 40 6.40 = 0.10
430 40 6.72 = 0.13 - - . . - .
550 40 6.58 + 0.27 40 6.53 £ 0.19 40 6.08 + 0.22 40 518 034
670 - . - - 48 569 +0.19 48 5.18 = 0.30
730 40 6.55 + 0.15 - - - - . -
760 - - 48 4.96 + 034 - - 45 433 +0.24
820 50 5.96 = 0.15 - - 49 4.86 = 0.26 . -
930 - - 50 4.16 = 0.21 - - - -
960 57 4,53 +023

@

The mice were pre-treated at age 90 days.
b Converted to SI units: 100 R = 0.8 Gy.

Table 30

Short-term survival and acquired resistance in mice conditioned with low-dose x-irradiation
(Y9]

Numb, Conditioning Challenge 30-day suwrvival Colony-forming units
Group of mice treatment * treaiment b
(Gy) (Gy} Percentage ..?tafuucal Average per Ratio 1o
significance mouse + SE control
Control 0 0 775 (x rays) 143 .
1 60 0.025 (x rays) 7.75 (x rays) 16.7 p>0.1
2 60 0.05 (x rays) 7.75 (x rays) 424 p < 0.001
3 60 0.10 (x rays) 7.75 (x rays) 40.0 p < 0.01
Control 40 1} 7.0 (x rays) 1.48 £ 0.39
1 40 0.025 (x rays) 7.0 (x rays) 1.98 = 0.50 13
2 39 0.05 (x rays) 7.0 (x rays) 2.46 + 0.53 1.7
3 39 0.10 {x rays) 7.0 (x rays) 2.51 £ 0.50 1.7

Given at two of age.
5 Given at four months of age.

Table 31
Mean survival time of LAF, mice exposed to gamma rays from a 226Ra source at a dose rate of about 1 mGy
each day for the duration of life

[L19]
Controls Irradiated Difference between p Value
irradiated and control comparing irradiated
Number Sex Mean survival time Number Sex Mean survival time groups (days) with controls
of mice + SE (days) of mice = SE (days)
110 Male 683.5 = 14.3 111 Male 783.1 =140 99.6 0.01
116 Female 802.9 + 16.1 120 Female 8203 = 176 17.4 Not significant
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Table 32
Survival of LAF| mice after lifetime irradiation
[S52]
Number Male Female
Dose rate of mice
(mGy a‘I) in sample Mean survival time Standard deviation Mean survival time Standard deviation
= SE (days) (days) = SE (days) (days)
0.14 90 464 = 23 222 662 = 17 164
1.6-4.9 90 528 + 22 213 630 = 20 193
40 120 501 =16 178 548 = 11 125
Table 33
Life-span and neoplasms in RF mice exposed to x and gamma rays
[U13)
Mean Average dose Duration Number Suniving Number Mean age Mice with neoplasms
accumulated dose rare of expasure of mice irradiation of mice ar death
(Gyd 1) (Gy) (days) exposed (%) necropsied (days) Incidence Mean age
al necropsy at death
= SE (%) + SE (days)
Males
0 - - 623 - 612 578 52+2 606 + 8
0.25 1150 ¢ . 201 100 198 565 64 +3 568 = 13
0.50 1150 ¢ - 189 100 183 550 65x4 562 =15
0.75 1150 ¢ - 188 100 186 548 71=3 571+ 15
1.00 1150 ° - 197 100 194 494 634 514=14
1.50 1150 ° - 427 100 417 484 7522 485+ 8
1.48 0.052 30 98 97 96 606 6725 651 = 20
1.53 0.15 10 178 100 175 581 68 = 4 594 =13
1.55 0.77 80 100 79 590 55 611 = 17
3.00 1150 ¥ - 241 100 238 408 8123 415 = 11
3.9 0.05 63 118 99 118 619 76 + 4 638 = 16
3.03 0.14 2 119 100 116 573 T2+4 580 = 16
3.08 0.22 14 79 100 76 538 =S 552+19
3.05 0.31 10 17 100 109 610 PEX] 629 = 20
3.15 0.79 4 79 100 79 536 63«5 568 = 23
Females
0 - - 554 - 537 586 66 =2 608 = 8
0.25 0.067 - 95 100 94 603 0=5 597 =13
0.50 0.067 - 95 100 95 599 =4 612 =15
1.00 0.067 - 95 100 95 551 86 =4 549 = 15
1.04 0.052 20 99 100 95 578 54 592+ 14
1.01 0.15 7 119 100 117 599 7424 605+ 8
200 0.067 - 94 100 92 520 874 525 =20
240 0.005 516 9 48 98 576 =4 587 =17
3.00 0.067 - 92 100 92 470 89 +3 473 =18
3.06 0.010 300 125 93 124 611 82+4 625 = 14
3.06 0.011 300 89 92 87 595 x4 609 = 14
3.13 0.051 61 128 98 122 549 LEX) 549 + 16
3.10 0.15 21 110 100 107 564 B6 3 5711 +14
3.13 0.21 15 99 100 97 504 B4+4 534+ 18
3.05 0.31 10 99 100 97 587 80+ 4 597+ 16
3.06 1.02 3 99 100 97 575 804 582+ 17

a

X rays; all other groups exposed (o gamma rays.
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Table 34
Influence of dose on induction of ncoplastic discases in female BALB/c mice exposed to gamma rays
[U14]
Type of tumour Dase * (Gy) Age-adjusted incidence (% + SE)
Ovarian tumour 0 64214
0.5 99+18
1.0 219226
2.0 425=28
Mammary adenocarcinoma 0 76 =09
0.5 9.0=09
1.0 13212
20 139+ 13
Lung adenocarcinoma 0 128 =22
0.5 145+ 18
1.0 165=+21
20 214 =26

a

Dose rate of 0.083 Gy d™,

Table 35
Survival of male BC3F, mice after exposure to x rays
[€20]
Dose . Mean long-term survival
Number of mice
G = SD
Gy Gy) @
Mice irradiated in uterv
0.0 e 852 = 247
0.3 48 ¢ 798 = 180
0.9 61° 824 = 212
1.5 46 7 897 =+ 173
21 45 832 = 167
Mice irradiated st 3 months of age
o 203 827 = 188
0.5 4 828 + 182
Lo 43 797 £ 238
20 50 767 = 225
3.0 50 731 =176
4.0 48 792 = 166
5.0 72 701 = 210
6.0 95 718 = 175
7.0 249 682 = 222
Mice irradiated at 19 months of age
(1} 46 849 = 170
0.5 48 865 =170
1.0 48 865 = 141
20 48 893 * 160
3.0 50 859 > 125
4.0 50 834 = 134
5.0 m” 881 = 167
6.0 95 862 = 183
7.0 142 759 + 184

a

Number of mice at weaning,
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Table 36

Life-span and development of neoplasms in irradiated mice

[S54]

Stage in life Dose Number Mean life-span Mice bearing neoplasms Mean number of neoplasms per
of mouse (Gy) of mice + SE (days) (%) mouse = SE

Control 0 198 869 = 8 90.4 1.09 = 0.04

Fetus 1.9 93 831 =+14° 91.4 1.30 = 0.08 ¢

3.8 81 741+18° 86.0 1.18 + 0.09
5.7 65 584221° 708° 0.95 = 0.08
Neonate 1.9 85 B4+ 177 90.6 1.38 = 0.09 °
3.8 81 642 =16 ° 96.3 149 = 0.08 ¢
5.7 91 453+ 16° 91.2 121 = 0.07
Adult 1.9 81 ™G+ 177 95.1 144 = 0.08 ¢
38 80 T3x19° 91.3 1.56 = 0.10 °
57 83 86+197 91.6 1.28 = 0.09
¢ p<00S.

Table 37

Life-span and disease incidence after a single exposure of three-months-old C57B! mice to 3¢ gamma-radiation

[M29]

Dose Survival Thymoma All levkaemias Carcinoma and sarcoma All malignancies
(Gy) Nu sze-:tpgn Incidence foespz:n Incidence Lr[c-spt:u Incidence Llfc-sp:m Incidence bfc-spi‘m
of mice * SE %) = SE (%) * SKE (%) + SE (%) = SE
(days) (days) (days)

Control 473 606 + 29 1.27 420 = 204 20.93 624 + 65 16.3 676 = 718 33.19 648 > 53
0.25 242 578 = 38 1.65 500 = 304 18.18 581 =92 14.04 636 = 113 28.51 598 = 74
0.5 239 558 = 38 1.26 405 = 303 15.48 582 + 100 8.79 626 = 143 23.01 599 = 84

1 246 540 = 36 0 - 15.04 546 + 93 8.94 593 = 134 21.95 566 = 80
2 217 532+ 38 23 174 = 95 13.82 513 =102 14.29 584 = 109 26.27 543 = 76
4 143 478 = 43 13.29 190 > 46 26.57 375=1 16.08 594 + 129 39.16 444 = 67
6 188 400 = 32 30.32 253 = 36 44.68 305 =37 14.36 538 = 108 55.32 352+ 39

Total, corrected for competing risks.
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Table 38
Survival of male B6CF, mice after acute, 23-week and 59-week exposures to gamma-radiation °
[C19, T15]
Total dase Average dose raie Mean survival + SE (days)
Gy) (Gy week)) Death from all causes Death from cancers
Single acute exposure
0 863 = 10
0.9 834 = 12
14 827 =16
21 807 =15
27 T27+13
Continuous exposure for 23 weeks
0 0 857 =15 893= 15
21 0.09 830 =13 871+ 15
42 0.18 806 = 22 842+ 21
9.6 0.42 675+ 23 732=24
19.2 0.83 579 = 32 622 = 35
Continuous exposure for 59 weeks
0 0 803 » 16 B44 + 14
53 0.09 768 = 15 829+ 15
10.7 0.18 719 = 16 750 = 16
24.6 0.42 616 = 21 656 = 20

Mice were 107-114 days old at the beginning of irradiation.

Table 39
Survival of beagle dogs exposed to whole-body gamma-irradiation
[B23]
Age of swvivors (years)
Age at (:t)pamre Da:;;g;oup Number in group Percentage dead in
©» 1982 Mean Range
Controls (all ages) 0 360 66 126 9.9-15.0
8 (in utero) 0.16 120 47 115 10.6-13.6
0.83 120 51 11.4 10.4-13.4
28 (in wero) 0.16 120 67 118 10.5-13.9
0.83 120 50 1n.s 10.7-13.6
55 (in wero) 0.16 120 63 12.2 11.3-14.1
0.83 120 68 12.1 11.3-142
2 (post-partum) 0.16 120 67 122 10.2-13.8
0.83 120 60 119 11.2-14.2
70 (post-partum) 0.83 120 65 12.2 11.3-14.2
365 (post-parium) 0.83 240 73 12.5 11.3-15.0
Total 1680 63
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Table 40
Survival and disease incidence in beagle dogs exposed to x- and gamma-irradiation
(T4]
Acute and (ractionsted whole-body irradiution
Number Exposure Median Incidence (%)
of dogs post-expasure
Dase Fractions Interval besween survival (years) Non-neoplastic Mammary Non-mammary
(Gy) fraciions (days) diseases tumours tumours
57 None {countrols) 11.6 44 21 3s
2 0.25 4 28 11.0
25 0.25 4 14 100
20 0.25 4 7 11.3
21 0.50 2 28 10.6 46 23 31
21 0.50 2 14 9.8
20 0.50 2 7 10.7
23 1.00 1 10.8
2 0.75 4 28 10.3
23 0.75 4 14 9.3
2% 0.75 4 7 9.0
25 1.50 2 22 9.2 54 17 29
21 1.50 2 14 8.5
pi] 1.50 2 7 8.7
11 3.00 1 104
Continuous gamma-irradiation
Number Dose rate Number Mean survival (years) Cause of death (% incidence in parentheses)
of dogs of dogs
2 . .
©yd?) dead Of dead dogs Of living dogs Seplicaemia Anaemia Myeloproliferative
disorder
46 None 12 8.4 100 0 (0) 0 (0) 0(0)
92 0.003 33 8.2 9.7 0(0) 0(0) 0(0)
46 0.008 28 80 10.0 0(0) 0(0) 1(4)
46 0.019 42 73 8.9 0(0) 1(2) 7Q17)
24 0.038 24 52 0 (0) 2(8) 11 (46)
16 0.075 16 1.9 0(0) 7(44) 7(44)
13 0.013 13 0.8 7 (54) 4 (31) 2(12)
16 0.026 16 0.15 16 (100) 00 0(0)
8 0.038 8 0.10 8 (100) 0 (0) 0(0)
4 0.054 4 0.07 4 (100) 0(0) 0(0)
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Table 41

Cancer mortality rates and estimates of excess relative risk of cancer for a high-background-radiation area and

a control (low-background-radiation) area in China

[W29]
Number of cancer cases in 80,000 persons ° Age adjusted mortality rates (10 S py! ) b Excess relative
Site of cancer Age range risk
(a) High-background Low-background High-background Low-background (90% CD
areas (5.4 mSv a’l) © areas (2 mSv a'l) ¢ areas © areas ?

Leukaemia 0-69 31 32 3.0 34 .08 (-0.40,0.39)
Noa-leukaemia 10-79 412 484 .06 (-0.16,0.05)
Noo-leukaemia 0-39 40 29 0.44 (0.03,1.17)
Nasopharynx 10-79 94 108 9.8 105 £0.07 (-0.26,0.18)
Oesophagus 50-89 12 16 14 15 0.16 (-0.56,0.56)
Stomach 20-19 52 47 5.6 45 0.21 ((-0.13,0.68)
Liver 20-9 113 138 125 139 9.13 (-0.30,0.07)
Intestine 30-7 16 23 1.7 23 0.24 (-0.56,0.29)
Lung 20-79 25 35 27 33 0.21 (-0.49,0.21)
Breast 30-79 7 13 0.75 0.59 9037 (0.72.0.34)
Cervix uteri 40-M 13 5 14 11 212 (0.37,6.96)
Bone . 4 3 0.52 0.45 -
Others 0-89 95 99 0.03 (-0.19,0.31)

?  Latent period assumed is 10 ycars for solid tumours and 2 years for leukaemia.

b Adjusted with the combined population of both high- and low-background radiation areas.

: 1,008,769 person-years were observed in hi gh-background radiation area.

995,070 person-years were obscrved in the control (low-background) area.

Table 42
Standardized mortalitly ratios for sclected causes of death among shipyard workers in the United States
[M13]
Standard maortality ratio (95% CI)
Cause of death
>5 mSv <5 mSv Non-nuclear radiation workers
All causes 0.76 (0.73,0.79) 0.81 (0.76,0.86) 1.00 (0.97,1.03)
Leukaemia 0.91 (0.56,1.39) 0.42 (0.11,1.07) 0.97 (0.65,1.39)

Lymphatic and hacmopoietic cancers

0.82 (0.61,1.08)

0.53 (0.28,0.91)

1.10 (0.88,1.37)

Mesothelioma 5.11 (3.03,8.08) 5.75 (2.48,11.33) 241 (1.16,4.43)
Lung cancer 1.07 (0.94,1.21) 1.11 (0.90,1.35) 1.15 (1.02,1.29)
Table 43

Relative risk of mortality for workers who were employed for at least six months at the Hanford nuclear
materials production plant in the United States

(G12)
A B
External dose Relative risk (90% ClI)
(mS\) All cancers All diseases except cancer ® Levkaemia © Multiple myeloma
0-9 1.00 1.00 1.0 1.0
10-49 1.04 (0.9,1.2) 0.89 (0.8,1.0) 0.8 (0.4-1.6) 0.4 (0.1,1.3)
50-99 1.01 (0.8,1.3) 0.85 (0.7,1.0) 0.3 (0.03-1.6) 4.2 (0.7,19)
100-199 1.17 (0.9,1.5) 0.83 (0.7,1.0) 1.5 (0.4-4.8) 5.9 (0.5,41)
>200 0.93 (0.7,1.3) 0.96 (0.8,1.2) 0.3 (0.02-1.3) 21 (2.1,270)

a

b

The relative risk is the ratio of the risk for the indicated dose category relative to that for the lowest dose category (0-9 mSv).
Mainly deaths from cardiovascular discases, genito-urinary discases and discases of the respiratory tract.
Excluding chronic iymphatic lcukaemia.




244 UNSCEAR 1994 REPORT

Table 44
Incidence of thyroid cancer after administration of B} in medical diagnostic examinations
[H18]

Activity Follow-up

admini-
stered 5-9 years 10-14 years 15-19 years x20 years

(MBg) Obsearved SIR 95% CI Observed SR 95% CI Observed SIR 95% CI Observed SR 95% CI

<0.9 8 190 | 0.82-3.76 2 039 | 0.05-1.42 3 0.85 0.18-2.50 1 0.56 | 0.01-3.10
0.9-2.2 5 1.22 | 0.40-2.85 7 1.47 | 0.59-3.03 3 072 | 0.14-2.10 4 1.16 | 0.32-296
522 10 4.88 2.34-8.97 2 0.85 | 0.10-3.07 3 144 0.30-4.22 2 108 | 0.13-3.88
All 3 222 1.14-3.34 1n 0.90 | 0.45-1.62 9 092 | 0.42-1.75 7 0.99 | 0.45-203
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Figure I.

No evidence of adaptive response in human lymphoblastoid cells
conditioned with tritiated water (HTO).
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Figure II.
Adaptive response of skin fibroblast (AG1522) cells.
The cells were exposed to 4.25 Gy of chronic gamma-radiation and/or 4.25 Gy of acute x-radiation.
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Figure HII.
Colony-forming ability of human fibroblasts: normal GM2185 strain cells
compared with ataxia-telangiectasia-derived [GM2531 (AT)] strain cells.
[826]



Figure V.

ANNEX B: ADAPTIVE RESPONSES TO RADIATION IN CELLS AND ORGANISMS 247
1000~ CONTROL CELLS 80 1000~ IRRADIATED CELLS %0
after irradiation with 6 Gy
—_ —~ 900 —
(@) ~F70 o0 —~ 170
- o -~ o
? N’ ? e
E ‘éi 60 g g =60
2 S'kso B S&'|Fso
L i)
< Z ~ 4
2 - ) "
(]
“to & 2 Lo
3 & 2 2
z t Z )
= O ti3 H S -3
Q w [e] w
& ! & G
@ E 20 @ % k20
Z 2 z i
3 2 3 2
. 2lo & £l
b -1 O 100 -
I LU B A B N B e
15 0 5 10 15
TIME (hour) TIME (hour)
Figure 1V.
Cyclin B protein levels in HeLa cells after irradiation in G, phase.
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Figure VI.
Increased expression of B-protein kinase C in Syrian hamster embryo cells

at various times following acute exposure to 0.75 Gy from x rays.
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Figure VII.
Concanavalin-A-induced proliferation with small doses of whole-body x-irradiation
leading to enhancement of response in rat splenocytes and no enhancement of response in rat thymocytes.
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Figure VIII.
A model of T-cell ontogeny from bone marrow and thymic T-cell precursors
to fully differentiated peripheral T cells in terms of L3T4 and lyt2 surface antigen expression.
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Figure IX,

Relationship between whole-body dose from x-irradiation and plaque-forming capacity in mice.
Antigenic sheep red blood cells (4 108) were injected 10 days afler the irradiation,
and assays for plaque-forming spleen cells were performed 4 days later.
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Figure X.
Effects of radiation given two days after injection of antigenic sheep red blood cells
on the CD4¥/CD8*Y cell ratios in the spleens of C57BU6J mice.
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Figure XI.

Effect of radiation on mouse splenic cells primed with antigenic sheep red blood cells.
Results are expressed as the mean per cent change in peak antigen response relative to the highest responder group.
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Figure XII.

Effect of low dose on the percentage distribution of mitogen-responsive and mitogen-unresponsive splenic cells
in normal (C57BY6] +/+ strain) and immunologically deficient (C57Bl/6] Ipr/lpr strain) mice.
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Figure XIII.
Proposed scheme of signal transduction in lymphocytes after low-dose radiation.
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Figure XIV.

Changes in immunological function in atomic bomb survivors residing in the United States.
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Figure XV.
Percentage of CD2+, CD4+, CD8* and HNK-1% cells
within the peripheral lymphocytes of persons occupationally exposed to low-dose radiation.
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Figure XVIIL
Effect of 0.15 Gy upon response of A/J mice to varying numbers of mitomycin-treated Sal cells.
Groups of 60 mice were exposed to whole-body irradiation or sham-irradiated and Inoculated subcutaneously
with the indicated numbers of mitomycin-treated tumour cells, Twenty-one days later; all animals
received 104 untreated Sal cells and were followed for tumour slze.
A control group did not receive mitomycin-treated cells,
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Figure XVIIIL.
Effect of in vitro irradiation of donor spleen cells on tumour size.
Mice were Inoculated subcutaneously with 104 Sal cells; after two days they were killed
and their spleens irradiated or sham-irradmted

and then used in the Winn assay technique with an equal number of Sal cells.
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In vitro immune response ol' splenocytes from tumour-bearing mice. The control value of 100% represents the
amount of [PH]Tdr incorporated into the splenocytes of non-tumour-bearing mice.
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Relative risk compared with dose for radiation workers in the United Kingdom.
The solid line shows the mean, the dashed lines 90% Cls.
[K15)



ANNEX B: ADAPTIVE RESPONSES TO RADIATION IN CELLS AND ORGANISMS 257

RELATIVE RISK

RELATIVE RISK

RELATIVE RISK

MORTALITY FROM LEUKAEMIA 1.4 =

MORTALITY FROM CANCERS
OTHER THAN LEUKAEMIA

0 T T T 1 08 T l I |
0 0.1 0.2 0.3 0.4 0 0.1 0.2 03 04
DOSE (Sv) DOSE (Sv)
1.8 — MORTALITY FROM LUNG CANCER 30 — INCIDENCE OF THYROID CANCER
1.6 2.5
1.4 — 2.0
124 L5 - i /
1.0 ' 1.0 -
0.8 — Linear model for <0.5 Sv 0.5 — Linear model for <4.0 Sv
0.6 T T T 1 0 T | I |
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
DOSE (Sv) DOSE (Sv)
13 o MORTALITY FROM CAUSES OTHER THAN CANCER
T !
0.8 — Threshold model for <4 Sv (the assumed threshold dose is 1.5 Sv)
0.7 T T T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
DOSE (Sv)
Figure XXI.

Relative risk and fitted dose-response curves for mortality and incidence from various causes.
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